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Rapid evolution of protein diversity by de novo
origination in Oryza

LiZhang'’, YanRen?’, Tao Yang®, GuangweiLi3, Jianhai Chen', AndreaR. Gschwend', Yeisoo Yu*,
GuixueHou3, JinZi?, Ruo Zhou?, Bo Wen ©?2, Jianwei Zhang*, Kapeel Chougule*, Muhua Wang ©4,
Dario Copetti*, ZhiyuPeng?, Chengjun Zhang®'®, Yong Zhang ®¢, Yidan Ouyang?, Rod A. Wing ®4*,
SiqiLiu®?* and ManyuanLong®™

New protein-coding genes that arise de novo from non-coding DNA sequences contribute to protein diversity. However, de novo
gene origination is challenging to study as it requires high-quality reference genomes for closely related species, evidence for
ancestral non-coding sequences, and transcription and translation of the new genes. High-quality genomes of 13 closely related
Oryza species provide unprecedented opportunities to understand de novo origination events. Here, we identify a large number
of young de novo genes with discernible recent ancestral non-coding sequences and evidence of translation. Using pipelines
examining the synteny relationship between genomes and reciprocal-best whole-genome alignments, we detected at least 175
de novo open reading frames in the focal species O. sativa subspecies japonica, which were all detected in RNA sequencing-
based transcriptomes. Mass spectrometry-based targeted proteomics and ribosomal profiling show translational evidence for
57% of the de novo genes. In recent divergence of Oryza, an average of 51.5 de novo genes per million years were generated and
retained. We observed evolutionary patterns in which excess indels and early transcription were favoured in origination with a
stepwise formation of gene structure. These data reveal that de novo genes contribute to the rapid evolution of protein diversity

under positive selection.

can dramatically enhance protein diversity above and beyond
the well-known mechanisms of duplication/divergence and
recombination of existing genic components®. It has been difficult
to experimentally validate de novo origination, leading to early pre-
dictions against its validity*®. This dissent arose due to the belief
that, while recombination and duplication of pre-existing genes
(or their parts that encode protein domains) can create new pro-
teins, random non-coding sequences would be unlikely to generate
novel functional domains®~, as they would not be seen as a unit of
evolution. Despite such doubts, a number of de novo genes have
been reported in an increasing number of organisms, from yeast'®"!
to plants’*" to Drosophila®'*~' to vertebrates"***’. However, re-
inspection of most reported de novo genes showed, with a few
exceptions’****%, that they can be defined just as orphan genes (that
is, lineage-specific genes with no discernible homologous sequences
in distantly related species®*'). Orphan genes can be derived from
several distinct molecular evolutionary processes, such as extensive
divergence of an ancestral orthologous gene’*?, loss of homologous
genes in related species®, repeating of short peptides of low com-
plexity**, lateral gene transfer from fast-evolving donors (for exam-
ple, from viruses and bacteria)*** and de novo origination directly
from ancestral non-coding sequences">*.
Major stumbling blocks for the routine identification of de novo-
originated genes are twofold. First, there is a need for a set of high-
quality reference genomes from closely related species that can be

N ew genes that arise de novo from non-coding sequences’?

used to detect ancestral sequences before such sequences are scram-
bled beyond recognition as a consequence of genome turnover.
Next, once a de novo gene is detected, there needs to be evidence for
both transcription and translation”, indicating that the new gene
has the functional elements required to produce both messenger
RNA (mRNA) and protein. Using Oryza genome datasets from 13
closely related species that were recently sequenced®, we detected
high abundance of young de novo candidate genes with clear
evidence for ancestral non-coding sequences and translation.

Results

To detect and study the formation of de novo genes, we scrutinized
the 13-genome data package of Oryza Genome Evolution and the
International Oryza Map Alignment Project (OGE/IOMAP) by
searching for and examining annotated homologous genes™. This
resource consisted of high-quality genome assemblies and multi-
tissue transcriptome data from 10 members of the genus Oryza
that diverged within the most recent 12.1 Myr, including O. sativa
subspecies japonica and indica, O. rufipogon, O. nivara, O. glaber-
rima, O. barthii, O. glumaepatula, O. meridionalis, O. punctata, O.
brachyantha, as well as the outgroup Leersia perrieri from a grass
genus diverged around 14.3million years ago (Ma) (Fig. 1)*. All
species were annotated using a common MAKER-P-based software
pipeline®™. RNA sequencing (RNA-Seq)-based evidence from mul-
tiple tissues and species, homology among species, ab initio predic-
tion with various gene models, and repeat masking of transposable
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Fig. 1] Identification of de novo genes that originated recently during Oryza diversification. a, Over evolutionary time, a non-coding sequence became
a coding ORF due to an indel event (yellow — orange), followed by transcription being enabled (green dashed line) and the removal of a premature stop
codon (black — orange). The general process of de novo origination was searched, using the O. sativa subspecies japonica ORF DNA sequences (orange
block), starting with a regular translational start codon (ATG, purple) and ending with a termination codon (TAA, TAG or TGA, black). b, Evolutionary
distribution of origination events for the identified de novo genes in the lineage towards O. sativa subspecies japonica, with the presence of at least one
(green) and two outgroup non-coding sequences (purple). The divergence time was retrieved from the TimeTree database™.

elements were incorporated by the MAKER pipeline to generate
gene annotation.

We further compared the OGE/IOMAO assembly and anno-
tation quality with two other databases of Oryza genomes—the
MSU Rice Genome Annotation Project (MSU-RAP)* and the
Rice Annotation Project Database (RAP-DB)"'—using the evalu-
ation method of evolutionarily considered BUSCO* (Methods).
We found that the OGE/IOMAP showed very high completeness
(detected as 96.1% complete genes from the total genes sampled
to measure the completeness of assembly and annotation), reveal-
ing a very low proportion of fragmented and missing genes in
the database. Furthermore, we observed that the high complete-
ness of OGE/IOMAP was repeatable in MSU-RAP and RAP-DB,
which showed high BUSCO complete metrics of 95.7 and 87.0%,
respectively (Supplementary Fig. 1). These comparisons suggest
high genome quality of the OGE assembly-annotated database for
evolutionary analyses of de novo genes.

High rates of de novo gene origination. To exclude cases of
functionalization of previously pseudogenized ancestral protein-

coding genes, we started by identifying orphan genes in O. sativa
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subspecies japonica (the focal species for analysis) that have no
homologous genes in the outgroup species O. brachyantha and
L. perrieri. We searched the homologous sequences by examining
the synteny relationship between genomes using reciprocal-best
whole-genome alignments. We then sought evidence for ortholo-
gous non-coding sequences within the Oryza genus to identify
recently evolved de novo genes (Fig. la). Before more evidence
for their functionality was known, we initially denoted them as
open reading frames (ORFs) instead of genes. We then searched
for evidence of transcription in these ORFs, without considering
intronic emergence due to possible expression in its non-coding
ancestral state.

Based on these considerations, we developed a set of search pipe-
lines and algorithms that can accurately extract orthologous non-
coding sequences in outgroup species (Supplementary Fig. 2) to
scan for de novo ORFs from the O. sativa subspecies japonica refer-
ence genome (hereafter, called the Nipponbare RefSeq). In this way,
we identified 230 de novo ORFs (set 1) out of 38,757 OGE/IOMAP-
annotated ORFs (Supplementary Table 1 and Supplementary
File 1). Only ORFs with orthologous non-coding sequences in at
least two outgroups (that is, three or more groups most recently
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diverged outside the ORF-containing ingroup that have non-coding
orthologous sequences) were classified as de novo ORFs, as opposed
to ORFs originating from gene loss in outgroup species, following
the parsimony method that is well applied to the identification of
new genes*. This approach yielded a 0.9% (8/929) false positive
rate based on internal gene loss event estimates. Some 455 de novo
ORFs (set 2) were also identified when we required orthologous
non-coding sequences in one or more outgroups (that is, two or
more species most recently diverged outside the ORF-containing
ingroup, with an increased false positive rate of 7.6% (71/929))
(Supplementary Table 1).

We then looked for transcriptional evidence from the OGE/
IOMAP-derived transcriptome data and Nipponbare RefSeq gene
annotations*. The transcriptome data have, on average, 800X depth
per sample, which is sufficient in most cases to detect lowly expressed
genes. Meanwhile, the Nipponbare RefSeq annotations are expected
to cover most rice genes since they were generated based on the
most current available supporting data, including full-length com-
plementary DNA (cDNA), expressed sequence tag (EST) and pro-
teomic data. Of the 230 candidate de novo ORFs, we confirmed that
201 have transcriptional evidence that can be detected in at least
one Oryza species in OGE/IOMAP or Nipponbare RefSeq datasets
(Supplementary Table 2). These 201 candidate de novo genes are
statistically much greater in number than expected de novo ORFs
based on the random shuffling of nucleotides of intergenic regions
in the focal species O. sativa subspecies japonica (P=1.032x107%;
Poisson with A=1; Methods).

All except one of the candidates were supported by OGE/IOMAP
transcriptome data. However, the Nipponbare RefSeq-derived evi-
dence covered only 25 candidate de novo genes. The other 176
candidate de novo genes may have a reduced expression level and
therefore went undetected in this dataset, whereas the high-cover-
age OGE/IOMAP transcriptome dataset has captured transcription
not detected in the currently available gene expression datasets.
This observation is consistent with the relatively lower expression
patterns detected from previously identified new genes**. Of the
25 genes with Nipponbare RefSeq-derived evidence, 96% (24/25)
can be found in transcriptome data, suggesting that the OGE/
IOMAP-derived evidence is well supported by standard Nipponbare
RefSeq gene annotations. Among the 200 candidate de novo genes
with OGE/IOMAP transcriptome support, 74.5% (149/200) were
detected in >3 species.

Because the sequence that matches with distant species may be
shaped by horizontal transfer or evolution from ancestral sequences,
we purged de novo gene candidates with even lower levels of homol-
ogous matches (BLASTP e value: 0.01 against the non-redundant
database) in the species outside the Oryza genus to avoid any poten-
tial cases of pseudogenization from ancient genes (Supplementary
Table 3). In total, by employing a rigorous requirement for the
absence of de novo genes in two or more outgroup species, we iden-
tified the presence of 175 O. sativa subspecies japonica de novo genes
(set 1) that emerged after the divergence of O. punctata ~3.4Ma”,
suggesting that on average 51.5 de novo genes per million years
were generated and retained in the genomes of extant species. Using
the same criteria above, we identified 343 candidate de novo genes
(set 2) supported by OGE/IOMAP transcriptome data (their phylo-
genetic distribution is shown in green in Fig. 1b and Supplementary
Table 4), which resulted in a much higher rate of 100 de novo genes
per million years since the divergence from the O. punctata lineage.
Set 2 contains many more de novo genes in every branch compared
with set 1 (Fig. 1b). In the following sections, we will present results
mainly from the analyses of set 1 data (relevant analyses on the
larger set 2 dataset are reported in Supplementary Tables 1-4).

Stepwise origination process of de novo genes. Indels and sub-
stitutions are two ORF triggers (also called enablers”) that

can transform non-coding sequences into protein-coding genes.
Indels create frameshifts that can quickly restructure a non-coding
sequence into a proper ORF. Substitutions can cause point mutations
that may lead to the creation of start codons or exon splicing sites,
or the removal of premature stop codons. Analysing the stepwise
origination processes of the hundreds of identified de novo genes
provides insight into the roles of these evolutionary ORF triggers in
the formation of de novo genes. We reconstructed the stepwise evo-
lutionary processes for each of these de novo genes by comparing
the sequence of the novel ORF with its closest outgroup non-coding
and ingroup potential coding sequences. These analyses detected
crucial changes leading to the eventual transformation from non-
coding to coding sequences (identified mutations are summarized
in Supplementary Table 4 and can be found in sequence alignments
in Supplementary File 1).

The Osjap05¢30030 and Osjap06g21910 genes are two examples
showing a stepwise process to form de novo genes. Osjap05¢30030
(Fig. 2) was found to be transformed de novo gradually in six steps,
becoming a new gene as the result of one frameshift mutation and one
substitution inside a premature stop codon (Supplementary Fig. 3).
In contrast, Osjap06¢21910 (Fig. 3) represents an older de novo gene
than Osjap05¢30030, which can be traced back to an ancestor pre-
dating L. perrieri (Fig. 3 and Supplementary Fig. 3). It transformed
through a distinct evolutionary process that comprised four steps.
As opposed to Osjap05g30030, which acquired its transcription abil-
ity after the origin of the de novo ORE Osjap06¢21910 acquired
expression at a significantly earlier stage, predating L. perrieri.

Summarizing the ORF triggers identified in the 175 de novo
genes, in total, we identified 251 ORF triggers, including 200 frame-
shifts (indels) and 51 ORF triggers that dispensed premature stop
codons by substitution, which were crucial for the transformation
of non-coding to coding sequences in these genes (Supplementary
Table 4). Of the 175 O. sativa subspecies japonica de novo genes,
18 were formed by both indel and substitution mutations, 123 by
indels only and 30 by substitutions only, with 4 genes undeter-
mined. Indels are usually one order of magnitude less common
than substitutions in the standing variation of genomic changes in
populations of metazoans®, Asian cultivars”’ O. sativa, their wild
direct ancestors O. rufipogon, the African cultivar O. glaberrima
and its ancestor O. barthii*®.

To detect a pattern in the distribution of indels and substitutions,
we compared the evolutionary divergence with the within-species
variation of indels and substitutions using a statistical test similar to
the McDonald-Kreitman test*>*. The genomic differences between
indels and substitutions in a population, such as O. sativa*” and the
wild species O. barthii*', after normalization by sample size (that is,
numbers of accessions) as 6,, (which is defined in Supplementary
Table 5), reflect the differences among the mutation rates of indels
and substitutions*>*>. The null hypothesis of neutrality predicts
that the rates of mutation and evolution are equal®, thus predict-
ing a similar pattern of substitution/indel ratios in both the poly-
morphic stage and fixed stage. The standing variation in O. sativa
and O. barthii genomes showed 11.91 (14.54 for intergenic regions)
and 12.47 times more substitutions, respectively, than indels
(Supplementary Table 5). Therefore, the neutrality hypothesis pre-
dicts that the vast majority of the 251 ORF triggers should be the
substitution type. This prediction is the opposite of the observed
pattern: the vast majority (200/251=79.68%) are indel ORF trig-
gers in the de novo genes (G-test of independence: G=2850.34;
P=2.2x107"% Supplementary Table 5 and Methods). This result
suggests powerful positive selection for the use of indel mutations
in the formation of de novo genes.

Patterns of de novo gene origination. Generally, de novo origina-
tion of a new gene can evolve in three different ways with regards
to the temporal order in the appearance of transcription and coding

NATURE ECOLOGY & EVOLUTION | VOL 3| APRIL 2019 | 679-690 | www.nature.com/natecolevol 681


http://www.nature.com/natecolevol

ARTICLES

NATURE ECOLOGY & EVOLUTION

— — Group 9 L. perrieri
,,,,,,,,,,,,,,,,,,,,,,,,,,,, - — Group 8 O. brachyantha
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - — Group 7 O. punctata
- — Group 6 O. meridionalis

—I'I"1 — Group 5 O. glumaepatula

—I'I" — Group 4 O. barthii

—I'l"| — Group 4 O. glaberrima

—I| — Group 3 O. nivara

55T —> C

— || — Group 3 O. sativa indica

Insertion

208~ - AC —] — Group 2 O. rufipogon
Origin of transcription |_>

— — Group 1 O. sativa japonica

reference species
Osjap05930030

I_y

Transcriptional signal Premature stop codon

Frameshift

Fig. 2 | Stepwise origination processes for the de novo gene
Osjap05930030. The black arrow over the reference species gene indicates
that a gene expression pattern was detected. Purple and green bars show
a premature stop codon and frameshift from the ORF in the de novo gene,
respectively. Base pair substitutions converted a premature stop codon
into an amino acid-encoding codon, whereas an indel created a new ORF.
The most distant orthologous non-coding sequence of Osjap05g30030

is present in O. glumaepatula, which shares one premature stop codon
with the orthologous non-coding sequences in O. glaberrima and O. barthii
and one 2-bp frameshift with orthologous sequences in O. glaberrima,

O. barthii, O. sativa subspecies indica and O. nivara. Its expression is
detected in O. sativa subspecies japonica, suggesting a recent origination
of gene expression even after the formation of the ORF. It appears that
Osjap05g30030 was generated de novo by experiencing six evolutionary
stages, as follows. (1) An orthologous non-coding sequence probably
appeared initially in the most recent common ancestor (MRCA) of groups
1,2, 3, 4 and 5, with a later-used start codon, one premature stop codon in
the first exon, one frameshift in the second exon and one 78-bp fragment
missing at the 3’ end, compared with the functional de novo gene. (2)
After O. glumaepatula and O. barthii, along with its African-derived cultivar
O. glaberrima, diverged independently, both the frameshift and premature
stop codon persisted. (3) After the two species of African Oryza diverged,
the premature stop codon was restored by the aforementioned T— C
substitution. (4) After the divergence of O. sativa subspecies indica and O.
nivara, the frameshift was resolved by the 2-nucleotide insertion discussed
above in the MRCA of groups 1and 2. (5) During the period in which the
2-nucleotide insertion occurred, a fragment of 78 nucleotides was inserted
at the 3’ end in the MRCA of groups 1and 2, providing a translational
termination codon. These molecular changes resulted in the generation of
a new ORF in the MRCA of groups 1and 2, but this was transcriptionally
silenced. (6) Finally, the MRCA of O. sativa subspecies japonica acquired

a distinct expression pattern and turned Osjap05g30030 into an active de
novo gene.

ability, as described in the early ORF-late transcription model'"*,
late  ORF-early transcription model'®*** and simultaneous
ORF transcription model) (Fig. 4a). Since both the coding and

682

transcription ability of each de novo gene in each species were
known by inference from the 13-genome OGE/IOMAP datasets,
we compared the coding and transcription states in each phylo-
genetic group and found that transcription ability emerged earlier
than coding ability in most cases. Of 175 de novo genes, 159 were
initially transcribed as non-coding transcripts, 10 first appeared
as de novo ORFs but were not transcribed, and 6 obtained their cod-
ing and transcription ability in the same species or branch group (in
the case of sister species) (Fig. 4a and Supplementary Table 4). In
other words, we observed that 90.9% of de novo genes were derived
from non-coding transcripts, which is statistically dominant
compared with the other two models (y*=122; P<0.0001). These
data suggest that non-coding transcripts, instead of pre-existing
OREFs, are the major source of de novo genes. This late ORF-
early transcription observation is consistent with the reported
pervasive transcription in genomes™, suggesting that non-coding
RNAs or short peptides may serve as intermediate targets of
adaptive selection®**-*,

To study the expression pattern of de novo genes, we focused
on the 175 de novo genes identified above and a set of 4,965 old
(predating L. perrieri) singleton genes expressed in O. sativa subspe-
cies japonica leaf, panicle and root tissues. Here, old singleton genes
are defined as O. sativa subspecies japonica genes that have only
one orthologous sequence copy in each species, including the 10
Oryza species and L. perrieri. We analysed fragments per kilobase
of transcript per million mapped reads (FPKM) values for 112 de
novo genes and 4,955 old singleton genes that were identified in at
least 1 of the 3 tissues (Supplementary Table 6). Figure 4b shows that
de novo genes have lower expression patterns in all 3 tissues com-
pared with old singleton genes (P <0.0001 for all 3 between-tissue
comparisons, Wilcoxon rank-sum test with continuity correction),
although a few de novo genes have become highly expressed. Then,
we examined the expression specificity of de novo genes using a
specificity score defined by Yanai et al.””. Compared with old single-
ton genes, de novo gene expression is highly tissue specific, even
with only 3 tissues, as in this analysis (Fig. 4c; P<0.0001, Wilcoxon
rank-sum test with continuity correction). In particular, we identi-
fied many de novo genes that are expressed in the root and leaf,
adding to past studies that detected narrower expression in grass
and Arabidopsis'>".

New orphan genes have been shown to be short and to contain
mostly single exons, based on a limited dataset of a few probable
authentic de novo genes in mammals™”*”". Our large dataset of de
novo genes in Oryza should therefore reveal more repeatable pat-
terns associated with the structure of de novo genes. To accomplish
this task, we compared the average ORF length, isoform number,
exon number, exon length and gene length (including exons and
introns) of the 175 de novo genes with those of the 4,955 old sin-
gleton genes and all 38,757 OGE/IOMAP annotated gene datasets
(Supplementary Table 7 and Fig. 4d,e). This comparison yielded
numerous statistically significant findings (Supplementary Table 7).
First, de novo genes have shorter ORFs than old singleton genes.
Second, de novo genes have fewer isoforms than old singleton
genes. Third, de novo genes have fewer exons than old singleton
genes (two- and three-exon de novo genes, instead of single-exon
de novo genes, were frequent, possibly facilitating gene recombi-
nation for a greater protein diversity in Oryza than other organ-
isms**). Fourth, de novo genes were found to have shorter exons
than old singleton genes. Finally, de novo genes have longer gene
lengths than the genome average at a marginal level (P=0.1084),
but are similar to old singleton genes. These observations reveal
the stepwise evolution of de novo gene structures: de novo genes
gradually recruited more exons, expanded their exon lengths and
derived more isoforms.

To further understand the evolution of complex gene struc-
ture that was impacted by the evolutionary dynamics of exons and

NATURE ECOLOGY & EVOLUTION | VOL 3 | APRIL 2019 | 679-690 | www.nature.com/natecolevol


http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION

ARTICLES

Group 9 L. perrieri

Origin of transcription

)

Group 8 O. brachyantha

—
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — | "— Group 7 O. punctata
—
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —I""— Group 6 O. meridionalis
—
— I'— Group 5 O. glumaepatula
Insertion
205~ - >
58T > C —I'— Group 4 O. barthii
—
— I'— Group 4 O. glaberrima
—
— I'I'— Group 3 O. nivara
— — Group 3 O. sativa indica
—
280T—> C — — Group 2 O. rufipogon
—
— — Group 1 O. sativa japonica
Osjap06921910

Transcriptional signal Premature stop codon Frameshift

Fig. 3 | Stepwise origination process for the de novo gene Osjap06g21910.
Black arrows indicate that a gene expression pattern was detected. Purple
and green bars show a premature stop codon and frameshift from the ORF
in the de novo gene, respectively. Differing from Osjap05930030,

the non-coding ancestral sequences of Osjap06g21910 acquired an
expression pattern at an early stage via a four-step process, as follows.

(1) One insert resolved the frameshift at the 3" end in L. perrieri and

O. brachyantha, while initial sequence expansion with accumulated indels
created a new frameshift at the 5’ end in O. punctata. (2) Continuous
sequence expansion with accumulated indels resolved the frameshift in

O. punctata but created one new frameshift and one premature stop codon
in O. meridionalis. (3) One 'TG' insert resolved the frameshift, and one

‘T — C' substitution resolved the premature stop codon in O. meridionalis.
However, another ‘C — T’ substitution created a new premature stop
codon in O. glumaepatula. (4) The premature stop codon in O. glumaepatula
was preserved in African rice and resolved in Asian rice by one 'T—C’
substitution. The evolutionary history of the Asian rice group is complex,
since O. nivara retained the premature stop codon and one additional
derived frameshift, while O. sativa subspecies japonica, O. rufipogon and

O. sativa subspecies indica possess the de novo ORF. Considering the
frequent introgression among Asian cultivated rice'’®, a possible scenario
could be the introgression of this de novo ORF into O. sativa subspecies
indica. Sequence alignments can be found in Supplementary Fig. 2.

introns®, we examined the intron phases of de novo genes by tak-
ing advantage of the fact that many de novo genes contain one or
more introns. We calculated the intron phase (that is, the position
of an intron between the codons or within a codon after the first
and second nucleotides, respectively*’) for each of 362 introns in
the 175 de novo genes. We found that the distribution of phase 0, 1
and 2 introns follows a ratio of 175:85:102 (Supplementary Table 8).
This distribution differs significantly from an equal-probable distri-
bution of intron phases comparing the frequency of the between-
codon position (phase 0) with the within-codon after the first
nucleotide position (phase 1) and the within-codon after the second
nucleotide position (phase 2) (P=0.0007, Kolmogorov-Smirnov
test). Our observation suggests that phase 0 introns are most
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common, even for very recently derived de novo genes, similar to
intron phase distribution in metazoans™. Interestingly, these introns,
as exons, were derived from non-coding ancestral sequences as well.

Evidence for the functionality of de novo genes. Although the de
novo gene candidates were identified from the strictly annotated
genes in the 13 Oryza genomes using a uniform annotation pipe-
line that minimized potential methodological artefacts®, we fur-
ther examined these gene candidates for their functionality and,
especially, their translational evidence. We examined the potential
functionality of these de novo gene candidates with several lines
of evidence by characterizing their structure, expression and evo-
lutionary constraints. First, all candidates have intact ORFs that
are, on average, 137 amino acids long, with GC content typical of
protein-coding genes (59.1% compared with a 56.8% genome aver-
age; Supplementary Table 4). Second, every de novo gene candidate
has evolved a tissue-biased or -specific expression pattern, just like
the other functional genes in the genome (Supplementary Table 6).
Third, all candidates have intact gene structures.

We analysed the sequence evolution to detect substitution sig-
nals and determine the functionality of de novo gene sequences.
We applied the branch model in PAML® to 236 candidate de novo
genes that have >3 orthologous sequences, with the aim of identify-
ing genes that showed a signal of natural selection as detected in
their sequence substitutions at synonymous sites (ds), non-synony-
mous sites (dy) and @ =d,/d,. The likelihood ratio test and Akaike
information criterion (AIC) identified 28 candidate de novo genes
that are incompatible with the model of neutrality, with w either
significantly lower than 1 (22 genes) or higher than 1 (6 genes),
suggesting that they may undergo negative or positive selection
(Supplementary Table 9). In the 45 candidate de novo genes that
have only 2 orthologues, we detected 2 genes with @ significantly
lower or higher than 1, whereas most of them had  ratios lower
than 1. Together, we detected 30 candidate de novo genes with sub-
stitution signals of negative or positive selection. The remaining
genes had lower statistical power due to small numbers of substi-
tutions (Supplementary Table 9). These results support the coding
potential of the candidate de novo genes, prompting us to further
explore experimental evidence for their translation.

We experimentally verified the protein products of candidate de
novo genes. Considering the potential presence status of de novo
proteins in tissue-dependent mode'*~", which the orphan genes
were more often observed to express in pollens and anthers, we
adopted a powerful and sensitive proteomics method based on mass
spectrometry with multiple-reaction monitoring (MRM-MS®-%; see
Supplementary Materials), including protein targeting and synthe-
sized control peptide matching, to capture the peptides derived
from de novo genes. We tested three tissues dissected in the plants
that were grown in the rice field research station in Hainan, includ-
ing anthers, pistils and glumes, and flag leaves in the focal species
O. sativa subspecies japonica. We used the MRM-MS method to
identify the candidate de novo genes that were expressed at the
protein level. Figure 5 provides an example of the identification
of two peptides (‘TFFDVGSATGGGVPR and ‘FTLILLNGAPR)
in the candidate de novo gene Osjap05¢20760 from the three
tissues in japonica, confirmed by the synthesis peptide, as shown
by the overlays of MRM-MS signals. Osjap06g21910 (Fig. 3) is
another example with two peptides (‘EDEGDKPEVEVK’ and
‘VGGSSILAYNALANNSGE) detected (Supplementary Table 10).

Using the targeting MRM-MS method, we successfully identi-
fied 109 unique peptides from the 167 peptides detected over the
3 tissues for 36.6% (64/175) of set 2 de novo gene candidates and
30.3% (104/343) of set 1 de novo gene candidates. The sizes of these
peptides ranged from 8-23 amino acids (Supplementary Table 10).
The vast majority of these genes (79 genes) were detected at least
twice by different peptides or in different tissues, with the peptides
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of 25 genes being identified once, 53 genes 2—4 times and 26 genes
5-10 times (Fig. 6a). Figure 5b shows the distribution of protein
expression of the 104 candidate de novo genes in the tissues of
O. sativa subspecies japonica. Notably, there were excess genes
(24 in O. sativa subspecies japonica) with tissue-specific protein
expression in the male reproductive tissue (anther), while few genes
were found that express specifically in the leaf or female tissues
(Fig. 6b). For example, the candidate de novo genes Osjap02¢g40470
and Osjap01g09610 were identified to generate 4 and 3 peptides in
3 tissue samples, respectively (Fig. 6¢). We further artificially syn-
thesized 44 peptides (40.4% of the total 109 peptides), and 37 of
them provided positive support to their corresponding peptides
in samples, with a retention time shift of less than +3min in a 3h
gradient (<2.5%) and a transition abundance change of <20% in
individual transitions (as required by the Commission Decision
2002/657/EEC*). Using these synthesized peptides, we confirmed
that 84.1% of detected peptides were true peptides (Fig. 5 and
Supplementary Fig. 4). These analyses suggest that the vast majority
of the 109 peptides detected in the MRM-MS experiments exist in
the tissues (Supplementary Figs. 4 and 5).

We also retrieved eight nanoscale liquid chromatography tan-
dem mass spectrometry (MS/MS) datasets from ProteomeXchange,
prepared from seeds, pistils and pollens, ovaries and seedlings/
flowers in O. sativa subspecies japonica (Supplementary Table 11),
and analysed previously unanalysed spectra with IPeak®, to find
possible matches to our candidate de novo gene set. We detected
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an additional 6 peptide signatures with lengths of 9-14 amino
acids matching to 6 candidate de novo genes in 4 spectra datasets.
Osjap02¢25860—1 of these 6 genes—is the same as 1 of the 104
genes identified experimentally above, but identified by a different
unique peptide (Supplementary Table 12).

We examined additional evidence for the translational poten-
tial of the candidate de novo genes by analysing published ribo-
somal profiling data® from O. sativa complementary to the direct
proteomic evidence above. The well-developed method ‘translat-
ing ribosome affinity purification followed by mRNA sequencing’
(TRAP-Seq) from the p35S:HF-OsRPL18 transgene strain provided
the inferred translatomes in calluses, panicles and seedlings®. We
pooled the three samples together and assembled them de novo into
strand-specific transcripts for TRAP-Seq with Trinity® (Methods).
We identified 130 de novo genes that were associated with ribo-
somes in the test of TRAP-Seq. A further comparison of the 130 de
novo genes with the gene list identified by the MRM-MS analysis
revealed that 45 were on the lists of both ribosomal profiling and
proteomics (Fig. 5b, Supplementary Table 13 and Supplementary
File 2). To understand the regulation of translation of de novo genes,
we investigated adaptation of the codons of the de novo genes to
the transfer RNA (tRNA) pool of O. sativa. A computation of tRNA
adaptation index (tAl) values®” (Methods and Supplementary Table
14) revealed a slightly lower but statistically significant mean value
for de novo genes compared with old genes (0.3653431 for 175 de
novo genes (182 isoforms) and 0.3756544 for 4,965 single-copy
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Fig. 5 | Example of the verification of protein products translated from a candidate de novo gene, Osjap05920760. MRM-MS was used to verify protein
products in three tissue types from O. sativa subspecies japonica. a-j, Overlays of MRM signals for ‘TFFDVGSATGGGVPR' (a-d) and ‘FTLILLNGAPR’ (g-i)
acquired from synthesized peptides (a and f), flag leaves (b and g), anthers (¢ and h) and pistils and glumes (d and i), and the distribution of the transition
ion intensities for each peptide in the different samples (e and j, respectively). The parameters, including m/z ratios for the mass spectrometry spectra, are

given in the legends.

genes (7,044 isoforms); (P<0.0001)). This suggests that de novo
genes have lower adaptation to the tRNA pool that control transla-
tion, in accordance with their young ages.

In summary, we found evidence that 194 of the de novo genes
(194/343 =56.6%) were translated, suggesting great potential for
the use of these approaches in the identification of novel proteins
encoded by de novo genes in plants, in addition to the identifi-
cation of proteins translated from a few de novo genes in yeast',
humans*?** and rodents®.

Discussion

This analysis of de novo origination in the genus Oryza detected
critical evidence in both ancestral non-coding origination and
translational products of de novo genes. We identified at least
175 candidate de novo genes with significantly similar ancestral
non-coding sequences, implicating an unexpectedly high rate
(51.5 de novo genes per Myr) of generation and retention of de
novo genes in the genomes of young Oryza species compared with
reported lower numbers of de novo genes in metazoans">'**’ and
plants'>>. These observations show that de novo genes are impor-
tant in the evolution of protein diversity in Oryza. These data reveal
the power of evolution in natural populations in the generation
of de novo genes that arise from non-coding sequences, probably
via various possible molecular processes over time™, com-
pared with artificial synthesis and selection®”°. We also note that
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the observed high rate of de novo gene generation and retention
in the recent evolution of Oryza might have been in equilibrium
with the loss of unrelated genes in genome evolution, as was previ-
ously detected in cereal species®. We anticipate that, whether or not
such dynamics of gene evolution can be extrapolated beyond the
Oryza genus backwards to farther ancestral lineages of Poaceae,
monocots and angiosperms will be an important problem to explore
in the future.

At first glimpse, the rapid evolution of new genes in Oryza is
associated with a remarkable feature of Oryza species: they experi-
ence a strikingly high level of diversity in ecological environments
where they preside”, although this level is still not adequate to inter-
pret the high rate of generation and retention detected in the recent
evolution of Oryza. Recent genomic analyses of the history of evo-
lution of plants, especially O. sativa and other grass species, have
revealed much higher adaptive plasticity than in animal genomes,
in support of the theoretical predictions of plant plasticity’>”*. These
data suggest that positive selection for the highly excess indel ORF
triggers, as our McDonald-Kreitman test showed, may have pre-
pared a more gene-like structure in the first place, as observed simi-
larly in mice and yeast™. We detected a small proportion of genes
that present significant d\/d signals of natural selection. Over their
short lives, these de novo genes experienced a limited number of
substitution events for a powerful test of selection or, alternatively,
many of them are still driven by genetic drift in neutral evolution.
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Fig. 6 | Summary of the protein products translated from candidate de novo genes in O. sativa subspecies japonica, as detected by experimental
proteomics and ribosomal profiling analyses. a, Frequency distribution of the peptides identified using the MRM-MS-based technique. Numbers detected
by different peptides and in different tissues are shown, along with total occurrences. b, Venn diagrams of the distribution of candidate de novo genes
identified using proteomics and ribosomal profiling analyses. Top, distribution of protein expression for the 104 candidate de novo genes in anthers,

pistils and glumes, and flag leaves, as detected by MRM-MS. Bottom, distribution of protein expression for the 194 candidate de novo genes detected
using MRM-MS, nanoscale liquid chromatography MS/MS (nano-LC MS/MS) and ribosomal profiling. ¢, Examples of two candidate de novo genes,
Osjap029g40470 and Osjap01g09610, that translate to proteins. The peptides (green arrows) detected by MRM-MS in the anthers (1), flag leaves (2) and

pistils and glumes (3) are indicated.
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Overall, this study detected an unexpectedly important role
of de novo origination as a mechanism responsible for pro-
tein diversity, adding fresh evidence of ancestral origination and
translation to previous observations of (and discussions about)
de novo genes™>".

Methods

Species groups, genome assemblies and annotations. Based on the Oryza
phylogenetic tree, the 11 species were assigned to 9 branch groups (Fig. 2):

O. sativa subspecies japonica (group 1); O. rufipogon (group 2); O. sativa
subspecies indica and O. nivara (group 3); O. glaberrima and O. barthii (group 4);
O. glumaepatula (group 5); O. meridionalis (group 6); O. punctata (group 7);

O. brachyantha (group 8); and L. perrieri (group 9).

Genome assemblies and annotations were retrieved from the OGE/IOMAP
13-genome package™. The expression evidence from multiple tissues and multiple
species, homology among species, ab initio prediction with various gene models,
and repeat masking of transposable elements were incorporated by MAKER
to generate gene annotation. IRGSP gene annotations supported by full-length
cDNA, EST or protein data were downloaded from RAP-DB*. The minimum
and maximum ORF lengths were 32 and 5,436 amino acids, respectively, with an
average of 294 amino acids and a median of 291 amino acids. The independent
evidence-supported shortest intron length was 16 nucleotides, and the maximum
intron length was 268,114 nucleotides, with an average of 615 nucleotides and a
median of 196 nucleotides.

To avoid potential bias in assembly and annotation against evolutionary
novelties, as was previously observed in major public gene content databases®,
we further evaluated the completeness and repeatability of three Oryza genome
databases created and maintained by independent groups: OGE/IOMAP?*, MSU-
RAP* and RAP-DB*'. We used BUSCO (version 3.0.1)—a widely used method
based on phylogenetically distributed single-copy orthologues—to evaluate
assembly annotation quality*. Relevant to the OGE analysis, this method was
designed with consideration for evolutionary expectations.

Detection of de novo OREFs. First, we identified a large number of new genes in

the genus Oryza using O. punctata and O. brachyantha, which diverged around 3.4
and 12.1 Ma, respectively, as outgroup species®, and L. perrieri from a grass genus
that diverged around 14.3 Ma as an outgroup outside the Oryza genus”. Given the
young ages of these new genes (mostly <3.4 Ma), we inferred that if there are de
novo genes among them, we might be able to detect their ancestral non-coding
sequences from which de novo genes were explicitly derived. We designed a set

of pipelines and algorithms to detect de novo ORFs whose origination processes
occurred after the Oryza lineage divergence, meaning de novo genes arose and were
shaped into intact and functional genes within 15 Myr. To facilitate comparison with
other organisms, we chose the most widely used TimeTree Database (http://www.
timetree.org) for the estimated divergence times of involved species. The major
innovation of our algorithm is that we considered the coding ability of orthologue
sequences outside the reference species (O. sativa subspecies japonica), which were
directly treated as coding genes in previous pipelines”>””. An overview of the de
novo ORF discovery pipelines is provided in Supplementary Fig. 2. We note that the
in-exon disruptive mutation in Supplementary Fig. 2 is defined as the mutation in
non-focal species that disrupts an exon in the start codon, stop codon or splicing
sites. In-exon mutations that create premature stop codon(s) and/or frameshift(s)
are considered as evidence of orthologous non-coding sequences.

We compared synteny relationships among genomes to identify orthologues
using the reciprocal-best-whole-genome alignment method. We started with
38,757 predicted annotated ORFs in O. sativa subspecies japonica and used
protein-to-protein BLAT™ to scan the annotated gene sequences for all 10 of the
other OGE/IOMAP species. If exact matches covered at least 20% of the amino
acids corresponding to the O. sativa subspecies japonica ORF, 1 effective hit was
accepted. Only O. sativa subspecies japonica ORFs with no effective hits in O.
brachyantha and L. perrieri (the outgroup species), and no more than one effective
hit in the remaining eight species (to avoid ambiguous cases, such as gene fusion
and fission), were identified as potential orphan ORFs. This search resulted
in 9,094 O. sativa subspecies japonica orphan ORF candidates. Next, we used
nucleotide-to-nucleotide BLAT to align these 9,094 O. sativa subspecies japonica
candidate orphan ORFs to the genome sequences of the other 10 species. If exact
nucleotide matches covered at least 20% of the corresponding O. sativa subspecies
japonica ORE, 1 effective hit was accepted. Only O. sativa subspecies japonica
ORFs that had no more than one effective hit in each species were retained for
subsequent analyses. This process narrowed down 930 O. sativa subspecies
japonica orphan ORF candidates. Orthologous sequences for these orphan genes
(the longest isoform), including the orthologous non-coding sequences in the
species outside the orphan gene sequences, were then extracted from whole-
genome reciprocal-best alignments. Moreover, we further used BLAT to align these
orthologous sequences to O. sativa subspecies japonica ORFs, to retrieve highly
similar orthologous sequences.

In total, 929 orthologous clusters were retrieved. One candidate (Osjap04g11920)
was ruled out because no orthologous sequence outside O. sativa subspecies
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japonica was found. Each of the 929 orthologous sequence clusters was aligned
based on codon alignment with the template O. sativa subspecies japonica ORF
sequences using the MACSE programme (-seq Osjap.fa -seq_Ir others.fa -fs 100
-stop 100 -fs_lr 20 -stop_Ir 10)” (Supplementary File 1). Each ‘N’ in the MASCE
sequence alignments meant a frameshift caused by one nucleotide deletion. Some
230 ORFs were identified as de novo ORFs that had orthologous non-coding
sequences in at least 2 outgroup species.

To ensure the quality of the alignments generated by the procedure above, for
each MASCE alignment, we manually adjusted sequence alignments in Geneious
RO (ref. *), checked in-exon disruptive mutations and labelled the status. ‘0’
represents a full ORF, ‘1’ represents one premature stop codon, ‘10’ represents
one frameshift, ‘S’ represents a partial sequence (including large in-frame indels
and incomplete gene structure (for example, an undetected start or stop codon
or undetected splicing sites)) without in-exon disruptive mutation, and ‘NA
represents no orthologous sequence detected (Supplementary Table 1). We then
skipped undetermined states (for example, ‘S’ and ‘NA’) and mapped protein-
coding and non-coding states on the Oryza phylogenetic tree.

The ancestral/derived states of a gene were assigned following the parsimony
rule. If one sibling species was undetermined, its status was thought to be the
same as another one. If one sibling species was protein coding and another
was non-coding, the group was thought to be protein coding to make sure our
estimation was conservative. If both sibling species were non-coding, only one
outgroup non-coding sequence or one gene loss event was considered. Out of 929
orphan gene candidates, 1% (8) had 3 or more internal gene-loss events. Based
on these observations, we required that each de novo ORF should have at least
two outgroup orthologous non-coding sequences and one ingroup orthologous
non-coding sequence, which was equal to a 1% false positive rate under stringent
criteria compared with previous systematic studies”>”. Alternatively, 455 de novo
OREF candidates were identified, which corresponded to a 7.6% false positive rate
(Supplementary Table 1) if at least one outgroup species was demanded.

After considering transcriptional evidence and orthologous sequence
numbers, we collected 391 candidate de novo genes with at least 1 outgroup
species. The protein sequences of 391 candidate de novo genes were then aligned
to the National Center for Biotechnology Information non-redundant database
version 20150219 (e value: 10X 107%)*' using BLASTP. In total, 48 candidate de
novo genes with potential protein matches outside Oryza species were excluded
(Supplementary Table 3). The final numbers of Oryza candidate de novo genes
were 343 (at least 1 outgroup) and 175 (at least 2 outgroups), as shown in Fig. 1b.

Transcription evidence. The OGE/IOMAP-derived transcriptome data package
includes RNA-Seq data from three tissues (leaf, panicle and root) for ten species
(not including O. sativa subspecies indica). These data have an average depth of
800x and should therefore be able to detect rare transcripts, but may lose tissue-
specific transcripts. We collected IRGSP genes supported by widely available full-
length cDNA, EST and protein data as a reference for comparison. Raw reads for
all three tissues were pooled together, followed by de novo transcriptome assembly
with Trinity version 20140717 (ref. °°). Next, de novo ORFs and their orthologous
sequences were aligned against the de novo-assembled transcripts from each
corresponding species and IRGSP-annotated O. sativa subspecies japonica genes
using BLAT. If exact matches covered at least 20% of a corresponding sequence,
one effective hit was accepted. As long as one orthologous sequence of a de novo
OREF was detected, it was recognized as a de novo gene. The O. sativa subspecies
japonica tissue transcriptome data were analysed with tophat2 version 2.0.12 and
cufflinks version 2.2.1 (ref. ). Tissue specificity scores were calculated as defined””.

OREF triggers. A mutation that transforms a region with one or more nonsense
codons in an ancestral reading frame into an ORF region can be called an ORF
trigger or enabler’>”’. Indels and substitutions are two types of ORF trigger.
Mutations that created an ORF from a non-coding sequence that contained one
or more premature stop codons were considered to be ORF triggers. Among two
types of ORF trigger, substitutions can turn premature stop codons into regular
codons, whereas indels can cause frameshifts, erase premature stop codons and
even change gene structures.

Simulation of de novo ORF by chance. Before performing more in-depth
evolutionary analyses of these 201 candidate de novo ORFs, we ran a sequence
simulation test with 1,000,000 randomizations of intergenic regions on the focal
species, O. sativa subspecies japonica, to estimate the probability that the candidate
OREFs detected in this study were derived by random shuffling of nucleotides in
non-coding regions. We collected 35,602 intergenic sequences from the

O. sativa subspecies japonica genome. On average, they were 6,688 base pairs (bp)
long with a GC content of A:T:C:G=0.29:0.28:0.21:0.22. We randomly generated
1,000,000 sequences with the same length and GC content and predicted ORFs
from these sequences using the AUGUSTUS algorithm (version 2.5.5)* packaged
in the MAKER pipeline. In total, we obtained 47 ORFs out of 1 million random
sequences. This translates to roughly one de novo ORF in the O. sativa subspecies
japonica genome. The null hypothesis was that a high number of de novo genes
detected were generated by random shuffling, which was tested under Poisson
distribution (A=1).
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Ribosomal profiling and tRNA adaptation of de novo genes. A ribosomal
profiling experiment in O. sativa was successfully performed using a transgenic
strain in which the ribosomal protein RPL18 was tagged (p35S:HF-OsRPL18),
creating a translatome database (MSU-RAP) for the species®. This database
reported transcript abundance for all genes.

The raw sequencing data for transcription in three tissues (the panicle,
seedling and callus) were downloaded from the National Center for Biotechnology
Information Sequence Read Archive: SRR2638777 for panicles, SRR2638779 for
seedlings and SRR2638780 for calluses®. The three datasets were pooled together
to search for TRAP-Seq signals of de novo genes. To update gene models recently
found in the OGE/IOMAP 13 genomes, we assembled strand-specific transcripts
out of the sequencing reads of the TRAP-Seq databases using Trinity version 2.4.0
(ref. ©°). We used the default parameters (--seqType fq --max_memory 100G
--CPU 30 --SS_lib_type RF --full_cleanup) when running the Trinity programme.
We then used BLAT to align candidate de novo genes to assembled transcripts,
requiring an identical sequence match in at least 20% of the gene length between
transcripts and candidate genes (Supplementary File 2).

The tAI for a gene was defined as the geometric mean of adaptive values of its
codons®. Adaptive values of codons were influenced by the tRNA gene numbers in
the genome. We downloaded the Oryza tRNA profile as instructed (http://gtrnadb.
ucsc.edu/)*, and installed the standalone programme on a local server. The
O. sativa genome was chosen, and tAI values were calculated for all genes, using
the stAlcalc programme®’.

Rice materials and growth conditions. O. sativa subspecies japonica (Nipponbare)
was used for sampling for proteomics analyses. Tissues used for analyses included
flag leaves, anthers, and pistils and glumes one day before flowering. The rice
plants were grown in a field in the winter season in Hainan, China. The planting
density was 16.5cm between plants in a row and 26.5 cm between rows. Field
managements, including irrigation, fertilizer application and pest control, followed
essentially normal agricultural practices.

Proteomics analyses. We used MRM-MS to target peptides with high sensitivity
and wide dynamics, especially the peptides from low-abundance proteins in
complex biological samples®"***-%, as was found previously®-".

General procedure. To select proper peptides for MRM-MS assay, a total of 343
novel gene products underwent the computational evaluation through Skyline
(version 3.7), which provided the mass values of the selected peptides and their
corresponding fragment ions®. The Skyline analysis resulted in the peptides
from 184 proteins possibly being identified by MRM, including 54 proteins with at
least 3 unique peptides, 53 proteins with 2 unique peptides and 77 proteins with
a single unique peptide. On the basis of expression data (mRNA or proteins) in
rice and Arabidopsis, as well as humans, reproductive tissues such as pollen and
testis were found to have plentiful gene expression products from orphan genes
and other genes”~*.

Generally, the MRM identification results require more experimental evidence
to verify the annotation to mass spectra using synthetic peptides. A total of 44
peptides belonging to 35 proteins described above were synthesized and further
analysed by MRM assay under the same experimental conditions. As shown in Fig. 4,
two peptides (TFFDVGSATGGGVPR and FTLILLNGAPR) were identified
from all of the tissues in O. sativa subspecies japonica rice. The chromatographic
and mass spectrometry behaviours in retention time, as well as the transition
abundance patterns in MRM, were well shared with those of the chemically
synthesized peptide. Approximately 84% (37/44) of the selected peptides in rice
tissues had MRM spectra that were well matched with those acquired from the
correspondent peptides, which were synthesized with a retention time shift of less
than +2min in a 3h gradient, and a transition abundance change of less than 20%
in individual transitions following the Commission Decision 2002/657/EEC
(Fig. 4 and Supplementary Fig. 2).

Protein extraction and digestion. The rice tissues of O. sativa subspecies japonica,
such as anthers, pistils and glumes, and flag leaves, were ground in a tissue lyser
(Shanghai Jingxin) for 5min with the lysis buffer (7 M urea, 2M thiourea, 0.2%
sodium dodecyl sulfate and 20 mM Tris-HCI, pH 8.0) complemented with 10%
polyvinylpolypyrrolidone, 10 mM dithiothreitol (DTT) and protease inhibitor
cocktails (Roche) at 4°C. After centrifugation, the pellets were discarded and the
proteins in the supernatants were precipitated by a final concentration of 10%
cold TCA/acetone with 10mM DTT at —20°C for 2h followed by a thorough
wash with cold acetone containing 10mM DTT. The protein precipitates were
dried in air, then suspended in the lysis buffer with sonication assistance on ice.
The supernatants after debris removal were ready for measurement of protein
concentrations and digestion to proteins with trypsin (Progema).

For a typical digestion, the proteins were first reduced and alkylated with
10mM DTT at 30°C for 2h and 55 mM iodoacetamide at room temperature
for 45min in the dark. They were then digested with the modified approach of
filter-aided sample preparation”. In brief, the proteins were put onto a filter unit
with a 10kD cut-off (Sartorius), followed by complete exchange of the denatured
solution with 0.5M triethylamonium bicarbonate (TEAB), and finally digestion by

trypsin on the unit top at 37 °C with shaking overnight. The digested peptides were
collected in the unit bottom for further analysis with a mass spectrometer.

MRM-MS assay. The 343 candidate de novo novel genes in candidate de novo
gene set 2 (of which set 1 is a subset) in fasta format were analysed by Skyline
software to achieve the proper peptides for MRM detection based on two criteria:
(1) without any missed cleavage site or methionine residue; and (2) with a
peptide length of 8-25 amino acids®"***. The selected peptides (1,183 peptides
corresponding to 321 novel genes) were further filtered using 5 criteria based on
theoretical mass spectrometry parameters: (1) precursor charges at 2 or 3; (2) ion
charges at 1; (3) ion type at b or y; (4) product ions from m/z > precursor to 3ions;
and (5) precursor m/z exclusion window at 10 m/z. The filtration resulted in the
763 peptides being detectable for MRM assay, in which 107 proteins contained at
least 2 peptides detectable by MRM.

The primary experiments of MRM-MS were conducted towards a peptide
mixture of O. sativa subspecies japonica rice, pooling the peptides from varied rice
tissues. The peptides acquired were filtered by mProphet'® with a cut-off Qvalue
of <0.01. The peptides with better transition signals were selected as targets for
further chemical synthesis, as well as validation. A peptide obtained from the
rice tissues was defined as validated, meaning that it shared the same retention
time (variation < 1%) and similar transition patterns (at least three fragments per
peptide) as its corresponding synthetic peptide.

MRM-MS assay was performed on a QTRAP5500 mass spectrometer (AB
SCIEX) coupled with a nanoAcquity UPLC system (Waters) with a self-packed
column (ID 150 pm X 30 cm; 1.7 pm particles). The iRT peptides (Biognosys) were
incorporated into the tissue peptide samples for retention time calibration in all
of the MRM assays'*"'”. The elution system consisted of two solutions: solvent
A (5% acetonitrile with 0.1% formic acid) and solvent B (95% acetonitrile with
0.1% formic acid). The peptide mixtures were eluted through a 180 min gradient
programme (8% solvent B for 10 min, 8-45% solvent B for 150 min, 45-80%
solvent B for 10 min and 80% solvent B for 10 min) at a flow rate of 500 nl min='.

The MRM-MS parameters were set as the following: ionspray voltage at 2,400V,
curtain gas at 35.00, ion source gas 1 at 20.00, collision gas at high, interface heater
temperature at 150 °C, entrance potential at 10.00, dwell time at 8 ms, and Q1 and Q3
at unit resolution. The collision energy (CE) used for the MRM scans was calculated
according to the formula CE=a X m/z+b, based on the m/z and charge statuses of
parent ions, in which the parameter pairs a and b were set as 0.036 and 8.857 for a
double-charged ion and 0.0544 and —2.4099 for a triple-charged ion, respectively.
The raw data were processed and integrated using Skyline software with the iRT
peptides across the liquid chromatography gradient for retention time calibration.

To validate the peptide signals identified by MRM assay, 44 peptides were
selected from the total 109 unique peptides with high-quality MS/MS signals and
chemically synthesized by GL Biochem. They were then delivered to the same
MRM assay to evaluate whether the retention time and transition patterns between
rice tissue and synthesized peptide remained consistent (Supplementary Fig. 4).

Molecular evolution and genomics. We used the branch model test in PAML®
to detect the signals of natural selection for de novo genes in their sequence
substitutions at d, dy and @ =d,/d;. Since the estimation of parameters in PAML
may be affected by the alignment quality'”’, we used codon-based alignments
generated by PRANK'* to avoid the alignment error. Among 343 candidate de
novo genes, 79 genes were excluded from the branch model analysis, as they

have too few sequences (<3) available for calculating the branch model. Thus,

we used the remaining 264 genes to perform model selection via the AIC scores
and likelihood ratio test. The statistical frame of model comparison for each

gene includes the null model (the one-w model, assuming the same w for all
branches), alternative branch models (two-w models, assuming different w ratios
between foreground branches and background branches) and free w model
(assuming an independent w ratio for each branch). The appropriate model was
selected according to the minimum AIC, where the AIC was calculated using
—2XIn[L] +2 X (number of parameters), where L is the log-likelihood difference.
The statistical significances between the models were estimated by calculating
twice the log-likelihood difference following a y* distribution, using the differences
in the numbers of free parameters between models as the numbers of degrees of
freedom. To further test whether the w ratio of a model significantly deviated from
neutral evolution (w=1), we incorporated the neutral model, which estimates
model parameters by fixing w=1 (ref. '*°). After model selection and comparison,
24 genes fit the two-w optimal model, whereas 4 genes fit the one-w best-fitted
model. Among these 28 genes with the best-fitted models, 15 were significantly
different from the neutral prediction of =1 (P<0.05, »* test).

We computed the indel and single nucleotide polymorphism (SNP) ratio in
intergenic regions of O. sativa subspecies japonica using 3K rice genome variation
data®’. VCF files including indels and SNPs for the 30 O. sativa subspecies japonica
strains we sampled (B001, B002, B003, B004, B008, B014, B016, B017, B018, B023,
B025, B034, B036, B037, B038, B043, B045, B046, B047, B054, B055, B056, B066,
B069, B070, B071, B077, B100, B101 and B102) were downloaded from the 3K
rice database”’. A total of 403,591 indels and 5,868,200 SNPs in intergenic regions
were identified based on the OGE/IOMAP gene annotation. The SNP/indel ratio is
14.54 in the intergenic regions of 30 japonica strains (Supplementary Table 5).
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Nature Research Reporting Summary linked to this article.
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The data that support the findings of this study are available in Supplementary
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