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Genome-wide analysis on the maize
genome reveals weak selection on
synonymous mutations
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Abstract

Background: Synonymous mutations are able to change the tAI (tRNA adaptation index) of a codon and
consequently affect the local translation rate. Intuitively, one may hypothesize that those synonymous mutations
which increase the tAI values are favored by natural selection.

Results: We use the maize (Zea mays) genome to test our assumption. The first supporting evidence is that the tAI-
increasing synonymous mutations have higher fixed-to-polymorphic ratios than the tAI-decreasing ones. Next, the
DAF (derived allele frequency) or MAF (minor allele frequency) of the former is significantly higher than the latter.
Moreover, similar results are obtained when we investigate CAI (codon adaptation index) instead of tAI.

Conclusion: The synonymous mutations in the maize genome are not strictly neutral. The tAI-increasing mutations
are positively selected while those tAI-decreasing ones undergo purifying selection. This selection force might be
weak but should not be automatically ignored.

Keywords: Synonymous mutations, tRNA adaptation index (tAI), Maize (Zea mays), Derived allele frequency (DAF),
Minor allele frequency (MAF), Natural selection

Background
As understood by the broad researchers, synonymous
mutations do not change the amino acid (AA) se-
quences. However, they are still subjected to natural se-
lection [1–3]. For instance, a few synonymous mutations
occurring in the proper place could affect mRNA spli-
cing [4, 5]. Another impact of synonymous mutations is
the change in tRNA adaptation index (tAI) [6], a termin-
ology which described the tRNA availability of a codon.
For one of the 61 sense codons, its translation rate or

decoding rate is largely determined by how many cog-
nate tRNAs are available. Codons with higher tRNA
concentrations tend to have higher translation rates.
These codons are regarded as optimized codons or

optimal codons [7, 8]. It is intuitive to consider that the
change in tAI caused by synonymous mutations should
undergo selection force. This selection is certainly inde-
pendent of amino acid sequences because they do not
alter the amino acids. Although this notion is verified in
a limited number of animal species, the genome-wide
situation (selection patterns on synonymous mutations)
in plant kingdom remains largely unknown. What we
currently know is the following messages and knowl-
edges of the codon bias phenomenon in plant species.
We summarized the recent progresses of codon bias

(codon optimality) and its selection patterns in plants. A
study in the ancient gymnosperm species Gingko biloba
found higher frequency for A/T ending codons than G/
C ending codons, but meanwhile it found that the highly
expressed genes and those genes involved in environ-
mental adaptation tend to use C/G ending codons, sug-
gesting that the Gingko genome is dominated by natural
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selection [9]. Similarly, in angiosperms, it was found that
the G/C ending codons were optimal (e.g. in Arabidopsis
thaliana) and that there was enrichment of these G/C
ending codons in monocots compared to dicots [10].
Another study in four non-grass monocot species also
proposed that the G/C ending codons are optimal and
that this preference is not likely caused by mutation
biases [11]. Nevertheless, a recent study on four cotton
species found the pattern that the pyrimidine-enriched
codons (especially those ending with T) have higher fre-
quency in the CDSs [12]. Meanwhile, it was also de-
clared that the GC3 (GC content at the 3rd codon
position) method was not always suitable for evolution-
ary comparisons at different scales [13] although CAI is
positively correlated with GC3 [11]. From another as-
pect, the strength of codon bias could be largely differ-
ent in different species. Previous studies comparing rice
and Arabidopsis discovered that codon bias is stronger
in housekeeping genes [14], and that the preference for
increasing CDS GC content is stronger in rice [15].
Maize is a domesticated model plant like rice which

has a well-annotated genome [16, 17], and it might be
under particular selection mode. Previous works did in-
vestigate the codon optimality in many plant species in-
cluding rice. However, (1) maize is less studied
compared to rice although they are both domesticated
monocots; (2) few studies associated their conclusions
with the selection on translation efficiency because nei-
ther GC3 nor CAI (codon adaptation index) could dir-
ectly measure the translational status (but the
translation-related parameter tAI is correlated with CAI
or GC3).
In this study, we are going to test our assumption in

the maize (Zea mays) genome. Following our previous
work [18], we extracted the polymorphic mutations in
CDS using the public RNA-seq data (Methods). We also
used two outgroup species wheat (Triticum aestivum)
(Poaceae) and carrot (Daucus carota) (Apiaceae) to de-
termine the direction of mutations when necessary.
Our results would reveal the weak selection force act-

ing on synonymous mutations caused by tAI-changing.
This selection force seems to be weaker than the strong
constrain on missense mutations. However, the mini ef-
fect of synonymous changes should not be automatically
ignored as in many evolutionary studies. Our current
work on synonymous mutations could be appealing to
the geneticists, evolutionary biologists as well as
phytologists.

Results
Mutations in coding regions in maize
According to our recent work [18], the polymorphic
sites in CDS were retrieved (Methods). The fixed muta-
tions in CDS are extracted with the CDS alignments

between maize and other two outgroup species wheat
and carrot (Fig. 1a, Additional file 1: Figure S1). To en-
sure that the orthologous sites in wheat or carrot are not
polymorphic, we downloaded RNA-seq data of roots
generated from the corresponding species and mapped
the RNA-seq reads to the reference CDS and discarded
all the potential polymorphic sites (Methods).
Under these criteria, we obtained 12,041 polymorphic

and 843,285 fixed mutation sites in CDS of maize (Add-
itional file 1: Figure S2). Among the 12,041 polymorphic
mutations, 4865 are synonymous, 6875 are nonsynon-
ymous and 301 are nonsense mutations. Among the 843,
285 fixed mutations, 437,056 are synonymous, 400,943
are nonsynonymous and 5286 are nonsense mutations
(Additional file 1: Figure S2).

Synonymous mutations that increase or decrease the tAI
value
We defined the tAI values for each sense codon in maize
(Fig. 1b). Within each AA, any single base synonymous
mutations that change a low-tAI codon to a high-tAI
codon are defined as mutations that increase tAI (e.g. Ala
codons GCG to GCC in Fig. 1c), and vice versa (Fig. 1c
and Additional file 2: Table S1). Note that the tAI defined
by us is also termed “AA tAI” in some literature [19]. This
does not affect the classification of mutations because we
only compare the relative tAI values within each AA and
we do not consider the nonsynonymous mutations (that
may also change the tAI values).
Among the 61 sense codons, 87 “codons pairs” could

be switched by a single base mutation and cause tAI
change (Additional file 2: Table S1). We listed the codon
pairs with the direction of increasing tAI in Additional
file 2: Table S1 and the opposite direction is decreasing
tAI.

Fixed to polymorphic ratios reveal the weak selection on
synonymous mutations
It is well established that the nonsynonymous or non-
sense mutations are overall deleterious and while the
synonymous mutations are regarded as neutral. Usually,
the nonsynonymous to synonymous ratios are measure-
ments for the adaptiveness of different sets of nonsynon-
ymous mutations [20, 21]. Accordingly, we observed that
the fixed to polymorphic ratios of nonsynonymous or
nonsense mutations are significantly lower than that of
synonymous mutations (Fig. 2). We wonder whether we
could see differences in fixed to polymorphic ratios be-
tween the two categories of synonymous mutations.
Among the 4865 polymorphic synonymous mutations,

2220 cause an increase in tAI and 2645 cause a decrease
in tAI. Among the 437,056 fixed synonymous mutations,
255,236 increase tAI and 181,820 decrease tAI (Fig. 2).
This result means that the synonymous mutations that
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increase the tAI have significantly higher fixed to poly-
morphic ratio (115.0) than those mutations that decrease
the tAI (68.7) (Fig. 2, Fisher’s exact test), suggesting an
overall positive selection for synonymous mutations that
increase the tAI or purifying selection on synonymous

mutations that decrease the tAI. We should emphasize
that the absolute values of the fixed to polymorphic ra-
tios might not be precise because if some polymorphic
mutations are omitted due to the limited coverage of
RNA-seq data, then this fixed to polymorphic ratio

Fig. 1 An overview of the methods and materials used in this study. a Phylogeny of the plant species used in this study. The branch length is
unscaled. b tAI of the sense codons in maize. c A diagram telling the readers our definition of synonymous mutations that increase or decrease
the tAI

Fig. 2 Numbers of fixed and polymorphic mutations of different categories. These categories include synonymous, nonsynonymous and
nonsense mutations as well as the synonymous mutations that increase or decrease the tAI. P values are calculated from Fisher’s exact tests

Chu and Wei BMC Genomics          (2020) 21:333 Page 3 of 11



would be overestimated. However, the comparison of
their relative values (tAI-up versus tAI-down) are feas-
ible among different categories.

Derived allele frequency (DAF) spectrum supports the
positive selection on synonymous mutations that increase
the tAI
We next investigated the derived allele frequencies of the
polymorphic mutations. Similar to our analyses in the pre-
vious section, we listed and plotted the DAF spectrum of
synonymous (tAI up and tAI down, respectively), nonsy-
nonymous and nonsense mutations (Fig. 3). We first veri-
fied the known trend that the derived allele frequencies of
mutations exhibit nonsense < nonsynonymous < syn-
onymous (Fig. 3, Wilcoxon rank sum tests) due to the
overall deleterious effects of nonsynonymous and non-
sense mutations. Next, within the synonymous mutations,
we found that the tAI-up mutations have significantly
higher DAF than the tAI-down mutations (Fig. 3, Wil-
coxon rank sum tests), supporting the positive selection
for synonymous mutations that increase the tAI and puri-
fying selection on mutations that decrease the tAI.

The pattern is robust if we look at minor allele frequency
(MAF) of all mutations instead of derived allele frequency
In the DAF analysis, in order to ensure the ancestral al-
leles we found are reliable, we have discarded many sites
that show discrepancy between the two outgroup species
(Additional file 1: Figure S1). This action might omit
some true positive messages and reduce the statistical
power. Here we retrieve all the variations in CDS (not

considering the ancestral state) and calculate the minor
allele frequency (MAF) of each mutation site instead of
DAF.
MAF is usually defined as the second most abundant al-

lele on a position. For a bi-allelic site (most cases), MAF is
the frequency of the less frequent allele. Thus, MAF
should be lower than or equal to 0.5. Here we also first
verified the known pattern that the MAF of mutations ex-
hibited nonsense < nonsynonymous < synonymous (Fig. 4,
Wilcoxon rank sum tests) due to the purifying selection
on nonsynonymous and nonsense mutations. Next, within
the synonymous mutations, we found that the tAI-up mu-
tations have significantly higher MAF than the tAI-down
mutations (Fig. 4, Wilcoxon rank sum tests), supporting
the advantage of synonymous mutations that increase the
tAI and the slightly deleterious effect of mutations that de-
crease the tAI.

Signals of natural selection are stronger in highly
expressed genes
The advantage of RNA-seq is that the data contain in-
formation of expression level for each gene. It is well
known that highly expressed genes tend to be more con-
served and functionally more important than lowly
expressed genes. The strength of natural selection is also
stronger and more efficient in highly expressed genes. If
our observed patterns are truly shaped by natural selec-
tion, we should see stronger patterns in highly expressed
genes. According to the RNA-seq data in maize, we used
RPKM (reads per kilobase per million mapped reads) to
measure the expression level of each gene and divided

Fig. 3 Frequency spectrum of polymorphic mutations of different categories. These categories include synonymous, nonsynonymous and
nonsense mutations as well as the synonymous mutations that increase or decrease the tAI. P values are calculated from Wilcoxon rank sum tests
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the genes into two groups with high or low RPKM
values. Amazingly, in highly expressed genes, we found a
greater difference in (1) the fixed to polymorphic ratios
(Additional file 1: Figure S3) and (2) DAF and MAF
spectrum (Additional file 1: Figure S4) between tAI-up
and tAI-down mutation sets. These results again support
our hypothesis.

Similar trends are obtained for CAI instead of tAI
While tAI measures the tRNA accessibility of a codon,
CAI directly measures the relative abundance of syn-
onymous codons in the genome. Since both tAI and CAI
are frequently used in the studies of codon usage bias,
we wonder whether our observed patterns on tAI hold
true if we look at CAI.
Precisely speaking, at codon level, the parameters used

to measure codon usage are termed RSCU (relative syn-
onymous codon usage) or wij. CAI is the geometric
mean of wij values of a gene (Methods). However, a mu-
tation that increases the wij value of a codon would def-
initely increase the CAI of its host gene. Thus, we still
use the term CAI to represent the wij values of codons
(Methods).
We compared the tAI versus CAI values within syn-

onymous codons (Fig. 5a). Among the 20 amino acids
(AAs), Met and Trp do not have synonymous codons
and therefore are excluded. For the remaining 18 AAs,
we found positive correlation between tAI and CAI for
16 AAs (Fig. 5a). This suggests that the majority of syn-
onymous mutations that increase tAI would also in-
crease CAI, and vice versa. We divided all synonymous
mutations into two groups: CAI-up and CAI-down. We
found that the CAI-up group had significantly higher
DAF as well as MAF than the CAI-down group (Fig. 5b).

These results are expected when given the strong correl-
ation between tAI and CAI.

GC content links tAI with RNA folding
While higher tAI values are suitable for faster decoding
during translation, another cis determinant, RNA folding
(RNA secondary structure), would intuitively slow down
the translating ribosomes. These two factors both impact
the translation process at the elongation step, so we
asked whether there is interplay between tAI and RNA
folding.
As we listed in Additional file 2: Table S1, the syn-

onymous mutations that increase the tAI are usually
NNA/T-to-NNG/C mutations. This pattern also exists
for CAI because the GC-ending synonymous codons
often have higher frequencies in the genome. We ob-
served a strong positive Spearman correlation between
gene level GC content and tAI value (Additional file 1:
Figure S5a, p-value < 2.2e-16). This means that genes
with higher GC content have more optimal codons for
fast translation.
On the other hand, G/C have stronger base-pairing cap-

ability than A/T, so that GC-enriched genes might be
more likely to form RNA secondary structures. To test
this hypothesis, we employed bioinformatic software to
predict and calculate the fraction of RNA structured re-
gion (structured%) for a given CDS (Methods). We found
a positive Spearman correlation between GC content and
“structured%” of a gene (Additional file 1: Figure S5b, p-
value < 0.001). Moreover, within the secondary structure
region, the GC base content is significantly higher than
that of the outside (Additional file 1: Figure S5c). Finally,
we tested the correlation between tAI and “structured%”
of a gene and still found a significantly positive correlation
(Additional file 1: Figure S5d, p-value <1e-4).
We surmise that the link between tAI and RNA sec-

ondary structure might be mediated by the GC content
because so far, no evidence shows the direct causality re-
lationship between tAI and RNA folding. However, it is
interesting to think about this trade-off associated with
GC content. Higher GC contents might lead to higher
tAI (faster translation) but meanwhile leading to stron-
ger RNA structure (slower translation).

The selection on tAI is stronger for genes with higher GC
contents
A previous literature [22] has reported that in yeasts the
mutations are biased towards AT with nearly three folds
while the GC-biased gene conversion (gBGC) [23] would
convert the AT alleles to the GC alleles. The expected
GC content should be 0.26 but the observed GC3 at de-
generate 3rd codon position is 0.38. The observed GC
content is a balance between mutation bias and gBGC.

Fig. 4 Minor allele frequencies (MAF) of all polymorphic mutations
of different categories. These categories include synonymous,
nonsynonymous and nonsense mutations as well as the
synonymous mutations that increase or decrease the tAI. P values
are calculated from Wilcoxon rank sum tests
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Together with our observations above, the genome-wide
GC content might have impact on the tAI patterns.
To discuss how gBGC could affect the tAI and our

conclusion, we divided the genes into two halves accord-
ing to GC contents and see whether our observed pat-
terns on tAI still exist. Intriguingly, in genes with higher
GC contents, we found a greater difference in DAF or
MAF between tAI-up and tAI-down mutation sets (Add-
itional file 1: Figure S6). This pattern resembles the re-
sult of highly versus lowly expressed genes. We guess it
is possible that the genes with higher GC content are fa-
vored (compared to those with lower GC content) and
therefore the strength of natural selection is more effi-
cient in these genes.
Furthermore, it was reported that mutations towards

GC have a higher probability to be transferred to the
next generation and eventually be fixed [24]. The pattern
has been observed in the human genome [25]. This bias

is possibly due to the GC-biased mismatch repair mech-
anism and the recombination hotspots. We show our
data that the median distance between the nearby tAI-
up and tAI-down mutations is less than 90 bp (Add-
itional file 1: Figure S7). However, for recombination
hotspots, the “unit” for recombination should be “Kb” or
longer. If recombination bias does play a role, it should
equally affect the tAI-up and tAI-down mutations, which
means that the tAI-up mutations near the hotspots
should have higher allele frequencies than the tAI-up
mutations far from recombination hotspots. In other
words, under recombination bias, the high frequency
mutations should be clustered and the low frequency
mutations should be clustered, respectively. Take a “tAI-
up” mutation for instance, if its nearest mutation is also
a “tAI-up” mutation, we name it “up near up”. If its
nearest mutation is a “tAI-down” mutation, we name it
“up near down”. Similarly, we define “down near up”

Fig. 5 The observed patterns are robust when we investigate CAI (codon adaptation index) instead of tAI. a The relationship between tAI and
CAI. The 18 amino acids (Met and Trp excluded) are plotted separately. A linear regression line is drawn in each panel. b DAF and MAF spectrum
of synonymous mutations that increase or decrease the CAI. P values are calculated from Wilcoxon rank sum tests
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and “down near down” mutations. We find no difference
between the DAF/MAF of “up near up” versus “up near
down” groups, or “down near up” versus “down near
down” groups (Additional file 1: Figure S8). The high
frequency or low frequency mutations are not clustered.
This result denies the possibility that the observed differ-
ence between “up” and “down” mutations is caused by
recombination hotspots.

Relative contribution of tAI, CAI and GC content to the
frequency spectrum
It is certain that multiple factors could affect the ob-
served mutation spectrum, and therefore we perform the
multiple regression: Y ~ X1 + X2 + X3. Let’s assume a
dataframe with N rows and 4 columns. N is the number
of mutation sites. Column 1 (Y) is the DAF or MAF (nu-
meric); Column 2 (X1) is the CAI change (numeric);
Column 3 (X2) is the tAI change (numeric); Column 4
(X3) is the GC percentage of the corresponding gene
(numeric). Since these variables are all numeric, by per-
forming regression Y ~ X1 + X2 + X3, we would know
the relative contribution of each variable. We first plot
Y ~ X1 + X2 (Fig. 6a). Both X1 (CAI change) and X2
(tAI change) are positively correlated with Y. Next, we
provide the regression coefficients of X1, X2 and X3
against Y (Fig. 6b). The result supports a major role of
CAI and tAI, and a minor role of GC percentage. The

selection on CAI or tAI is truly playing a role in shaping
the allele frequency spectrum.
We have mentioned that tAI is correlated with CAI or

GC3. Within each amino acid, we classified high tAI co-
dons and low tAI codons (2 versus 2 for AAs with four
codons, and 3 versus 3 for AAs with 6 codons; For Ile,
Met and Trp, the numbers were “rounded” towards high
tAI codons). Among the 32 high tAI codons, 23 were G/
C-ending and 9 were A/T-ending. Among the 29 low
tAI codons, 8 were G/C-ending and 21 were A/T-end-
ing. Together with the positive correlation between tAI
and CAI, our results agreed with previous literatures
which claimed that G/C-ending codons are generally
optimal.

Discussion
Literally, “synonymous” means “the same”. But a bunch
of studies already demonstrated that some synonymous
mutations affected mRNA splicing [4, 5, 26]. Here we
further broadened people’s understanding on the selec-
tion force acting on synonymous mutations. Synonym-
ous mutations potentially change the tAI of a codon,
and the changed tAI alters the translation rate of the
codon. This chain reaction finally exposes synonymous
mutations to natural selection.
Interestingly, we and others previously reported a kind

of “context dependent” selection acting on synonymous

Fig. 6 Relative contribution of each feature to the allele frequency spectrum of synonymous mutations. a Scatterplot showing the relationship
between DAF/MAF and the change of CAI/tAI values. Each dot represents a synonymous mutation. Colors representing different sets of sites are
explained next to the plot. b Regression coefficients of CAI, tAI and GC content against DAF/MAF
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mutations [18, 27]. Together with our current work
(“context independent” selection pattern), it seems that
the mRNA translation or splicing process is the main as-
pect that a synonymous mutation could impact. For
other aspects like the change of DNA methylation status,
the effect might not be direct and remains to be
explored.
Although we studied the codon optimality and its se-

lection patterns from the aspect of tAI and translation
efficiency, our conclusion generally agreed with previous
studies which claimed that G/C-ending codons are opti-
mal and selected for. The observed GC3 is the relic of
natural selection and it does not directly tell the func-
tional relevance. We associated the pure genomic fea-
tures with the potential function. Since 23 out of 32 high
tAI codons are G/C-ending and 21 out of 29 codons are
A/T-ending, our study has found a putative reason
(higher translation rate) for the positive selection for op-
timal codons. Meanwhile, GC-biased gene conversion
would mimic the pattern under natural selection for
transnational efficiency, which means that gene conver-
sion could lead to an overestimation of the optimality of
C/G-to-A/T mutations [28]. Since the optimal codons in
maize is biased toward C/G-ending ones, one cannot
rule out the higher frequency of preferred codons is due
to GC-biased gene conversion. For example, two derived
mutation sites, T-to-C at site1 and G-to-A at site2, mean
that in the population there are T and C alleles at site1,
and G and A alleles at site2. If DAFsite1 > DAFsite2, then
we would claim that T-to-C should be more favorable
than G-to-A mutation according to our theory. How-
ever, this might also be caused by the biased gene con-
version towards C allele at site1 and towards G allele at
site2. We find a way to exclude this bias if we test our
pattern among the A/T-ending codons alone or among
the C/G-ending codons alone. We retrieved all A-to-T
or T-to-A mutations, the tAI-up mutations have a me-
dian DAF of 0.388 and those tAI-down mutations have a
median DAF of 0.301 (p-value = 2.9e-4, Wilcoxon rank
sum test). Among all C-to-G or G-to-C mutations, the
tAI-up mutations have a median DAF of 0.407 and those
tAI-down mutations have a median DAF of 0.303 (p-
value = 6.3e-8, Wilcoxon rank sum test). The A-T
switches and C-G switches ensure that the comparison
between the bi-allelic site is fair and not affect by the
biased gene conversion. So that our conclusion is robust.

Conclusions
Our observations reveal the selection force acting on
synonymous mutations in the maize genome. They are
not strictly neutral. The tAI-increasing mutations are
positively selected while those tAI-decreasing ones
undergo purifying selection. This selection strength
might be relatively weak compared to the constrain on

nonsynonymous mutations but should not be automatic-
ally ignored.

Methods
Data collection
CDS sequences were downloaded with the following
links (also see Additional file 1: Figure S2), Zea mays:
ftp://ftp.ensemblgenomes.org/pub/release-43/plants/
fasta/zea_mays/cds/, Daucus carota: ftp://ftp.ensembl-
genomes.org/pub/release-43/plants/fasta/daucus_carota/
cds/, and Triticum aestivum: ftp://ftp.ensemblgenomes.
org/pub/release-43/plants/fasta/triticum_aestivum/cds/.
The tRNA data were downloaded from GtRNAdb

(Genomic tRNA database).
The RNA-seq data (of root samples) are downloaded with

the following accession numbers: Zea mays (SRR8560815-
SRR8560819), Daucus carota (SRR7641984-SRR7641993),
Triticum aestivum (SRR8767835, SRR8767837).

RNA-seq data analyses
We mapped the reads in the RNA-seq data to the refer-
ence sequences (coding sequences) using aligner Bow-
tie2 [29]. The longest isoform of each gene is chosen.
The variant calling process is accomplished by software
SAMtools [30]. The default parameters were used since
they are suitable in most cases. The variant sites with al-
lele frequency between 0.02 and 0.98 were defined poly-
morphic mutations. The reason for this is filtering step
is to exclude some sequencing errors introduced to the
mutation profile.

Inferring the ancestral state of mutations
We use software “OrthoMCL” [31] to find orthologous
genes. We have the CDS and protein sequences of Zea
mays and other two outgroup species (carrot Daucus
carota and wheat Triticum aestivum). We feed this soft-
ware with the protein sequences of three species. Then
OrthoMCL employs all-against-all blastp algorithm to
identify orthologs between species and paralogs within
species. It provides us the best-two-way hits, that is the
reciprocal best similarity pairs. We only focus on the
orthologous genes between species. For each ortholog
group, we require it to contain three single gene of three
species. For example, let M =maize gene, C = carrot
gene and W=wheat gene, then group (M1, C1, W1) is
wanted rather than group (M1, C1) or group (M1, M2,
C1, W1).
Now that we have orthologous gene group (M1, C1,

W1) resulted from OrthoMCL, we could use multiple
alignment to align the CDS sequences of gene M1, C1
and W1. We use ClustalW [32] with parameters type =
nucleotide and matrix = pam. With the CDS alignments,
for each nucleotide in maize CDS, we could easily know
the nucleotides at the orthologous site in wheat and
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carrot. Next, we should define the ancestral state of each
position in maize CDS and decide whether a site should
be included in the downstream variation analyses.
Our criteria for filtering the mutations were illustrated

in Additional file 1: Figure S1. For both polymorphic or
fixed mutations, the orthologous sites in wheat and car-
rot should have the same nucleotide. For example, in
Additional file 1: Figure S1, for the two fixed and two
polymorphic sites defined, the two outgroup species
have the same nucleotide at the orthologous position.
Particularly, for fixed mutations, the reference sequence
in maize should be different from the sequence in wheat.
For example, in Additional file 1: Figure S1, for the two
fixed sites shown, the two outgroup species have the
same nucleotide, but meanwhile different from the nu-
cleotide in maize. We also excluded any polymorphic
sites in the wheat and carrot CDS by mapping the RNA-
seq data to their corresponding reference CDS. The Zea
mays sites analyzed in our study have no polymorphisms
in the orthologous sites in wheat and carrot.

Calculation of tAI and CAI
Among the 61 possible anticodons (tri-nucleotides) gen-
erated from the “reverse complement” of the 61 sense
codons, maize has 52 of them. Among the 20 amino
acids (AAs), the number of possible anticodons carrying
this AA ranges from 1 to 5. For example, Met, Trp, Tyr
and Asn each has 1 corresponding anticodon while Arg,
Leu and Ser each has 5 corresponding anticodons. Al-
though there are only 52 types of anticodons in maize,
there are as many as 1198 tRNA loci in the genome. On
average, each specific anticodon has 23 tRNA copies and
each AA has 2.6 corresponding anticodons in maize.
An sij value described the interaction between codon

and anticodon [6]. The sij values defined in eukaryotes
are suitable in our analyses [33]. For example, sG:U =
0.7861, which has 15 cases of anticodon:codon pairs in
maize; sI:C = 0.4659, which has 9 anticodon:codon pairs;
sI:A = 0.9075, which has 9 anticodon:codon pairs; sU:G =
0.6295, which has 13 anticodon:codon pairs. The
remaining possible anticodon:codon pairs are Watson-
Crick (or I:U) base-pairing which have sij = 0. From the
cases of sG:U and sU:G, we can tell that even for GU wob-
ble base-pairing, the constraint would be different if G is
put into the codon side or anticodon side.
Codon level tAI is irrespective of how many genes are

used because it is determined by the copy numbers of
corresponding tRNAs that could pair with a particular
codon. In contrast, when calculating CAI [34], we re-
quire highly expressed genes. In our maize data, totally
19,493 highly expressed genes and 6,954,755 codons
were used. In fact, CAI is a parameter used at the gene
level (geometric mean of wij values described below). At
codon level the parameters are RSCU (relative

synonymous codon usage) or wij, which is defined as the
number of a codon divided by the maximum number
among its synonymous codon(s). However, a mutation
that increases the wij value of a codon would definitely
increase the CAI of its host gene. Thus, define “a syn-
onymous mutation that increases/decreases CAI” as the
synonymous mutation that increases/decreases the fre-
quency of the codon and we still use the term CAI to
describe the codon level wij value.

RNA secondary structure prediction
With a software from the Vienna RNA secondary struc-
ture packages [35] named RNALfold, we folded all the
CDSs in maize (with default parameters). Given an input
CDS sequence, the software would finally output the re-
gions that could form secondary structures within this
sequence. The regions with Z-score < 0 were regarded as
the CDS regions with strong RNA structure. Next, for
each CDS, we calculated the fraction of bases that are lo-
cated in the structured regions (denoted as “struc-
tured%”). We use this “structured%” value to roughly
represent the RNA folding efficiency or the tendency for
an RNA to be folded into secondary structures.

Statistical analysis and code availability
The statistical analyses were performed in the R environ-
ment (http://www.R-project.org/). Codes are available
under request.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-020-6745-3.

Additional file 1: Figure S1. Inference of ancestral state of the
mutations. For polymorphic mutations (called from the deep sequenced
RNA-seq data) and fixed mutations (obtained from the CDS alignment) in
maize, the ancestral state is inferred from the orthologous nucleotide in
wheat and carrot. Only the sites with identical bases between wheat and
carrot are used. Take the case (of polymorphic mutations) shown in the
graph as an example, the orthologous sites in two outgroups are C, and
the reference genome of maize is also C, while in the RNA-seq data, both
C and another nucleotide are detected. Furthermore, any potential
polymorphic sites in wheat or carrot (that are detectable in RNA-seq in
wheat or carrot) are discarded. Figure S2. Locations of the CDS
sequence files and RNA-seq data of the plant species used in this study
and the basic statistics of the maize genome. Figure S3. Fixed to
polymorphic ratios of different mutation categories. Highly expressed and
lowly expressed genes are classified. These mutation categories include
nonsynonymous and nonsense mutations as well as the synonymous
mutations that increase or decrease the tAI. Figure S4. DAF and MAF
spectrum of polymorphic mutations of different mutation categories.
Highly expressed and lowly expressed genes are classified. These
mutation categories include nonsynonymous and nonsense mutations as
well as the synonymous mutations that increase or decrease the tAI. P
values are calculated from Wilcoxon rank sum tests. Figure S5.
Relationships between tAI, GC content and RNA folding. a Spearman
correlation between tAI and GC content of genes. P value <2e-16. b
Spearman correlation between GC content and the percentage of RNA
structured regions of genes. P value <1e-3. c GC contents in versus out
of RNA structured regions. P value is calculated from Fisher’s exact test. d
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Spearman correlation between tAI and the percentage of RNA structured
regions of genes. P value <1e-3. Figure S6. DAF and MAF spectrum of
polymorphic mutations of different mutation categories. Genes with high
or low GC contents are classified. These mutation categories include non-
synonymous and nonsense mutations as well as the synonymous
mutations that increase or decrease the tAI. P values are calculated from
Wilcoxon rank sum tests. Figure S7. Distance (bp) between the nearby
“tAI-up” and “tAI-down” synonymous mutations within each gene. Each
dot represents a gene. These genes are ranked by the median distance
of the “tAI-up” and “tAI-down” mutations within them. Error bar repre-
sents 25 to 75% quantile. Figure S8. DAF and MAF spectrum of different
mutation sets. For a “tAI-up” mutation, if its nearest mutation is also a
“tAI-up” mutation, we name it “up near up”. If its nearest mutation is a
“tAI-down” mutation, we name it “up near down”. Similarly, we define
“down near up” and “down near down” mutations. No significant
difference is detected using Wilcoxon rank sum test.

Additional file 2: Table S1. The list of single base synonymous
mutations that increase the tAI.
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CDS: Coding sequence; tRNA: transfer RNA; mRNA: messenger RNA;
CUB: Codon usage bias; CAI: Codon adaptation index; tAI: tRNA adaptation
index; NGS: Next generation sequencing

Acknowledgements
We thank all members in Wei Lab for their constructive suggestions to this
project. In addition, in memory of Kobe Bryant, the great player who had
inspired so many people to work hard and get through the difficult times.
Currently the whole world is affected by the spread of SARS-CoV-2. During
this hard time, we thank the numerous anonymous doctors and health
workers who endangered their own lives in the war against SARS-CoV-2. We
also particularly thank Dr. Yuqing Wang for providing masks for us. Our re-
search work could not be implemented without the daily support of masks.

Authors’ contributions
LW designed and supervised this research. Both DC and LW analyzed the
data. LW defined the phylogenetic relationship between the plant species
used in this study. DC and LW wrote this article. The author(s) read and
approved the final manuscript.

Funding
Funding: This research was financially supported by the National Natural
Science Foundation of China (Grant no. 31770213). The funders had no role
in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Availability of data and materials
Reference sequences of CDS: Zea mays: ftp://ftp.ensemblgenomes.org/pub/
release-43/plants/fasta/zea_mays/cds/Zea_mays.B73_RefGen_v4.cds.all.fa.gz;
Daucus carota: ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/
daucus_carota/cds/Daucus_carota.ASM162521v1.cds.all.fa.gz; Triticum
aestivum: ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/triticum_
aestivum/cds/Triticum_aestivum.IWGSC.cds.all.fa.gz
The tRNA data (tRNA copy numbers in Zea mays) were downloaded from
Genomic tRNA database (http://gtrnadb.ucsc.edu/GtRNAdb2/genomes/
eukaryota/Zmays7/zeaMay7-tRNAs.fa).
RNA-seq data: Zea mays (SRR7403478-SRR7403480 and SRR7403485-
SRR7403487); Daucus carota (SRR7641984-SRR7641993); Triticum aestivum
(SRR8767835, SRR8767837).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Received: 19 September 2019 Accepted: 21 April 2020

References
1. Chu D, Wei L. Nonsynonymous, synonymous and nonsense mutations in

human cancer-related genes undergo stronger purifying selections than
expectation. BMC Cancer. 2019;19(1):359.

2. Taghinezhad S, Razavilar V, Keyvani H, Razavi MR, Nejadsattari T. Codon
optimization of Iranian human papillomavirus type 16 E6 oncogene for
Lactococcus lactis subsp cremoris MG1363. Future Virol. 2017;12(9):499–511.

3. Plotkin JB, Kudla G. Synonymous but not the same: the causes and
consequences of codon bias. Nat Rev Genet. 2011;12(1):32–42.

4. Supek F, Minana B, Valcarcel J, Gabaldon T, Lehner B. Synonymous
mutations frequently act as driver mutations in human cancers. Cell. 2014;
156(6):1324–35.

5. Freese NH, Estrada AR, Blakley IC, Duan J, Loraine AE. Many rice genes are
differentially spliced between roots and shoots but cytokinin has minimal
effect on splicing. Plant Direct. 2019;3(5):e00136.

6. dos Reis M, Savva R, Wernisch L. Solving the riddle of codon usage
preferences: a test for translational selection. Nucleic Acids Res. 2004;32(17):
5036–44.

7. Dana A, Tuller T. The effect of tRNA levels on decoding times of mRNA
codons. Nucleic Acids Res. 2014;42(14):9171–81.

8. Chu D, Wei L. Characterizing the heat response of Arabidopsis thaliana from
the perspective of codon usage bias and translational regulation. J Plant
Physiol. 2019;240:153012.

9. He B, Dong H, Jiang C, Cao FL, Tao ST, Xu LA. Analysis of codon usage
patterns in Ginkgo biloba reveals codon usage tendency from a/U-ending
to G/Cending. Sci Rep. 2016;6:35927.

10. Camiolo S, Melito S, Porceddu A. New insights into the interplay between
codon bias determinants in plants. DNA Res. 2015;22(6):461–9.

11. Mazumdar P, Othman RB, Mebus K, Ramakrishnan N, Harikrishna JA. Codon
usage and codon pair patterns in non-grass monocot genomes. Ann Bot.
2017;120(6):893–909.

12. Wang LY, Xing HX, Yuan YC, Wang XL, Saeed M, Tao JC, Feng W, Zhang GH,
Song XL, Sun XZ. Genome-wide analysis of codon usage bias in four
sequenced cotton species. PLoS One. 2018;13(3):e0194372.

13. Feng C, Xu CJ, Wang Y, Liu WL, Yin XR, Li X, Chen M, Chen KS. Codon usage
patterns in Chinese bayberry (Myrica rubra) based on RNA-Seq data. BMC
Genomics. 2013;14:732.

14. Mukhopadhyay P, Basak S, Ghosh TC. Differential selective constraints
shaping codon usage pattern of housekeeping and tissue-specific
homologous genes of Rice and Arabidopsis. DNA Res. 2008;15(6):347–56.

15. Wang HC, Hickey DA. Rapid divergence of codon usage patterns within the
rice genome. BMC Evol Biol. 2007;7:S6.

16. Wimalanathan K, Friedberg I, Andorf CM, Lawrence-Dill CJ. Maize GO
annotation-methods, evaluation, and review (maize-GAMER). Plant Direct.
2018;2(4):e00052.

17. Cody JP, Graham ND, Zhao C, Swyers NC, Birchler JA. Site-specific
recombinase genome engineering toolkit in maize. Plant Direct. 2020;4(3):
e00209.

18. Chu D, Wei L. Parsing the synonymous mutations in the maize genome:
isoaccepting mutations are more advantageous in regions with codon co-
occurrence bias. BMC Plant Biol. 2019;19(1):422.

19. Tuller T, Carmi A, Vestsigian K, Navon S, Dorfan Y, Zaborske J, Pan T, Dahan
O, Furman I, Pilpel Y. An evolutionarily conserved mechanism for controlling
the efficiency of protein translation. Cell. 2010;141(2):344–54.

20. Chu D, Wei L. The chloroplast and mitochondrial C-to-U RNA editing in
Arabidopsis thaliana shows signals of adaptation. Plant Direct. 2019;3(9):
e00169.

21. Liu Z, Zhang J. Human C-to-U coding RNA editing is largely nonadaptive.
Mol Biol Evol. 2018;35(4):963–9.

22. Harrison RJ, Charlesworth B. Biased gene conversion affects patterns of
codon usage and amino acid usage in the Saccharomyces sensu stricto
Group of Yeasts. Mol Biol Evol. 2011;28(1):117–29.

23. Rungrat T, Almonte AA, Cheng R, Gollan PJ, Stuart T, Aro EM, Borevitz JO,
Pogson B, Wilson PB. A genome-wide association study of non-
photochemical quenching in response to local seasonal climates in
Arabidopsis thaliana. Plant Direct. 2019;3(5):e00138.

24. Galtier N, Duret L. Adaptation or biased gene conversion? Extending the
null hypothesis of molecular evolution. Trends Genet. 2007;23(6):273–7.

Chu and Wei BMC Genomics          (2020) 21:333 Page 10 of 11

ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/zea_mays/cds/Zea_mays.B73_RefGen_v4.cds.all.fa.gz;
ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/zea_mays/cds/Zea_mays.B73_RefGen_v4.cds.all.fa.gz;
ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/daucus_carota/cds/Daucus_carota.ASM162521v1.cds.all.fa.gz;
ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/daucus_carota/cds/Daucus_carota.ASM162521v1.cds.all.fa.gz;
ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/triticum_aestivum/cds/Triticum_aestivum.IWGSC.cds.all.fa.gz
ftp://ftp.ensemblgenomes.org/pub/release-43/plants/fasta/triticum_aestivum/cds/Triticum_aestivum.IWGSC.cds.all.fa.gz
http://gtrnadb.ucsc.edu/GtRNAdb2/genomes/eukaryota/Zmays7/zeaMay7-tRNAs.fa
http://gtrnadb.ucsc.edu/GtRNAdb2/genomes/eukaryota/Zmays7/zeaMay7-tRNAs.fa


25. Webster MT, Smith NGC. Fixation biases affecting human SNPs. Trends
Genet. 2004;20(3):122–6.

26. Guo L, Vlasova-St Louis I, Bohjanen PR. Viral manipulation of host mRNA
decay. Future Virol. 2018;13(3):211–23.

27. Cannarrozzi G, Schraudolph NN, Faty M, von Rohr P, Friberg MT, Roth AC,
Gonnet P, Gonnet G, Barral Y. A role for codon order in translation
dynamics. Cell. 2010;141(2):355–67.

28. Rousselle M, Laverre A, Figuet E, Nabholz B, Galtier N. Influence of
recombination and GC-biased gene conversion on the adaptive and
nonadaptive substitution rate in mammals versus birds. Mol Biol Evol. 2019;
36(3):458–71.

29. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9(4):357–U354.

30. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis
G, Durbin R, Proc GPD. The sequence alignment/map format and SAMtools.
Bioinformatics. 2009;25(16):2078–9.

31. Li L, Stoeckert CJ, Roos DS. OrthoMCL: identification of ortholog groups for
eukaryotic genomes. Genome Res. 2003;13(9):2178–89.

32. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res.
1994;22(22):4673–80.

33. Sabi R, Tuller T. Modelling the efficiency of codon-tRNA interactions based
on codon usage Bias. DNA Res. 2014;21(5):511–25.

34. Sharp PM, Li WH. The codon adaptation index - a measure of directional
synonymous codon usage Bias, and its potential applications. NAR. 1987;
15(3):1281–95.

35. Hofacker IL. Vienna RNA secondary structure server. Nucleic Acids Res. 2003;
31(13):3429–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Chu and Wei BMC Genomics          (2020) 21:333 Page 11 of 11


	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Mutations in coding regions in maize
	Synonymous mutations that increase or decrease the tAI value
	Fixed to polymorphic ratios reveal the weak selection on synonymous mutations
	Derived allele frequency (DAF) spectrum supports the positive selection on synonymous mutations that increase the tAI
	The pattern is robust if we look at minor allele frequency (MAF) of all mutations instead of derived allele frequency
	Signals of natural selection are stronger in highly expressed genes
	Similar trends are obtained for CAI instead of tAI
	GC content links tAI with RNA folding
	The selection on tAI is stronger for genes with higher GC contents
	Relative contribution of tAI, CAI and GC content to the frequency spectrum

	Discussion
	Conclusions
	Methods
	Data collection
	RNA-seq data analyses
	Inferring the ancestral state of mutations
	Calculation of tAI and CAI
	RNA secondary structure prediction
	Statistical analysis and code availability

	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

