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Coding of multiple proteins by overlapping reading frames is not a feature one would associate with eukaryotic genes.
Indeed, codependency between codons of overlapping protein-coding regions imposes a unique set of evolutionary
constraints, making it a costly arrangement. Yet in cases of tightly coexpressed interacting proteins, dual coding may
be advantageous. Here we show that although dual coding is nearly impossible by chance, a number of human
transcripts contain overlapping coding regions. Using newly developed statistical techniques, we identified 40
candidate genes with evolutionarily conserved overlapping coding regions. Because our approach is conservative, we
expect mammals to possess more dual-coding genes. Our results emphasize that the skepticism surrounding
eukaryotic dual coding is unwarranted: rather than being artifacts, overlapping reading frames are often hallmarks of
fascinating biology.
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Introduction

Any stretch of DNA contains six reading frames and can
potentially code for multiple proteins. Situations when two
partially overlapping reading frames code for functional
polypeptides (dual coding) are quite common in bacterioph-
ages and viruses (e.g., /X174, HIV-1, hepatitis C, or influenza
A), where constraints on the genome size are strict. On the
other hand, dual coding in vast eukaryotic genomes was
reported to be scarce and restricted to short regions with
secondary reading frames having poor phylogenetic con-
servation [1].

Yet, three known human genes (GNAS1, XBP1, and INK4a;
Figure 1) defy this pattern by having long, well-conserved
dual-coding regions (e.g., dual-coding region in XBP1 is
conserved from worms to mammals [2]). In addition, the three
cases exemplify some of the most striking biological
phenomena and invite us to look at dual coding in greater
detail. In GNAS1, a single transcript simultaneously produces
the alpha subunit of G-protein from the main reading frame,
and a completely different protein, ALEX, using a þ1 frame
[3]. A transcript of XBP1 can produce only a single protein at
a time and uses the endonuclease IRE1 to switch between two
overlapping reading frames [4]. INK4a generates two alter-
native transcripts that use different reading frames of a
constitutive exon for translation to tumor suppressor
proteins p16INK4a and p14ARF [5]. Although GNAS1, XBP1,
and INK4a are drastically different, there are striking
parallels in the way they function. Products of the main and
alternative reading frames perform related tasks, either by
binding and regulating each other (GNAS1 and XBP1), or by
complementing each other in performing a common func-
tion (INK4a) [6–8].

Dual coding is a costly arrangement because it limits the
flexibility of amino acid composition [9]. A silent change in
one frame is almost always guaranteed to be amino acid
changing in the other. Although counterintuitive, this

codependency may in fact lead to an increase of the apparent
substitution rate when two frames become locked in an
evolutionary race of compensatory changes. A chief example
of this is the mammalian GNAS1 locus, where the overlapping
reading frames accumulate substitutions so fast that primate
and rodent sequences become virtually unalignable [10]. Yet
despite this cost, the dual coding in GNAS1, XBP1, and INK4a
is preserved throughout mammalian taxa [10,11]. Are over-
lapping reading frames a new avenue for encoding function-
ally linked proteins?

Results/Discussion

Dual Coding Is Virtually Impossible by Chance
Before describing our analyses, we define terms used in this

paper. A dual-coding gene contains two frames read in the
same direction: canonical (annotated as protein coding in
literature and/or databases) and alternative. The alternative
reading frame (ARF) is shifted forward one or two nucleo-
tides relative to the canonical frame (þ1 and þ2 ARFs,
respectively). To identify dual-coding genes, we used a
comparative genomics strategy, because all presently known
alternative reading frames are conserved in multiple species.
For example, ARFs in Gnas1, XBP1, and INK4A are conserved
in all sequenced mammals [8,10,12].
To reliably find new dual-coding genes, we must determine
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how likely they are to occur by chance. Simulations designed
to answer this question show that dual coding is statistically
unlikely, suggesting that if overlapping coding regions are
detected in orthologous sequences, they have a high chance of
being truly functional. To determine a length threshold for
identification of dual-coding regions (what is the longest
dual-coding region that can arise by chance?), we conducted
the following experiment. First, we generated alignments
between 14,159 orthologous canonical reading frames from
human and mouse transcripts (sequences, canonical frame
boundaries, and orthology assignments were obtained from
the Ensembl database at http://www.ensembl.org). We chose
these two species because they have the highest number of
annotated transcripts. Next, we ‘‘disassembled’’ all 14,159
human/mouse alignments into codon columns. By randomly
picking codon columns from the previous step, we generated
10,000 simulated alignments with 5,000 columns each. Finally,
we scanned simulated alignments for the presence of ARFs
and built a length distribution (Figure S1). Only 0.1% of þ1
ARFs were �500 bp, while none of the þ2 ARFs extended
beyond this threshold (the longest was 492 bp in the
simulation).

A possible weakness of this approach is the assumption of
codon independence, for it is well-known that protein-coding
regions possess Markovian properties [13]. To address this
issue, we conducted codon-based phylogenic parametric
simulations, which do not break open reading frames (ORFs),
and estimated codon frequencies from gene alignments with
at least three taxa, which contained conserved, longþ1 ARFs.
Only 0.3% of simulated alignments preserved ARFs with 500
or more nucleotides (Figure S2). Thus, both simulations
suggest that only a negligible amount of random dual-coding
regions will reach 500 bp, and we set this length as the
threshold for defining ARFs in orthologous coding regions.

Defining Mammalian ARFs
Using 500 bp as the lower bound, we identified 149 ARFs

that were conserved in human and mouse. An example is
shown in Figure 2 (see Figures S3 and S4 for procedure steps
and detection of ARFs from multiple alignments). Although
all 149 candidate ARFs were conserved in the two species and

were longer than the empirically derived threshold, some
could still be false positives. For example, the amino acid
sequence of the canonical protein may dictate specific codon
composition, which in turn may render the nucleotide
sequence of the canonical frame such that an ARF can be
relatively long simply as an artifact of the codon usage
pattern (e.g., having low complexity regions, or avoiding
‘‘problem’’ codons; see Table S2). To remove potential false
positives, we developed the codon column replacement test
(CCRT; see Materials and Methods). CCRT estimates how
likely a given alignment is to contain an ARF by chance. If an
ARF has a CCRT score of �5%, it is considered a reliable
prediction. From the total of 149 ARFs, 66 satisfied this
criterion. To make our final set even more conservative, we
considered only those of the 66 ARFs that were conserved in
at least one other species (rat and/or dog) in addition to
human and mouse. The conservation requirement reduced
the final set to 40 ARF-containing transcripts, which we
examined in detail (Table 1). Note that our criteria are very
conservative because (1) a number of true ARFs may be
shorter than 500 bp (261 bp and 210 bp in XBP1 and Ink4A,
respectively) and (2) transcript data for dog and rat are
incomplete, which may have led to the exclusion of some true
ARFs. Genomic location of the ARFs are provided in Table S4
and can be visualized as a custom track at the University of
California Santa Cruz Genome Browser [14] (a link is
provided at http://nekrut.bx.psu.edu). Table S3 lists assign-
ment of ARF-containing genes to Gene Ontology categories.

Analysis of Nucleotide Substitutions Suggests
Functionality of ARFs
Previous studies of ARF-containing genes showed that the

region of overlap between canonical and alternative reading
frames evolves under unique sets of constraints. If both
proteins (encoded by canonical and alternative frames) are
functional and maintained by purifying selection, the
codependency between codon positions would manifest itself
in a nucleotide substitution pattern that is sharply different
from the one expected in single coding regions [10,11]. The
difference in patterns can be used to test whether the dual-
coding genes identified in our study are real. We developed
two new approaches for the analysis of nucleotide substitu-
tions—a codon substitution model for overlapping reading
frames and a transition/transversion ratio test—to narrow
the list of potential dual-coding genes to 15 high-confidence
candidates. The codon model estimates five substitution rates
for the overlapping reading frames by considering all 64
possible codon contexts for each one-nucleotide codon
substitution in a given frame, and weighting each context
based on its relative frequency in the extant sequences (see
Materials and Methods). One of the rates, bSTOP, which
measures the propensity of substitutions in one frame toward
introduction of stop codons in the other frame, is especially
useful for testing the reliability of ARF predictions. This
quantity measures the admissibility of stop codon–inducing
contexts in the evolutionary past of the sample and is zero or
near zero in functional ARFs. For example, when applied to
biochemically characterized ARFs in Gnas1 and XBP1, the
hypothesis of bSTOP being exactly zero cannot be rejected (p¼
0.5 from likelihood ratio test). For 34 candidates, the
hypothesis bSTOP ¼ 0 could not be rejected. From a series of
parametric simulations we estimated that at p¼ 0.05, the test
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Author Summary

A textbook human gene encodes a protein using a single reading
frame. Alternative splicing brings some variation to that picture, but
the notion of a single reading frame remains. Although this is true
for most of our genes, there are exceptions. Like viral counterparts,
some eukaryotic genes produce structurally unrelated proteins from
overlapping reading frames. The examples are spectacular (G-
protein alpha subunit [Gnas1] or INK4a tumor suppressor), but
scarce. The scarcity is anthropogenic in origin: we simply do not
believe that dual-coding genes can occur in eukaryotes. To
challenge this assumption, we performed the first genome-wide
scan for mammalian genes containing alternative reading frames
located out of frame relative to the annotated protein-coding
region. Using a newly developed statistical framework, we identified
40 such genes. Because our approach is very conservative, this
number is likely a significant underestimate, and future studies will
identify more alternative reading frame–containing genes with
fascinating biology.

Overlapping Reading Frames in Eukaryotes



fails to reject the null hypothesis for 6% of the datasets that
were simulated using a single reading frame model.

To confirm our results using an independent nucleotide-
based approach (as opposed to the codon-based test
described earlier), we applied the transition/transversion (j)
ratio test to make inferences about biological significance of
ARFs. The test is based on the following reasoning: in most
standard protein-coding regions (with only one reading
frame), j at the third codon position (j3) is significantly
different (higher) than at the first and second codon
positions (j12), so that j12 , j3 [15]. This is because most
substitutions at the third codon position are synonymous,
whereas in the first codon position all but eight substitutions
are nonsynonymous, and all substitutions in the second
codon position are nonsynonymous. By contrast, in over-
lapping reading frames, codon positions are codependent.
For example, in a þ1 ARF, the third codon positions
correspond to the first codon positions of the canonical
frame. Thus, almost every change in the third codon position
of the ARF is guaranteed to change amino acids encoded in
the canonical frame. However, if the ARF encodes a truly
functional product, purifying selection would resist such
changes, and the condition j12 , j3 would not hold. This
gives us the opportunity to test functionality of ARF in our
dataset by contrasting two hypotheses: H0: j12¼ j3 (ARF does
encode functional polypeptide) and HA: j12 , j3 (ARF does
not encode functional polypeptide). To perform this test, we
used a maximum likelihood framework to test j12 and j3 for
equality [16]. Application of the test to our list of dual-coding
genes identified 18 candidates.

Intersecting the results of the tests yielded 15 dual-coding
genes as high-confidence candidates. The small number of
species used in this study (four; a currently unavoidable
limitation given the low annotation quality of mammalian
genomes) limits the statistical power of our analyses and
explains why the other candidates did not pass this test.
Similar analyses of Gnas1 and XBP1 genes used eight or more
sequences [10,11]. Adding more sequences, which should be
possible in the near future, will increase the number of high-
confidence candidates.

What May Be the Potential Function of ARF-Encoded
Proteins?
Although experimental confirmation of protein expres-

sion and genetic studies will ultimately answer this ques-
tion, analysis of current literature provided us with clues to
potential ARF functions. For example, one of the candi-
dates is adenylate cyclase (ADCY8; Table 1), a membrane-
bound enzyme that catalyses the formation of cyclic AMP
from ATP [17]. A 534 bp ARF is located in the 59-end of the
ADCY8 transcript. The corresponding region of the canon-
ical peptide has two distinct functions: it interacts with
Ca2þ/calmodulin and binds to the catalytic subunit of
protein phosphatase 2A (PP2a; [18]). Such ‘‘multitasking’’
is one of the features of dual-coding genes, where separate
functions are performed by products of canonical frames
and ARFs [7,8,19]. Two nucleotide substitutions affecting
the amino acid sequence of ADCY8, W38A, and S66D
(produced by mutagenesis) have conspicuous effects on
ARF structure and calmodulin binding. W38A creates a stop

Figure 1. Three Known Examples of Mammalian Dual-Coding Genes

(A) A transcript of the Gnas1 gene contains two reading frames and produces two structurally unrelated proteins, XLas and ALEX, by differential
utilization of translation start sites.
(B) A newly transcribed XBP1 mRNA can only produce protein XBP1U from ORF A. Removal of a 26-bp spacer (yellow rectangle) joins the beginning of
ORF A with ORF B and translates into a different product called XBP1S.
(C) Ink4a generates two splice variants that use different reading frames within exon E2 to produce the proteins p16Ink4a and p19ARF (exon names as in
[8]).
doi:10.1371/journal.pcbi.0030091.g001
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in the ARF and disrupts calmodulin binding, but has no
effect on association with PP2a. On the other hand, S66D
does not disrupt ARF and has no effect on either
calmodulin or PP2a binding [20]. Because in at least two
instances products of ARF bind to the product of the
canonical frame (i.e., Gnas1 [6] and XBP1 [7]), we speculate
that the polypeptide encoded by the ARF may mediate the
binding of calmodulin by ADCY8. In fact, ADCY8 has a
number of unidentified protein interaction partners from
yeast two-hybrid screen experiments, one of which may be
the ARF-encoded polypeptide [18].

Another gene in our set, Misshapen/Nck-related Kinase
(MINK1; see Table 1), is involved in a number of functions
related to cell spreading, fiber formation, and cell-matrix
adhesion. MINK1 regulates the Jun kinase pathway (JNK) [21],
is involved in thymocyte selection, and interacts with a large
number of proteins controlling cytoskeletal organization, cell
cycle, and apoptosis [22]. The MINK1 protein contains three
functional domains (N-terminal kinase, intermediate, and C-
terminal germinal center kinase) and exists as five distinct
isoforms translated from alternatively spliced transcripts. All
five transcripts contain an intact ARF, which covers the entire
length of the intermediate domain. Extreme multifunction-
ality of MINK1 suggests that the ARF-encoded protein may be
responsible for some of the functions. In addition, the
intermediate region of the protein is the most variable in
cross-species comparisons [23]. This provides additional
support to the functionality of MINK19s ARF: regions
containing overlapping reading frames encoding functional
proteins are likely to evolve faster in comparison with single-
coding regions [10,11].

Retinoid X receptor beta (RXRb; see Table 1) is a member
of the retinoid X nuclear receptors that control transcription
of multiple genes. In mice, RXRb binds to the enhancer
controlling major histocompatibility class I genes [24]. It is
the only gene in our set in which the existence of the ARF
was reported in the literature as an alternative N-terminus
generated via alternative splicing [25], although this gene
failed to pass our transition-to-transversion ratio test.
Analysis of transcripts available for this gene shows that this
was caused by the skipping of the second coding exon.
Because the length of the skipped exon is not in multiples of
three, this event switches the reading frame downstream of
the splicing point. To recover the phase of the reading frame
past the splicing point, the translation must be initiated at
the ARF start codon. Because both transcripts (with and

without a second exon) have identical 59 ends, it is likely that
the ARF is translated from the full-length transcript.

Conclusions
Maintenance of dual-coding regions is evolutionarily

costly and their occurrence by chance is statistically
improbable. Therefore, an ARF that is conserved in multiple
species is highly likely to be functional. Historically, dual-
coding regions were largely overlooked as they violated the
accepted views of the eukaryotic gene organization. For
example, although the fact that XBP1 produces two proteins
was known for years, only one of them was considered
biologically important. The confirmation for the function of
the second protein came only recently, when three groups
described its roles [7,19,26]. Dual coding is also difficult to
confirm experimentally and computationally. For example,
one cannot use expressed sequence tags (ESTs) to confirm
expression of ARFs because in the cases described here, the
same transcript expresses both proteins via the use of
alternative translation starts. Using initiation codon context
or protein structure predictions are not guaranteed to
confirm or refute ARF functionality either: the most
impressive example of dual coding, Gnas1, has poorly
defined Kozak motifs [27] and produces proline-rich poly-
peptides without clearly defined secondary structure ele-
ments [3]. However, analyses of confirmed dual-coding
regions allowed us to highlight unique properties and to
use them in a genome-wide scan that identified 40
candidates.
Is this too much or too little? We emphasize that our criteria

were set to be very strict to eliminate the noise. Therefore, the
seemingly small number of candidates is likely just a subset of
a larger ‘‘ARFome.’’ First, some ARFs are shorter than the
stringent length threshold of 500 bp that we have set to
eliminate most false positives. For example, the length of the
dual-coding region in human XBP1 is 261 bp [28], and is 210
bp in human INK4a [5]. Second, because only four species
were included in the analyses of nucleotide substitutions,
some dual-coding regions failed codon-based and transition/
transversion ratio tests due to the lack of statistical power. As
the annotation quality of other mammalian genomes in-
creases, it will be possible to add more sequences into our
analyses. Third, we required ARFs to be conserved in multiple
species. A recent study has demonstrated that many dual-
coding regions are specific to a narrow phylogenetic group
(i.e., primates [1]) and would not be detected by the current

Figure 2. mRNAs from Human and Mouse Are Aligned

Mouse mRNAs are indicated by lowercase letters. Each of the two mRNAs contains an annotated coding region (white boxes). Our algorithm looks for
ARFs (black boxes) that are shifted one (shown) or two nucleotides relative to the annotated frame. The locations of the ARFs must be conserved
between the species. Specifically, the ARFs in the two species must overlap for at least 500 bp.
doi:10.1371/journal.pcbi.0030091.g002
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implementation of our method. None of the 40 genes
identified in our study overlaps with Liang and Landweber’s
dataset [1], as these authors primarily focused on short dual-
coding regions arising from alternative splicing events.
Finally, our approach assumes that the two proteins encoded
by the dual-coding region evolve under a purifying selection
regime as in all presently known mammalian dual-coding
genes. This assumption was shown not to hold for some dual-
coding regions of bacterial genomes [29]. Thus, 40 candidates
is likely an underestimate. Improving annotation of additional
mammalian species will allow us to conduct lower-stringency
scans to define the size of the ARFome.

Our study provides a robust statistical framework for
detection and computational validation of dual-coding

regions. This methodology will work equally well in
genome-wide screens (this study) and in situations in which
an ARF in a single gene needs to be evaluated. Take another
look at your gene; you might find an unexpectedly simple
explanation, a second protein from the alternative reading
frame, for experimental results that are otherwise difficult to
interpret.

Materials and Methods

CCRT algorithm. CCRT estimates how likely an alignment is to
contain an ARF by chance. The algorithm works as follows. Consider
an alignment of human and mouse protein-coding regions similar to
that shown in Figure 2. It contains two reading frames: canonical
(ORF, white) and alternative (ARF, black). The objective of CCRT is to
test whether the ARF is or is not the artifact of nucleotide
composition imposed by the ORF. CCRT takes two inputs: the
alignment we just discussed and a codon column frequency table. The
codon column frequency table is similar to a codon usage table but
instead of codons, it contains alignments of codons from at least two
species (in our case, human and mouse). The codon column
frequency table is generated by first aligning all possible orthologous
protein-coding regions between two (or more) species, splitting these
alignments into individual codon alignments, and counting the
frequency of each codon alignment. For this study, the table was
constructed by aligning ;9,000 orthologous protein-coding regions
from human and mouse (alignments can be downloaded from http://
nekrut.bx.psu.edu).

Given an alignment and the codon frequency table, CCRT
generates multiple simulated alignments (in this study we used
10,000 replicates) by replacing the original codon columns of the
alignment with ones drawn from the codon column frequency table
so that the amino acid translation is preserved in the ORF. The
probability of drawing a codon alignment from the codon column
frequency table is proportional to its frequency. The ORF trans-
lations of all simulated translations are identical to the ORF
translation of the original alignment, but are guaranteed to be
different at the nucleotide level. Finally, each simulated alignment is
translated in the ARF, and the number of alignments with the full-
length ARF is recorded. This number serves as the empirical p-value.
A low p-value (,5%) indicates that a small fraction of simulated
alignments contain ARFs, and therefore the ARF is not an artifact of
nucleotide composition imposed by ORFs and can be considered a
true ARF.

Codon model for overlapping reading frames. Consider an
alignment of N codon sequences on S codons, which encodes two
overlapping reading frames. We present the case in which the frames
are shifted by one nucleotide relative to one another, but other cases
can be handled by straightforward modifications. We refer to the two
reading frames as F0 (frame 0) and frame F1 (frameþ1). We also make
use of the following notation: pabij denotes the frequency of
dinucleotide ij in a and b codon positions (relative to F0) and pck
denotes the frequency of nucleotide k in the c-th codon position.
These quantities are estimated by observed counts from a given
alignment.

First, we define the model for codon evolution in F0. We
discriminate four types of codon substitutions: SS (synonymous in
both frames), SN (synonymous in F0 and nonsynonymous in F1), NS
(nonsynonymous in F0 and synonymous in F1), and NN (non-
synonymous in both frames). We model the process of character
substitution using a Markov process operating on codons and defined
by the instantaneous rate matrix Q. Following the common practice
of allowing nonzero rates for single instantaneous nucleotide
substitutions only, we assign substitution rates a to all one-nucleotide
SS substitutions, b01 to SN substitutions, b10 to NS substitutions, and
b11 to NN substitutions. In addition, we introduce another rate—
bSTOP—for all those substitutions that introduce a stop codon in one
of the two frames. Because the evolution at a given position in F0
depends on the flanking nucleotides (two upstream and one down-
stream), we condition the substitutions at a codon in F0 on the values
of the relevant nucleotides, compute transition probabilities for each
of the 64 possibilities, and weight over the frequency distributions p12

and p3.
Formally, the instantaneous rate of substituting a nonstop codon x

¼ x1x2x3 with a nonstop codon y ¼ y1y2y3 in F0 conditioned on the
values of the two upstream nucleotides u1u2 and the downstream
nucleotide d1:

Table 1. ARF-Containing Genes Identified Using a High-
Stringency Approach

Number GenBank

gi Number

Gene CCRT

Score

Length

(aa)

Divergencea jb bstop
c

1 53831993 SF3A1 0.0039 195 0.09 * *

2 4758467 GRP50 0.0335 183 0.18

3 4503680 FCGBP 0.0467 187 0.20 * *

4 18201912 FOXN1 0.0018 258 0.15 *

5 27436942 RXRb 0.0039 168 0.09 *

6 62954773 CSMD2 0.0085 239 0.11 *

7 31342353 ZNF598 0.0183 247 0.19 *

8 14165285 RHOBTB2 0.0011 226 0.10 *

9 24041034 NOTCH2 0.0334 210 0.13 * *

10 6513852 PCDH8 0.0087 173 0.12 * *

11 37655178 AP3B2 0.0200 205 0.11 *

12 109891936 DLGAP4 0.0417 172 0.10 * *

13 48762935 CSRP3 0.0040 175 0.09 *

14 4758955 BZRAP1 0.0081 176 0.16 * *

15 48255896 SEMA6C 0.0248 169 0.14

16 38348329 LANCL3 0.0008 181 0.14 *

17 52856410 CXXC1 0.0132 174 0.10 * *

18 4557256 ADCY8 0.0010 178 0.10 * *

19 38176156 SPATA2 0.0027 198 0.15 *

20 37537685 ZSCAN21 0.0026 227 0.19

21 122114640 ZNF3 0.0019 221 0.14 *

22 31317254 NLGN2 0.0001 171 0.17 *

23 58257667 KIAA0802 0.0019 204 0.18 *

24 27436945 LMNA 0.0019 169 0.11 *

25 34147467 CCDC120 0.0204 234 0.14 *

26 28559070 DNMT3A 0.0009 178 0.09 * *

27 13376631 ZC3H12A 0.0180 171 0.19 *

28 53832025 IQSEC2 0.0441 279 0.10 * *

29 18378730 BBX 0.0114 221 0.11 *

30 113423421 Predicted

protein

0.0125 169 0.22 * *

31 21071079 FBXL7 0.0000 172 0.11 *

32 14017860 KIAA1822 0.0128 167 0.17 *

33 6649056 TMEM2 0.0006 193 0.16 * *

34 18379331 WAC 0.0299 187 0.08 *

35 113204605 RBAK 0.0089 179 0.21 * *

36 117189905 MINK1 0.0305 224 0.09 * *

37 52145308 LING01 0.0026 180 0.08 *

38 45433544 KIAA0460 0.0079 177 0.10 *

39 56790298 PSD 0.0464 218 0.10 * *

40 57165354 LPHN1 0.0054 206 0.10 *

aNucleotide divergence between human and mouse in the ARF region.
bAsterisks indicate that j1,2 is not significantly different from j3 at the 5% level.
cAsterisks indicate that¼ 0 could not be rejected at the 5% level.
doi:10.1371/journal.pcbi.0030091.t001
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qF0xy ju1; u2; d1 ¼

0; multiple substitutions required in
x! y;

Rxkykapk
yk ; SS substitution in the

k� th codon position;
Rxkykb01p

k
yk ; SN substitution in the

k� th codon position;
Rxkykb10p

k
yk ; NS substitution in the

k� th codon position;
Rxkykb11p

k
yk ; NN substitution in the

k� th codon position;
RxkykbSTOPpk

yk ; A stop codon is introduced in F1:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð1Þ

Conditioning on u1,u2,d1 is necessary to determine whether a
substitution in F0 results in a synonymous or a nonsynonymous
change in F1. Rnm denotes the rate of substitution for nucleotides n
and m relative to that of A ! G. We set Rnm ¼ Rmn to ensure time
reversibility. One can check that for any triplet u1,u2,d1, the
equilibrium distribution of the Markov process defined by this rate
matrix is

px1x2x3 ¼
p1
x1p

2
x2p

3
x3

1�
X

ijk is a stop codon

p1
i p

2
j p

3
k

ð2Þ

Second, we describe an analogous rate matrix qF1xy ju1; d1; d2 for F1.
This rate matrix is conditioned on one upstream nucleotide u1 and
two downstream nucleotides d1,d2.

qF1xy ju1; d1; d2 ¼

0; multiple substitutions required in
x! y;

Rxkykapk
yk ; SS substitution in the

k� th codon position;
Rxkykb01p

k
yk ; SN substitution in the

k� th codon position;
Rxkykb10p

k
yk ; NS substitution in the

k� th codon position;
Rxkykb11p

k
yk ; NN substitution in the

k� th codon position;
RxkykbSTOPp

k
yk ; A stop codon is introduced in F0:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð3Þ

Transition matrices T(t) for the processes are matrix exponentials of
Qt, for the appropriate rate matrix Q. For computational tractability,
we assume that the evolution at codon c can be adequately described
by computing the expectation over flanking upstream and down-
stream nucleotides. Specifically, if LF0

C ju1; u2; d1; is the phylogenetic
likelihood at codon c in frame F0, conditioned on the flanking
nucleotides, then the unconditional likelihood can be computed as

LF0
c ¼

X
ðu1; u2Þ 2 fAA; :::;TTgd12fA;C;G;Tg

Prfðu1; u2ÞgPrfd1gLF0
c ju1; u2; d1: ð4Þ

Analogous calculation can be performed for frame F1. Finally, we
define the joint likelihood of the entire dataset (omitting the first and
the last codons in F0) as

L ¼
YS�1
c¼2

LF0
c LF1:

c ð5Þ

Parameter estimates such as branch lengths and substitution rates
can be obtained by maximizing the likelihood as a function of model
parameters with standard numerical optimization techniques. Due to
the structure of the genetic code, most of the possible single-
nucleotide substitutions lead to nonsynonymous changes in at least
one of the reading frames (Table S1). To evaluate the evolutionary
regime in a multiple reading frame alignment, we test the null
hypothesis to evaluate whether the introduction of premature stop
codons is disallowed. The test defined a one-sided constraint on a
single parameter, and the significance can be evaluated using the
likelihood ratio test with the approximate distribution of the test
statistic.

Supporting Information
Figure S1. Distribution of Lengths of Maximal ARFs Detected in
10,000 Simulated Alignments

Found at doi:10.1371/journal.pcbi.0030091.sg001 (70 KB PDF).

Figure S2. Distribution of Lengths of Maximal ARFs, Based on 35,000
Parametric Simulations Based on Codon Model Fits to Orthologous
Gene Alignments from Three or Four species

A total of 39 gene fits, each with at least 500 bp sampled
equiprobably. Only 0.29% of simulated alignments had open ARFs
with 500 or more nucleotides.

Found at doi:10.1371/journal.pcbi.0030091.sg002 (29 KB PDF).

Figure S3. Number of Possible Dual-Coding Genes and Correspond-
ing Criteria

The number of possible dual-coding genes are shown in parentheses.

Found at doi:10.1371/journal.pcbi.0030091.sg003 (40 KB PDF).

Figure S4. The Discovery and Definition of Conserved Dual-Coding
Regions from Multispecies Alignments

The orthologous transcripts from four species were first aligned and
then translated using the second reading frame. Hence, additional
start and stop codons appeared in the translation. For each of the
species, an uninterrupted segment of peptides were identified (the
dotted line with arrow ends in both directions), and the first start
codon was marked. The region between the closest start–stop codons
was defined as the ARF region. From the same set of transcripts,
regions from the beginning to the first stop codon in any one of the
species and the last stop codon to the end of the transcript were
defined as flanking the ORF region.

Found at doi:10.1371/journal.pcbi.0030091.sg004 (47 KB PDF).

Table S1. Proportion of Substitution Types (in Percent) in Each
Codon Position of F0 and F1 Averaged over All Possible Nucleotide
Contexts

Found at doi:10.1371/journal.pcbi.0030091.st001 (38 KB PDF).

Table S2. Proportion (Percent) of Prefix and Suffix Codons (out of
3,721 Possibilities) That, for a Given Middle Codon, Do Not Induce a
Stop Codon in theþ1 Reading Frame

Brighter colors indicate less-tolerated codons.

Found at doi:10.1371/journal.pcbi.0030091.st002 (42 KB PDF).

Table S3. Gene Ontology Categories of the 40 Candidate Genes

Found at doi:10.1371/journal.pcbi.0030091.st003 (58 KB PDF).

Table S4. Genomic Coordinates of the 40 Candidate Genes

Found at doi:10.1371/journal.pcbi.0030091.st004 (40 KB PDF).
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