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ABSTRACT

Origination of new genes is an important mechanism generating genetic novelties during the evolution
of an organism. Processes of creating new genes using preexisting genes as the raw materials are well
characterized, such as exon shuffling, gene duplication, retroposition, gene fusion, and fission. However,
the process of how a new gene is de novo created from noncoding sequence is largely unknown. On the
basis of genome comparison among yeast species, we have identified a new de novo protein-coding gene,
BSC4in Saccharomyces cerevisiae. The BSC4 gene has an open reading frame (ORF) encoding a 132-amino-
acid-long peptide, while there is no homologous ORF in all the sequenced genomes of other fungal
species, including its closely related species such as S. paradoxus and S. mikatae. The functional protein-
coding feature of the BSC4 gene in S. cerevisiae is supported by population genetics, expression,
proteomics, and synthetic lethal data. The evidence suggests that BSC4 may be involved in the DNA repair
pathway during the stationary phase of S. cerevisiae and contribute to the robustness of S. cerevisiae, when
shifted to a nutrient-poor environment. Because the corresponding noncoding sequences in S. paradoxus,
S. mikatae, and S. bayanus also transcribe, we propose that a new de novo protein-coding gene may have

evolved from a previously expressed noncoding sequence.

HE total number of different proteins in all organ-
isms on earth is estimated to be 10'°-10"2 (CHOI

and Kim 2006). How the protein repertoire evolved to
this giant diversity that underlies the evolution of the
complexity of life is the basis of attracting many evo-
lutionary biologists to the field. Discussions began 40
years ago (PERUTZ et al. 1965); however, with the ac-
complishment of complete genome sequences, we have
begun to get a more comprehensive view of this com-
plex issue. Comparative genomic study supports the
notion that novel protein genes derive from preexisting
genes or parts of them. For example, exon shuffling,
gene duplication, retroposition, and gene fusion and
fission all contribute to the origin of new genes (LoNG
et al. 2003). But the de novo gene origination process
that a whole protein-coding gene evolves from a frag-
ment of noncoding sequence is considered seldom and
receives little attention. A computational analysis of
several archeal and proteobacterial species’ genomes
suggests that at least 240 and 320 genes, respectively,
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originated de novo along the branches leading to the
Archea and Proteobacteria. Furthermore, there are
also many de novo origination events among the species
within each of the lineages (SNEL et al. 2002). On the
basis of the analysis, the author ranked the de novo gene
origination process quantitatively the second most im-
portant process after gene loss among gene loss, de novo
origination, gene duplication, gene fusion/fission, and
horizontal gene transfer. This study suggests that de novo
evolution not only plays an important role in generat-
ing the initial common ancestral protein repertoire but
also contributes to the subsequent evolution of an
organism. However, it is nearly impossible to identify
the noncoding origin of the initial ancestral proteins
because of long-term accumulation of mutations. Re-
cently evolved novel protein-coding genes provide us
the opportunity to investigate the de novo evolution
mechanism of protein-coding genes. This methodology
on gene origination has been developed in Drosophila
by Long et al. (LONG and LANGLEY 1993), which has led
to many advances in understanding the mechanism
of new gene origination, including gene duplication,
retroposition, exon shuffling, and gene fission and fu-
sion (NURMINSKY et al. 1998; WANG et al. 2002, 2004;
ARGUELLO et al. 2006; YANG et al. 2008). However, only
recently did BEGUN et al. (2006, 2007), LEVINE el al.
(2006), and S. T. CHEN et al. (2007) find cases of whole-

gene de novo origination in Drosophila melanogaster,
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D. yakuba, and D. erecta. The de novo genes may be func-
tional on the basis of the RNA expression analysis, al-
though the protein-coding potential of those de novo
OREFs still needs to be proven.

Saccharomyces sensu stricto is a complex of Saccharo-
myces species relevant in the fermentation industry.
Novel traits of those lineages, especially Saccharomyces
cerevisiae, are of great interest. Studies have shown that
the ancestors of Saccharomyces sensu stricto experienced
awhole-genome duplication after their divergence from
Kluyveromyces waltii some 100-150 million years ago
(WoLrE and SHIELDS 1997; KeLLIS ef al. 2003). The
subsequent divergence between duplicated genes and
massive gene losses played an important role in the
evolution of these yeast species (DujoN 2006; WAPINSKI
et al. 2007). Itwould be of interest to know if de novogene
origination also occurred in yeast, in addition to Dro-
sophila. Partial de novo gene origination has been found
to contribute to the genome complexity of Saccharo-
myces sensu stricto (GIACOMELLI ef al. 2007). GIACOMELLI
et al. (2007) found several cases of partial de novo protein
gene evolution through stop codon extension in four
species of Saccharomyces sensu stricto (GIACOMELLI et al.
2007). But whether it is possible for a whole gene to
evolve by the de novo way in yeast is unknown.

In this study, we identified a novel protein-coding
gene BSC4 that completely evolved from a noncoding
sequence in S. cerevisiae. This gene first caught our at-
tention as a species-specific protein-coding gene in our
genome comparison analysis among Saccharomyces
species (H.-F. JtANG and W. WANG, unpublished data).
Previously the BSC4 gene was found as one of the stop
codon readthrough genes in baker’s yeast by Namy et al.
(2003). They found that BSC4 has a typical readthrough
nucleotide context around its stop codon and its read-
through frequency is 9% when cloned into a plasmid
with reporter genes (Namy et al. 2003). Although the
BSC4 gene has been included in many large-scale
studies, no specific study has been done with an aim to
characterize it. The Saccharomyces Genome Database
(SGD) (http://www.yeastgenome.org/) curates dozens of
data sets, most of which were carried out using the gene
chips of S. cerevisiae. In all the gene chips there are
probes designed against the BSC4 gene along with other
genes in S. cerevisicze. These data sets provide much
expression information for BSC4 under different cul-
ture conditions. This gene was also included in the
systematic gene deletion project in which ORFs of yeast
genes were deleted and subsequent phenotypic analyses
were carried out on those derived gene deletion strains
(Saccharomyces Genome Deletion Project, http:/www-
sequence.stanford.edu/group/yeast_deletion_project/
deletions3.html). On the basis of the panel of those
gene deletion strains, whole-genome synthetic lethal
analyses were carried out by PAN et al. (2006) that
deleted two genes to see if that would be lethal to S.
cerevisiae. Their result shows that deletion of gene DUN1

TABLE 1

Species used for Southern hybridization

Species Strain name
Saccharomyces cerevisiae YCMb53
S. paradoxus YCMb55
S. mikatae YCM61
S. kudriavzevii YCM59
S. bayanus YCM57

or RPN4 is lethal to S. cerevisiae if BSC4 is also deleted
(PAN et al. 2006). In addition, there are multiple tandem
mass-spectrometry analysis results of yeast protein sam-
ples deposited into the “Peptide Atlas” (http:/www.
peptideatlas.org/repository). Our analysis of these pro-
teomics data supports the existence of the BSC4coded
peptides and our population genetic analysis suggests
that the ORF of this novel protein-coding gene is under
strong negative selection at the nonsynonymous sites.
Our expression data show that its orthologous non-
coding sequences have detectable expression at the
RNA level, across the closely related species of baker’s
yeast. On the basis of these data, we suggest that a novel
protein gene can wholly evolve from a noncoding
sequence.

MATERIALS AND METHODS

Yeast strains and culture condition: Yeast species used in
this study are listed in Table 1 and were provided by Jin-Qiu
Zhou at Shanghai Institutes for Biological Sciences. The
strains of S. cerevisiae used in this study are listed in Table 2.
YP medium (1% weight-to-volume yeast extract and 2%
weight-to-volume peptone) (SHERMAN 1991) supplemented
with 2% weight-to-volume glucose (YPD media) was used to
grow these yeasts. Cultures were grown at 30° and shaken at
250-300 rpm overnight. The culture volume did not exceed
25% of the flask capacity.

Database homology search: We carried out a tBLASTN
search with the protein sequence of BSC4 as the query against
the genome sequences of 81 fungal species. The fungal ge-
nome database is available at the SGD (http:/www.yeastgenome.
org/). A tBLASTN search was performed online using the
BLAST service provided by the SGD with default parameters.
We retained only those hits whose aligned length was >80% of
the query length (105 amino acids) and whose identity of
aligned fragment was >30%.

Southern blot: We extracted genomic DNAs of S. bayanus,
S. kudriavzevii, S. mikatae, S. paradoxus, and S. cerevisiaeusing the
Puregene DNA isolation kit (Gentra Systems, Research Tri-
angle Park, NC). We digested DNAs with EcoRI (New England
BioLabs, Beverly, MA), separated them on an agarose gel, and
transferred them to a nylon membrane (Roche Molecular
Biochemicals, Indianapolis) by Southern blotting. We pre-
pared the probe for the new gene BSC4 by labeling its PCR
product with digoxigenin. We first amplified the gene from
genomic DNA using primers AACAAGCAAGTTTTATACAA
TAC and CTGGGTTGCATGGGTAATTT and then used the
PCR product as template to run the second round of PCR with
a dNTP mixture containing digoxigenin-labeled dUTP. We
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TABLE 2

Saccharomyces cerevisiae strains for population study

Strains Description of strain source Sequence accession no. in GenBank
AS2.101¢ Distilled spirit yeast EU375917
AS2.1406" Sake yeast, Japan EU375913
AS2.148¢ Champagne yeast EU375922
AS2.179¢ Soy sauce, Japan EU375918
AS2.2¢ Beer yeast, England EU375914
AS2.2079 Grape, China EU375924
AS2.2080¢ Grape, China EU375920
AS2.3¢ Beer yeast, England EU375921
AS2.7¢ Whiskey yeast, United States EU375919
AS2.724¢ Medicinal liquor, China EU375923
AS2.771 Leaven, China EU375925
AS2.820° Medicinal liquor, China EU375912
AS2.93“ Distilled spirit yeast EU375915
XH1549“ Sputum, China EU375916
BC187* Barrel fermentation, Napa Valley, California

DBVPG1373° Soil, Netherlands

DBVPG1788* Soil, Finland

DBVPG1853’ White Tecc, Ethiopia

DBVPG6044" Fermenting fruit juice, The Netherlands

DBVPG6765° Unknown

L_1374" Wine, Chile

L_1528° Wine, Chile

YPS128° Oak, Pennsylvania

SK1* Soil, United States

YH55° Wine, France

YGPM* Rotting fig, California

RMI11-1a° Vineyard, California CH408055 AAEG01000000
YJM789¢ Lung of an AIDS patient AAFW02000067
S288C- Laboratory strain NC_001146

“The genes BSC4 of these strains were sequenced by us. These strains were provided by Feng-Yan Bai (Systematic Mycology and
Lichenology Laboratory, Institute of Microbiology, Chinese Academy of Sciences).

’These strains were sequenced by the Saccharomyces Genome Resequencing Project at the Sanger Institute in collaboration
with Ed Louis’s group at the Institute of Genetics, University of Nottingham. All the sequences are downloaded from ftp:/ftp.

sanger.ac.uk/pub/dmc/yeast.

‘This strain was sequenced by the Broad Institute [Saccharomyces cerevisiae RM11-1a Sequencing Project, Broad Institute of Har-

vard and MIT (http:/www.broad.mit.edu)].

“This strain was sequenced by the Stanford Genome Technology Center (WEI et al. 2007).
‘The reference genome sequence (Saccharomyces cerevisiae systematic sequencing project).

hybridized the BSC4 probe to the membrane to evaluate copy
number and level of sequence conservation in different
species.

DNA sequencing and population analyses: The BSC4 gene
was amplified from genomic DNAs of S. cerevisiae strains listed
in Table 2 using primer A (AAATAAATACGATATCAAGGCA
CCA) and primer D (CCGTCCTTGTTAAATAGTCACCTAA),
which are located upstream and downstream of the BSC4 ORF
as indicated by the Saccharomyces Genome Deletion Project
Consortium (http:/www-sequence.stanford.edu/group/yeast_
deletion_project/Deletion_primers_PCR_sizes.txt). The PCR
products were purified using a Tiangen (Beijing) DNA purifi-
cation kit and checked by 2% agarose gels before sequence
analysis. Bidirectional sequencing was performed for all sam-
ples with primers A and D separately by using a BigDye Ter-
minators v 3.0 cycle sequencing kit (Applied Biosystems, Foster
City, CA), according to the manufacturer’s instructions. Se-
quences were read by an ABI3100 sequencer (Applied Bio-
systems). Sequence trace data were trimmed, assembled, and
aligned with Sequencher 4.0.5 and by manual verification.

To detect if the BSC4 is a functional sequence and thus
subject to selection, Tajima’s D test and Fu and Li’s tests were
carried out with DnaSP 4.00.6 (TajimMa 1989; Fu and L1 1993;
Rozas et al. 2003) on the basis of population data. For a func-
tional protein-coding gene, a more direct test for ORF func-
tionality is to compare substitution rates at nonsynonymous
sites (dn) and synonymous sites (ds). dy should be significantly
smaller than ds for a protein-coding gene under functional
constraint. The Nei—-Gojobori codon model with Jukes—Cantor
correction in MEGA 3.1 was used to calculate the overall
average dy and ds and their standard errors were computed
with the bootstrap method (1000 replicates; seed = 25,000),
and the Ztest embedded in MEGA 3.1 was applied to test the
difference between dy and ds (KUMAR et al. 2004).

Reverse transcriptase-PCR and rapid amplification of
cDNA ends: Yeast cells were harvested from 20 ml of culture
at ODggp = 1.0 and then resuspended in RNAlater solution
(Ambion, Austin, TX). Total RNA was isolated using the
RNeasy kit (QIAGEN, Valencia, CA) and then subjected to
DNase I digestion (Invitrogen, San Diego). Retrotranscription
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was carried out using a Takara (Berkeley, CA) one-step reverse-
transcriptase (RT)-PCR kit. A series of forward and reverse
primers were designed on the basis of BSC4 and its ortholog
sequences: S. cerevisiae forward (F), CCATTGCCATTGGAG
AAAGCC, and reverse (R), AAAAGTTGCACAAAAATGTA
GTTG; S. paradoxus F, AGAAAGACTTTCGCTCTGATG, and
R, TGGTCATATGGACTGTTGTTG; S. mikatae F, GATATAC
ATCGGAGTAAAGTTATT, and R, ATACTTCGTTTCCCAC
AGTTCT; and S. bayanus F, CATGCACAGCAAGAGGATTAT,
and R, GCGGTTGTTGCCCAAATGAG. 3'-Rapid amplifica-
tion of cDNA ends (RACE) was carried out using the First-
Choice RLM-RACE kit (Ambion).

Proteomics data analysis: Yeast proteomics spectra data
were downloaded from the http:/www.peptideatlas.org/
repository. Queries with the keyword “BSC4” were searched
against the spectra database. The total probability that BSC4
protein is present in the proteome was computed according to
Equation 1 in NEsvizHSKII ef al. (2003):

P=1-]J00 - maxp(+ | D). (1)

7

In this equation, ¢ denotes the number of distinct peptides
of the investigated protein that are matched with the spectra
and jdenotes the number of different spectra matched to each
peptide. If the spectra assigned to different peptides are
considered as independent evidence for their corresponding
protein, then the probability Pthat a protein is present in the
sample can be computed as the probability that at least one
peptide assignment corresponding to the protein is correct.
p(+| D)) is the computed probability that the jth assignment of
peptide i (its peptide assignment information is denoted D)
to a spectrum in the data set is correct. max;p(+| D}) denotes
the maximum probability for all assignments of that peptide
(NESVIZHSKII et al. 2003).

Functional analyses using synthetic lethal and microarray
data: Synthetic lethal data are from the genetic interactions of
BSC4 on the SGD (found at http://db.yeastgenome.org/cgi-
bin/locus.pl?locus=BSC4). The microarray data were down-
loaded from the website accompanying GAscH et al.’s (2000)
article (http:// genome-www.stanford.edu/yeast_stress/).

RESULTS

Origin of the de novo gene BSC4: BSC4is a S. cerevisiae
gene, which has an ORF of 132 amino acids, and with no
apparent similarity to any previously characterized pro-
tein. BSC4 has no significant homolog when we used
tBLASTN to search against genome sequences of S.
bayanus, S. kudriavzevii, S. mikatae, and S. paradoxus un-
der the standard parameters. Even if we use the putative
translation product of the stop codon bypass event
predicted by Namy et al. (2003), which is a peptide of
237 amino acids, there is still no significant homolog in
these sibling species. The absence of homolog might
be the false negative result due to incompleteness of
the genomic databases of those species. However, the
multiple-species search makes this possibility less likely,
and the genome databases of Saccharomyces species are
widely considered as the most reliable compared with
genome databases of other species. These results
suggest that BSC4 may be a newly evolved gene in S.
cerevisiae. To further rule out possible spurious results

1018- =
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2036 -

3054 - -
(bp)

M1 2 3 45

F1GURE 1.—Results of Southern hybridization showing that
only S. cerevisiae has a detectable signal of the BSC4 gene. M,
marker; 1, S. bayanus; 2, S. kudriavzevii; 3, S. mikatae; 4, S. para-
doxus; 5, S. cerevisiae. The phylogenetic relation of the four
species is indicated under the lane numbers.

caused by sequencing gaps in the outgroups, we con-
ducted a genomic Southern blot with the probe de-
signed against BSC4. The southern blot result shows that
only the S. cerevisiae genome exhibits obvious hybridiza-
tion signals (Figure 1). We also carried out a further
tBLASTN search against genome sequences of other
fungal species to exclude the probability of multiple-
gene loss in the four outgroup species. The results
showed that this ORF has no homolog in any other
fungal species. However, the origination mechanism
still remains to be clarified until we find its ancestral
sequence because horizontal gene transfer or high di-
vergence of sequences can both explain the above
results.

In addition to sequence similarity, the chromosomal
context-synteny relationship is another important
piece of information for identification of gene relation-
ships. A pair of sequence fragments in two related
species can be supposed to be in orthologous relation-
ship if they have weak homology and their flanking
genes are in orthologous status, when they do not have
BLAST hits of a higher score in other regions of the
genome. The Synteny Viewer on the Saccharomyces
Genome Database website indicates that the flanking
genes of BSC4 have their orthologs in the same synteny
blocks of S. bayanus, S. mikatae, and S. paradoxus (KELLIS
et al. 2003). We cut the intergenic region between the
two flanking genes and manually aligned them with
BSC4 of S. cerevisiae (Figure 2). Because S. kudriavzevii is
not covered in the Synteny Viewer on the Saccharomy-
ces Genome Database website, we did not include it in
Figure 2, although we also found by genome compari-
son that the synteny relationship of the locus in this
species is also conserved (data not shown). The align-
ment shows that there are tracts of homologous se-
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Scer ATGTCTATTGTGOTACGGAAGAGTAACAAAAAAAACAAAAACTGCATAAC[ 50]
Spar GIGTCTGTAATTCTACGGAAAAGTAAACAAAAAAACTGTAATTGOATAACL 50]
Smik GIGCCTTTAATTCTGCGCAAGA-CAACAAGAAAACCAAAAAATTAATAAT[ 50]
Shay GTACTTGTAGCT-TACGCAAGAAAAGAAAAAGTTAGAAAAGTTGCATGCA[ 50]
Scer AAGCAAGT--—-TTTATACAATACACATTA--——---————---——===T[100]
Spar GAGCAATT TATATACAATACACATAG [100]
Smik AAACAAAAA-—-CATATGCGATATACATCGGAG T[100]
Shay CAGCAAGAGGATTATATACAGTGGAGACTGGAGAGCGCTAGACACACTGT[100]
Scer fARA-————————- ATTTCTACTECGGTGTTCCGAGCTCCCATTGCCATT [150]
Spar ANAG ACTTTCGCTETGATGTC-CGAACTGCCATTGTCATT [150]
Smik AMAGTTATTA-TCTACTTTCACTCCAGTGCCGCTGACTGT-GTTGCCATC [150]
Shay ATAGCCACAAGTCTGTTCCCGETCCGTTECCCCGGAATTACATTGCATTT[150]
Scer GGAGAAAGCCCTTA--TGTGGAGTGGAGCTGCCTACAGG TTGTTTTCAGG [200]
Spat GGAGAAAATCCTTA--TGTGGAGTGCAGTTGCOTGCAGGTTATTTTCAGA [200]
Smik GAAGAAAATCTTTA--TCTGGAATGGAGTTACCTGCAGG

Shay GGAGAAGCCTGCTGAGTGCGGAGTACAG TTATGTGCAGC——————————~:
Scer ABAGACATGGTTACAAAAAAG -ACGACATTCGECC--~AACTTATCACTC[250]
Spar GAAAACGTGGTTACAAAAAGGGACCAGATTCGECC--TAGCTTACAACTC (250
Smik AATGATGTGGTTACAAAAAGGGACCAAATTCACACAGTAACGTATTGTTC [250]
Shay GAAGACATGGTTACAAAAAAGAACCATGCTCGETTACTCACTGTATGCTT [250]
Scer GCTTGAACCACTTTTTATGCCAAGCCCTTAAACGCCGCGAC--TC-AAAA [300]
Spar GCTTGAATCA-TOTTTATGCCAGACCTT TCAACGCCGEGAC-~CCCAAAA [300]
Smik GCTATAAGCA-TTTTTATG TCAGATCOT -CAACGCCGCGAC-~CECAAAA [300]
Shay GACTGCTTTT-TTTTTATGCCAGACCCT TTAAGGCGGCGGCAACCCCAAA [300]
Scer ACATACATAC-—=TGTGCCGCACGGCAGTTTTTGG-—CG( ACACCC[350]
Spar ACATAAATGCTGAGTCACCATGGTGCTGEGCGCTG-TCGCTGTCGCGCTG[350]
Smik ACGT-—=TGC-~AGATATTTTGA-GTCGCACATCGATAGCTACTACATTA[350]

Sbhay AAACAAATATACACGCAACTCGCTTTGTGCCGAAGCAAGGCGCTACGCTG[350]

Scer TTTTCCCCAAGAAAAT--CGCATATTAACAACA-———————— AATTACCC [400]
Spar TTCCTTTCCGAGAAAA-—-GCACGGCAACAACA--————---ACAGTCC- [400
Smik TTTCCTTCAAGGAATA--CGCACGGGTACGAAA ACTGTECCG [400]
Shay TGCGCTACCGGAAAAAGACGCACAGCAGCTACTCATTTGGGCAACAACCG [400]
Scer ~ATGCAACCCAGGAAAAAAAAAATAGTCATTATATACGTAGTG—————--[450]
Spar ATATGACC-AAAAAAAAAATAACCGCAAATGGCAGTGAAATGCAATTAT [450]
Smik AATATGACC-AAAANAAATAAAATAAGAACTG- - TGGGAAACG-AAGTAT [450]
Sbay CAAACGGCA-GTAAGAGGCGAGTGAGGTATITTGTACGAAGGGAAAGCCC[450]
Scer CGCTTICATTGA [462]
Spar CATTGTATACGA [462]
Smik CACTGTATACGA [462]
Sbay CAGCTIGGCCGC [462]

FIGURE 2.—Alignment of the orthologous sequences of
BSC4 from Saccharomyces bayanus (Sbay), S. mikatae (Smik),
S. paradoxus (Spar), and S. cerevisiae (Scer). The conserved
nucleotides are shaded.

quences and the overall identity across those four
Saccharomyces species is 35.71%. Data on the UCSC
genome browser also indicate the same orthologous
relationship, which is consistent with our analysis. These
orthologous regions in the sibling species of S. cerevisiae
have very low probability to code for proteins even if we
consider stop codon readthrough in those species,

because of the existence of a number of premature stop
codons (supplemental Figure 1).

The flanking genes of BSC4 in the S. cerevisiae ge-
nome, ALPI and LYPI, are a pair of paralogs lined in an
inverted direction. This gene order also remains con-
served in the more distant yeast genomes of Ashbya
gossypii, Kluyveromyces lactis, and S. castelli beyond Sac-
charomyces sensu stricto complex species (Figure 3). In
addition, the length of this intergenic region does not
change much across all those species (713 bp in A.
gossypiand 889 bp in S. cerevisiae) . From these results, we
can make an estimate that the origin of the BSC4
ancestral sequence can be dated back at least to the last
common ancestor of A. gossypii and S. cerevisiae, i.e.,
>100 million years ago (DIETRICH el al. 2004) when an
inverted gene duplication event formed the syntenic
orthologs flanking the ancestor of BSC4. However, only
after the divergence from S. paradoxus the ancestral
noncoding sequence evolved into a protein-coding
gene in S. cerevisiae. On the basis of these pieces of evi-
dence, itis very likely that this is a real de novo origination
case with clearly defined lineage.

The similarity between BSC4 and its orthologous
sequences is indeed much lower compared with other
protein-coding orthologs (=80%) (KELLIS et al. 2003).
The overall identity of the BSC4 orthologous sequences
in the four Saccharomyces species (35.71%) is compa-
rable to that of the essential non-protein-coding RNA
(ncRNA) gene TLCI, which is 47.98%. Interestingly,
RT-PCR results show that all the BSC4 orthologous
sequences in S. bayanus, S. mikatae, and S. paradoxus can
transcribe (Figure 4). PANG et al. (2006) reported that
the ncRNA except snoRNA and miRNA are on the
whole poorly conserved: most display <70% identity
between human and mouse (PANG et al. 2006). There-
fore, those ancestral orthologs of BSC4 are probably
non-protein-coding RNA genes.

Evidence from DNA, RNA, protein, and phenotype
levels supports BSC4 as a functional protein-coding
gene: Population evidence supports the protein-coding
potential of BSC4: To investigate if BSC4 is a protein-
coding gene, we first conducted population analysis
(Table 2). Although this gene evolved recently only in
the S. cerevisiae lineage, sequences from 29 strain sam-
ples that are from different localities or origins showed
that it is fixed and the ORFs are conserved in all S.
cerevisiae populations.

Tajima’s D test and Fu and Li’s test give population
statistics showing whether the observed polymorphism
pattern deviates from neutrality caused by selection,
indirectly reflecting if the sequence is functional or not
(Tajima 1989; Fu and L1 1993). Both tests show a
consistent deviation from neutrality (for Tajima’s D test,
D= —-1.70065,0.10 > P> 0.05; for Fu and Li’s test, D =
—38.33262, P < 0.02), suggesting the probable existence
of purifying selection at this locus. Another population
genetics test, for protein-coding ability, is to see if puri-
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Scer
Spar
Smik
Sbay
Scas

Klac

FiGure 3.—(A) Synteny

Agos relationships in the BSC4re-
gion in different fungi spe-

cies. (B) Phylogenetic tree

of the fungi species used

in A. Sbay, S. bayanus; Smik,

S. mikatae; Spar, S. paradoxus;

Ylip Scer, S. cerevisiae; Agos, Ashbya
gossypii; Spom, Schizosacchar-
Nera omyces pombe; Ylip, Yarrowia

lipolytica; Ncra, Neurospora
crassa. The dashed arrows

fying selection has led to lower polymorphism at non-
synonymous sites than at synonymous sites. For BSC4,
the substitution rates at synonymous sites (ds) and
nonsynonymous sites (dx) are 0.03546 and 0.00951,
respectively. dy is significantly smaller than ds (Ztest,
P = 0.02354 < 0.05), strongly indicating purifying

M Sbay Smik Spar Scer
- + - + . + = +

2000-
1000 .
750 -
500 -
250 -
100 -

(bp)

FiGure 4.—RT-PCR results. “—” indicates the RT-PCR-
negative controls in which everything is the same as the
positive (+) except omitting reverse transcriptase. Sbay, S.
bayanus; Smik, S. mikatae; Spar, S. paradoxus; Scer, S. cerevisiae.

Spom in A indicate an ortholo-
gous relationship.

selection on the ORF of this gene. Thus, these popula-
tion genetics results strongly suggest that BSC4 is un-
dergoing purifying selection and functional constraint
against amino acid change in baker’s yeast.

Proteomics data support the protein-coding potential of
BSC4: We found 29 peptides assigned to the gene BSC4
in the tandem mass spectrometry (MS/MS) database
(http://www.peptideatlas.org/repository) (Table 3). For
each hit, the machine-learning program SEQUEST as-
signed a statistical validation value. We computed the
combined probability of the existence of BSC4 protein
to be 0.6078 according to the method of NESVIZHSKII
et al. (2003). If we take many other hits with scores
<0.0001 into account, the probability could be higher.
As more MS/MS experiments are being carried out in
yeast and the yeast proteome data coverage that is now
only 63% (DESIERE et al. 2006) becomes deeper, we will
be able to find more pieces of peptide evidence for BSC4
in the proteomics data.

3'RACE data support the translation readthrouth hypo-
thesis of BSC4: NaMy et al. (2003) reported that BSC4 has
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TABLE 3

Proteomic database search results

Experiment name Spectrum name

Peptide probability

Peptide sequence

PAe000155 005b.4248.4248.2

PAe000155 020b.1059.1059.2

PAe000120 060.0078.0078.3

PAe000155 900a.1593.1593.2

PAe000155 900a.3944.3944.2

PAe000095 Mark_T50_18_00.1142.1142.2
PAe000095 Mark_T50_26_01.1754.1754.3
PAe000095 Mark_T50_27_00.3167.3167.3
PAe000095 Mark_T50_28_00.2231.2231.2
PAe000095 Mark_T50_28_03.1883.1883.2
PAe000095 Mark_T50_39_00.1105.1105.3
PAe000095 Mark_T50_39_00.2179.2179.2
PAe000146 ystcicat_1722_1.2153.2153.3
PAe000146 ystcicat_1722_1.3654.3654.3
PAe000146 ystcicat_1722_2.2386.2386.1
PAe000146 ystcicat_23_2.2133.2133.1
PAe000146 ystcicat_24_1.0184.0184.2
PAe000146 ystcicat_25_1.3790.3790.3
PAe000146 ystcicat_27_2.3763.3763.3
PAe000146 ystcicat_29_2.0345.0345.2
PAe000146 ystcicat_30_1.4670.4670.2
PAe000146 ystcicat_30_2.4774.4774.2
PAe000146 ystcicat_34_1.3160.3160.2
PAe000146 ystcicat_34_2.5617.5617.2
PAe000146 ystcicat_35_1.0036.0036.2
PAe000146 ystcicat_36_2.1526.1526.2
PAe000146 ystcicat_4142_1.4611.4611.3
PAe000146 ystcicat_4142_1.4815.4815.2
PAe000146 ystcicat_4344_2.0838.0838.2

Total probability

0.0518 APIAIGESPYVEWSCL

0.0002 KSHINNKLPMQP

0.3386 KIVIIYVVR

0 CQALKRRDSKTYILCR

0.0032 EWSCLQVVFR

0 MTPFSPRKSHINNKLPMQPR

0 QPRKKKIVIIYVVRFH

0.0001 NCITSKFYTIHIIKISTPVFRAP

0 KDMVTKKTTFAQLITRLNH
0.0001 DMVTKKTTFAQLITRL

0.0001 PRKSHINNKLPMQPR

0.0872 NKNCITSKFYTIHIIK

0.2893 TYILCRTAVFGAMTPFSPR

0 SHINNKLPMQPRKKKI

0 TAVFGAMT

0 TAVFGAMT

0 FYTTHIIKISTPVFRAPIAIGESPYVEW
0 SHINNKLPMQPRKKKI

0 SHINNKLPMQPRKKKI

0 PMQPRKKKIVIIYVVRFH

0 AIGESPYVEWSCLQVVFRK
0.0006 AIGESPYVEWSCLQVVFRK

0 KDMVTKKTTFAQLITRLNHFLC
0.0318 DSKTYILCRTAVFGAMTPFSPR

0 KTYILCRTAVFGAMTPFSPRK

0 PRKSHINNKLPMQPRK

0 NCITSKFYTIHIIKISTPVFRAPIAIGESPY
0 KNKNCITSKFYTTHIIKISTP

0 CQALKRRDSKTYILCR

0.6078

The total probability is calculated according to Equation 1 in MATERIALS AND METHODS. The peptide probability <0.0001 is

denoted as 0.

typical readthrough nucleotide context around its stop
codon and this sequence can give a readthrough
frequency of 9% when cloned into a plasmid with
reporter genes (NAMY et al. 2003). When the initial stop
codon is bypassed, translation will go on to the second
stop codon 321 bp downstream. To confirm their hy-
pothesis we carried out 3" RACE to characterize the
3'-UTR of the BSC4 transcript. The RACE result shows
that this gene has a very long 3'-UTR that is 512 bp from
the stop codon, much longer than the average length of
~200 bp in yeast (MI1URA et al. 2006). The RACE product
matches perfectly with its corresponding genomic
sequence, except the additional poly(A) tail, and con-
tains a second stop codon 321 bp away from the first stop
codon. This is consistent with the RT-PCR result and
the translation readthrough hypothesis of Namy et al.
(2003).

Functional implication for BSC4 from evidence of
expression and phenotype: RT-PCR results (Figure 4) show
that BSC4 is expressed in normal culture conditions,
which suggests that this is a functional gene. The mi-

croarray data of GascH ef al. (2000) showed that the
expression level of this gene would rise upon entering
the stationary stage, which suggests that this gene might
function in the cell response of yeast to the stationary
phase (GascH et al. 2000).

On the other hand, PaN et al. (2006) reported that
BSC4 had two synthetic lethal partners RPN4 and DUNI,
which means that yeast is not viable if both BSC4 and
RPN4 or BSC4 and DUNI are deleted (PAN et al. 2006).
We can deduce from the synthetic lethal relationship
that BSC4 functions either in a parallel redundant
pathway or in the same essential pathway with RPN4
and DUNI. RPN4 is a transcriptional activator of many
DNA repair genes and proteasome genes (XIE and
VARSHAVSKY 2001; DoHMEN et al. 2007). DUNI is a
downstream DNA damage checkpoint kinase (S. H.
CHEN et al. 2007). Because both DUNI and RPN4 func-
tion in the DNA damage repair pathway, and because
RPN4 showed a partial coexpression pattern in station-
ary phase with BSC4 (Figure 5), BSC4 may also function
in the DNA repair pathway.
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Stationary Phase Expression Change

F1GUure 5.—Comparisons of ex-

pression changes among BSC4,
RPN4, and ACTI based on the mi-

croarray data of GASCH el al.
(2000). ACT1 is selected because

— it is considered as a good internal
BESCA control in most yeast expression
mRPN4|  quantification experiments and
oacti|  italso indicates that the upregula-

tion of gene expression is neither
a whole-genome pattern nor a sys-

tem error of the microarray. The
yaxis denotes the logs value of

Expression log 2 fold change

2 h 4 h 6 h 8 h 10 h 12 h 1 d 2
Culture time

fold change, and the xaxis de-
notes the culture time after the
time point 0. YPD cultures were
grown at 30° to ODgyy = 0.3, at
which point the cell culture was

collected to serve as the time = 0 reference. Samples were recovered at 2, 4, 6, 8, 10, and 12 hr and 1, 2, 3, and 5 days of culture
incubation. The partial coexpression pattern of BSC4 and RPN4 in stationary phase is shown.

DISCUSSION

Whole-gene de novo origination was first discovered
by LEVINE et al. (2006). They found five de novo genes in
D. melanogaster and/or D. simulans. Four of them were
found to have noncoding paralogs on the same chro-
mosome X. They also found that at least three of the
four noncoding paralogs’ sequences have RNA expres-
sion in D. melanogaster at low levels and they attributed
this phenomenon to the hypertranscription of the male
X in Drosophila testis. They also noted that it may be a
common phenomenon that de novo gene evolution is
more likely to occur in a previously transcribed region
(LEVINE et al. 2006). At the same time, the authors also
mentioned that they cannot determine whether the
coding sequences or their paralogous noncoding se-
quences are ancestral. Therefore, if de novo origina-
tion occurs before intrachromosomal duplication,
which generates another copy of the de novo gene
sequence, the paralogous noncoding sequence can
also be taken as the degenerated copy of the de novo
protein-coding gene. And there are already many re-
ports that many degenerated pseudogenes show RNA
expression (HIROTSUNE ef al. 2003; PIEHLER et al. 2006;
ZHENG et al. 2007).

Using the same methods, BEGUN ¢t al. (2006, 2007)
also found de novo genes in D. yakuba and/or D. erecta
by screening the accessory gland-expressed genes and
testis-expressed genes. They found that de novo gene
origination tends to be more often X-linked in many
lineages of Drosophila. In BEGUN ¢t al.’s (2007) work, 4
of 11 initial candidate de novo genes in D. yakuba and/or
D. erecta are found to have homologous noncoding
sequences with RNA expression in the outgroup species
D. melanogaster. However, they exclude those 4 genes
from further analysis because alignment of the homol-
ogous sequences is ambiguous.

In this work, we provide evidence at both the protein
and the phenotype levels of a de novo protein-coding

gene for the first time and this is also the first fully
supported case that a protein-coding gene evolved from
a previously transcribed region (or probably an RNA
gene). Itis plausible that protein-coding genes can orig-
inate from previously transcribed regions that contain
the necessary transcription elements and provide RNA
materials for a protein translation machine. Recent
evidence suggests that the majority of the genomes of
mammals and other complex organisms are in fact
transcribed. These transcripts include microRNAs and
snoRNAs and tens of thousands of longer transcripts.
These RNAs appear to compose a hidden layer of inter-
nal signals that control various levels of gene expression
in physiology and development, including chromatin
architecture/epigenetic memory, transcription, RNA
splicing, editing, translation, and turnover (MATTICK
and MAKUNIN 2006). In addition, large RNA pools
provide enormous potential for de novo protein gene
evolution. It is possible that a common path for de novo
protein gene evolution involves first a piece of DNA
sequence to be transcribed via recruiting the transcrip-
tion elements and machine, followed by the transcribed
sequence giving birth to a novel protein-coding gene
through the acquisition of an open reading frame
through mutations. The BSC4 case vividly demonstrates
this gradual process of de novo gene origination.

In addition to the mechanism of de novo evolution, the
driving force behind the evolutionary process is another
important issue. Functional data from BSC4 provided
some clues as to why the de novo protein-coding gene got
fixed in S. cerevisiae during evolution. The functional
analysis shows that expression of BSC4 is upregulated
when S. cerevisiae enters stationary phase and BSC4 may
function in the DNA repair pathway. Like many other
microorganisms, S. cerevisiae responds to starvation by
stopping growth and entering into a stationary phase.
When entering a stationary phase, yeasts stop dividing
and experience an aging-like process. Consistent with
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the free radical theory of aging, MADIA et al. (2007) re-
port that yeasts accumulate more DNA mutations in the
aging process, similar with the aging process of mamma-
lian dividing cells. Reports also indicate that DNA base
excision repair is absolutely essential for cells to survive
the stationary phase aging process (MACLEAN el al.
2003). So the DNA repair pathway may be very critical
for yeast to survive a frequent transition from relatively
nutrientrich environments, e.g., ripe grapes and wilted
plant leaves, to nutrient-poor environments, e.g., earth
and insect body surface (WERNER and Braun 1996).
Through getting involved in this pathway, the de novo
protein gene BSC4 may have contributed to the fitness
of S. cerevisiae when S. cerevisiae were shifted to the
nutrient-poor environment and finally got fixed in
S. cerevisiae during evolution.

Opverall, our study identified and characterized a
whole-gene de novo evolution case in S. cerevisiae for
the first time. This gene originated from a previously
noncoding but transcribed sequence. Evidence from
population, RNA, proteome, and phenotype levels sup-
ports the functionality and coding potential of this
gene. Functional data indicate that this de novogene may
be involved in the DNA repair pathway during the
stationary phase of S. cerevisiae. Further studies on the
function of BSC4 will help us to disclose how the novel
protein integrates into the gene network of yeast and
how the de novo origination event is related to the
evolution of S. cerevisiae.

Regarding de novo gene origination, we propose that
there may be two steps of a gradual evolution process for
anoncoding DNA sequence that evolves into a protein-
coding gene: first, the DNA sequence is transcribed by
evolving ciselements in the DNA sequence to recruit its
transcription machine; and second, the transcribed se-
quence obtains its open reading frame and gets into the
translation machine. Our findings support this gradual
model of de novo protein-coding gene origination.
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