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Abstract

Background: Duplicated gene pairs produced by ancient polyploidy maintain high sequence similarity over a long
period of time and may result from illegitimate recombination between homeologous chromosomes. The genomes
of Asian cultivated rice Oryza sativa ssp. indica (XI) and Oryza sativa ssp. japonica (GJ) have recently been updated,
providing new opportunities for investigating ongoing gene conversion events and their impact on genome
evolution.

Results: Using comparative genomics and phylogenetic analyses, we evaluated gene conversion rates between
duplicated genes produced by polyploidization 100 million years ago (mya) in GJ and XI. At least 5.19-5.77% of
genes duplicated across the three rice genomes were affected by whole-gene conversion after the divergence of
GJ and Xl at ~ 0.4 mya, with more (7.77-9.53%) showing conversion of only portions of genes. Independently
converted duplicates surviving in the genomes of different subspecies often use the same donor genes. The
ongoing gene conversion frequency was higher near chromosome termini, with a single pair of homoeologous
chromosomes, 11 and 12, in each rice genome being most affected. Notably, ongoing gene conversion has
maintained similarity between very ancient duplicates, provided opportunities for further gene conversion, and
accelerated rice divergence. Chromosome rearrangements after polyploidization are associated with ongoing gene
conversion events, and they directly restrict recombination and inhibit duplicated gene conversion between
homeologous regions. Furthermore, we found that the converted genes tended to have more similar expression
patterns than nonconverted duplicates. Gene conversion affects biological functions associated with multiple genes,
such as catalytic activity, implying opportunities for interaction among members of large gene families, such as
NBS-LRR disease-resistance genes, contributing to the occurrence of the gene conversion.

Conclusion: Duplicated genes in rice subspecies generated by grass polyploidization ~ 100 mya remain affected by
gene conversion at high frequency, with important implications for the divergence of rice subspecies.
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Background
Rice is the largest food crop in the world. There are two
distinct types of domesticated rice, Asian rice (Oryza
sativa L.) and African rice (Oryza glaberrima L.), each
with unique histories of domestication [1]. Asian rice is
planted worldwide, feeding half of the world’s population
as a staple food and providing more than 20% of the en-
ergy for human survival [2-4].0ryza sativa ssp. indica
(XI) and Oryza sativa ssp. japonica (GJ) are the two
major subspecies of rice; they diverged ~ 0.4 million
years ago (mya) [5]. The first whole-genome draft se-
quence of the GJ cultivar ‘Nipponbare’, which is repre-
sentative of the subspecies, was obtained in 2002 [6],
and genome sequencing and annotation have been con-
tinuously improved [7]. The whole-genome sequence of
XTI (93-11) has also been published [8], and high-quality
genome sequences of representative varieties Zhenshan
97 (XI-ZS97) and Minghui 63 (XI-MH63) have been
made available [9]. These two main varieties of XI (XI-
7S97 and XI-MH63) are the parents of an excellent
Chinese hybrid. XI accounts for more than 70% of global
rice production and possesses much higher genetic di-
versity than GJ [10], as highlighted by a recent analysis
of 3010 diverse Asian cultivated rice genomes and 1275
rice varieties with resequenced genomes [4, 11].

Polyploidy or whole-genome duplication (WGD) is the
doubling of an entire set of chromosomes in cells and is
prevalent throughout the plant and animal kingdoms
[12]. The impact of polyploidization on plant functional
evolution is extremely profound, facilitating rapid expan-
sion and divergence of species [13-16]. A large number
of duplicated genes generated by polyploidization are
distributed on homeologous chromosomes in extant spe-
cies, which leads to genome instability. Homoeologous
recombination as an evolutionary event of instability can
lead to gene loss [17, 18], de novo functionalization of
genes, subfunctionalization [19], or rearrangement of
genomic DNA [20-23], providing material for plant evo-
lution. In modern rice, at least five WGD events oc-
curred during the evolution. The oldest WGD event ({)
is shared by seed plants (~ 310 mya) and another WGD
event (g) that occurred prior to the appearance of all ex-
tant angiosperms (~ 235 mya) [13]. Two relatively recent
WGD events occurred after the formation of monocoty-
ledons: one (1) shared by most monocotyledons at ~ 130
mya and another (o) shared by Poales at ~ 115-120 mya
[17, 24, 25]. The most recent WGD event (p) was origin-
ally thought to have occurred before the divergence of
major grasses (~70 mya) [17, 20]; however, the latest
fossil evidence advances this p event to ~ 100 mya and
identifies the most common duplicated genes related to
these WGD events [25].

Homologous recombination provides a major source
for genetic innovation [26]. In plants, meiotic and
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mitotic recombination result in the reciprocal or sym-
metric exchange of DNA sequence information between
homologous chromosomes [27]. In addition to homolo-
gous recombination, highly similar sequences undergo
frequent recombination between homeologous chromo-
somes, which is called illegitimate recombination [28].
One result of this recombination is gene conversion,
where one gene (or DNA segment) replaces another
gene (or DNA segment) on a homeologous chromosome
or chromosomal region. Gene conversion between dupli-
cated genes produced by WGD has been identified in
the genomes of Poaceae, Arachis hypogaea, Gossypium,
Brassica campestris, and Brassica oleracea [18, 28-32].
In addition, gene conversion is frequent and ongoing be-
tween homologous chromosomes, such as homeologous
chromosomes 11 and 12 produced from the duplication
common to grasses (p event) in the modern rice genome
[26, 28, 33, 34].

Recombination is a mutagenic factor, and mutations lay
the foundation for natural selection. The main role of
gene conversion is to maintain the homology or similarity
of duplicated sequences. A comparison between rice and
sorghum genomes clearly suggests that gene conversion
promotes species divergence [28] because recombination
accelerates mutation, with gene conversion playing an im-
portant role [35]. Gene conversion of functional sequences
and new mutations produced by related homeologous re-
combination may affect gene function. For example, stud-
ies have revealed that sequences encoding functional
domains are converted more frequently than those encod-
ing nonfunctional domains [36]. Gene conversion and
DNA duplication may facilitate functional innovation
through gene extension and mutations in structural do-
mains of disease-resistance genes [37]. Gene conversion
between chromosomes 11 and 12 of rice has been accom-
panied by subfunctionalization or purifying selection of
genes related to spikelet abortion [38], lipid transfer [39,
40], recessive yellowing control [41], cyclic C2-type pro-
teins [42], and the zinc-inducible promoter family [43].

Our knowledge of gene conversion between paralo-
gous genes in the two rice subspecies is based on out-
dated genomic data (ver. 4) [36]. Here, we used the
latest genomic data and recent approaches for resolving
genomic homology [22] to identify paralogous genes
generated by grasses comment WGD event (p) in three
rice genomes representing the two major subspecies.
Then, comparative and phylogenetic genomics was com-
bined to establish an improved method for inferring
gene conversion between the 100 mya duplicated genes.
We evaluated the ratio, level, and pattern of gene con-
version in three rice genomes and explored the effects of
conversion on the genome evolutionary rate, gene ex-
pression and functional innovation, chromosome struc-
ture, and genome stability.
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Methods

Materials

Genomic sequence data for XI-MH63, XI-ZS97, Sor-
ghum bicolor [44] and Brachypodium distachyon [45]
were obtained from the GenBank database (https://www.
ncbinlm.nih.gov/). The GJ (Nipponbare), Setaria italica
[46] and Setaria viridis [47] genomes were downloaded
from Gramene (http://www.gramene.org/), and the Ara-
bidopsis thaliana genome was downlanded from TAIR
(https://www.arabidopsis.org/).

Detection of colinear genes and construction of
homologous gene quartets

To identify collinear genes within the genome and be-
tween genomes, first, BLASTP [48] was used to search
for intragenomic and intergenomic homology of protein
sequences, and an E-value <le-5 and score > 100 were
strictly set to exclude more-diverged homologous genes
and remove shorter matched gene pairs. Then, Coli-
nearScan [20] was employed to analyse collinear regions
based on gene homology predictions, and the signifi-
cance of collinearity was tested. The key parameter, the
maximum gap, was set to 50 intervening genes, and
genes in large gene families with 30 or more copies in a
genome were removed from the inferring collinearity, as
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adopted in our previous genomics research [22, 49, 50].
Based on our previous research in rice, 100 million-year-
old paralogous blocks produced in the grass common
ancestor [25] were identified in three rice genomes. In
addition, to obtain more complete homology informa-
tion within genomes, further bidirectional best BLASTP
homology searches were performed on the three ge-
nomes. Then, we performed a two-way comparison
through a homologous dot plot to help distinguish
orthologous and paralogous genomes. Additionally, we
obtained paralogues and orthologues within each gen-
ome and between genomes.

To infer the potential gene conversion between dupli-
cated genes produced by WGD, we defined ‘homologous
gene quartets’. Assuming that the two rice subspecies, O
and S, both retain a pair of duplicated chromosomal seg-
ments generated in their common ancestor through
WGD, then the paralogous genes O1 and O2 and their
respective orthologous genes S1 and S2 comprise a hom-
ologous gene quartet (Fig. 1a).

Ks and Ka calculation

The synonymous nucleotide substitution rate (Ks) and
nonsynonymous nucleotide substitution rate (Ka) values
were estimated by using the Nei-Gojobori approach [51]
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Fig. 1 Gene conversion events of homologous gene quartets and changes in phylogenetic tree topology. a Colinear chromosomal segments
from two genomes (O and S), represented by rectangles of different colours. Arrows show genes, and homologous genes are indicated by the
same colours. Homologous gene quartets are formed by paralogous genes O1 and O2 in one genome and their respective orthologues S1 and
S2 in the other genome. (b-e) Squares symbolize a WGD event in the common ancestral genome; circles symbolize species divergence. b The
expected phylogenetic relationship of the homologous genes if no conversion occurs. € O2 (an acceptor) is converted by O1 (a donor). d ST is
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implemented in PAML v.4.9 h [52]. Considering that nu-
cleotide substitutions occur frequently at some sites in a
sequence, the multiple substitutions may occur at these
sites, the Jukes-Cantor (JC) model was employed to cor-
rect the Ks and Ka values, and they are denoted as Ps
and Pa [28, 53].

Inference of gene conversion

To infer possible gene conversion between duplicated
genes, the multiple sequence alignment software Clus-
talW [54] was employed to compare the identity be-
tween homologous gene sequences in quartets. Highly
divergent quartets were removed to eliminate potential
problems created by inferring gene conversion from un-
reliable sequences. Quartets showing gaps in the pair-
wise alignments exceeding 50% of the alignment length
or with amino acid identity between homologous se-
quences of less than 40% were removed.

Whole-gene conversion (WCV) inference: Since paralo-
gues were produced prior to subspecies divergence, we
anticipate that the orthologues between two subspecies
should be more similar than the paralogues in each sub-
species. If the paralogues were more similar to one an-
other than to their respective orthologues across
subspecies, we inferred that gene conversion occurred
after species divergence. For this comparison, phylogen-
etic analyses of homologous gene quartets were per-
formed to infer potential whole gene conversion
between paralogues according to the gene topology
changes (Fig. 1b-e). To measure the similarity of the
homologous genes in each quartet, we characterized the
Ks values and ratios of amino acid locus identity be-
tween paralogues and orthologues. First, the Ks values
between paralogous and orthologous gene pairs were
used to infer possible whole gene conversion (called
WCV-I). To assess the confidence level of the inferred
conversions, bootstrap tests were performed on each
gene tree with 1000 repetitive samplings to produce a
bootstrap frequency [28, 33]. Second, the sequences in
quartets were compared site by site and then used to
calculate the ratios of amino acid locus identity between
paralogous and orthologous gene pairs. The ratios were
used to infer unexpected changes in gene tree topology
in quartets, depending on whether the paralogues were
more similar to each other than the orthologues [28].
This is a strict criterion used for the detection of whole
gene conversion (called WCV-II), as paralogues were
produced at least 100 mya, whereas orthologues have di-
verged more recently. The similarity between sequences
representing different rice subspecies is often very high
due to the relatively close genetic relationship between
these three rice genomes, as in our previous study of the
conversion between hexaploid wheat subgenomes [32].
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Partial-gene conversion (PCV) inference: Quartets were
used to identify possible gene conversion among partial
gene sequences that may occur after species divergence.
A combination of dynamic planning and phylogenetic
analysis was used to document the differences between
two aligned bases from paralogues within genomes and
orthologues between genomes, as previously reported
[28]. The main steps for inferring PCV include: 1) defin-
ing arrays to reflect the difference or distance between
the homologues, and 2) averaging the distance arrays of
the orthologous gene pairs and comparing the averaged
distance between paralogues and orthologues, as the
paralogues should be more distant if no PCV is involved.
3) Dynamic programming was used to reveal high-
scoring segmental sequences and infer the extension of
paralogues. Then, partially affected regions >10 nucleo-
tides in length were identified. 4) A bootstrap test was
used to assess the identification of high-scoring seg-
ments with shorter lengths and smaller scores. 5) After
masking some of the larger segments, a recursive pro-
cedure revealed shorter high-scoring fragments, which
helped to reveal genes affected by multiple conversion
events.

The scripts of gene conversions inference have depos-
ited in Github (https://github.com/weichendan312/gene-
conversion).

Statistical analysis of the distribution of converted
duplicates

To analyse the correlation between gene conversions
and their physical location on the chromosome, we in-
vestigated converted and nonconverted duplicates rela-
tive to their proximity to chromosomal termini. On each
chromosome arm, duplicated genes were divided into
500kb bins ordered from the chromosome termini to
the centromere, and the number of converted and non-
converted genes in each bin was summed. Then, the
conversion rates in each bin were calculated by dividing
the converted gene number by the nonconverted gene
number. The first selected bins on each arm (outermost
region of each arm) were compared to all other bins on
the chromosome. The fold increase in conversion rates
was calculated by dividing the mean in the first selected
bin by the mean of all other bins. A 1,000,000 round
permutation test was performed by randomly exchan-
ging the bin sums of conversion rates and calculating
the fold increase for each permutation. This type of stat-
istical analysis approach has previously been used to in-
vestigate the unbalanced distribution of human variants
on chromosomes [55].

Conversion and gene ontology analysis
To obtain a functional overview of the duplicated genes,
InterProScan 5 [56] was used to determine the GO
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classification of each gene. All records are derived from
the literature-based annotations and domain-based elec-
tronic annotations. GO annotation results of the con-
verted and nonconverted gene sets were compared and
plotted using the online visualization tool WEGO [57]
to visualize the distribution of functional genes and
trends. The significance of the difference in the number
of functional duplicates between those with and without
conversion genes was tested by Pearson’s chi-square test.

Identification of disease-resistance genes

HMMscan [58] was employed to identify NBS-LRR do-
main gene set A in the GJ, XI-MH63, and XI-ZS97 ge-
nomes, and the genes with the NB-ARC domain
(PFO0931) were also searched [58] in the Arabidopsis
thaliana genome. The key parameter E-value was set to
le-10. Then, using the NBS-LRR genes of Arabidopsis
thaliana, BLASTP was used to compare these sequences
with the GJ, XI-MH63, and XI-ZS97 genomes, and the
genes with E-values <le-10 were designated NBS-LRR
gene set B. Ultimately, genes present in both gene sets A
and B were identified as NBS-LRR genes in the three
rice genomes.

Differential expression of gene conversions

Raw RNA-seq reads of rice subspecies were downloaded
from NCBIL. We downloaded the panicle (SRR13528769)
and seedling (SRR13528768) for GJ, the leaf
(SRR10751892) and panicle (SRR10751894) for XI-
MH63, and the leaf (SRR10751907) and root
(SRR10751904) for XI-ZS97. Raw RNA-Seq reads were
preprocessed using Trimmomatic [59] to remove
adaptor sequences and low-quality reads with the pa-
rameters ‘PE -phred33 ILLUMINACLIP: Trimmomatic-
0.36/adapters/TruSeq3-PE.fa: 2:30:10 LEADING: 20
TRAILING: 20 SLIDINGWINDOW: 4:20 MINLEN: 50’
The clean reads were then mapped to the three rice ge-
nomes using HISAT2 [60] with default parameters. The
expression abundance values were calculated using
StringTie [61] with options “-e -A’. To compare the ex-
pression patterns of converted and nonconverted dupli-
cates, we removed genes with no expression, and then
the log2 was taken for the standardization of gene ex-
pression values.

Results

Intra/intergenomic homologous genes

Through intragenomic and intergenomic collinearity
analysis, we identified collinear genes in the GJ, XI-
MH63, and XI-ZS97 genomes. For blocks containing
more than four collinear gene pairs, there were more
homologous gene pairs in GJ (3314 pairs) than in the
two XI genomes, which included 2629 and 2889 hom-
ologous gene pairs, respectively (Additional file 1: Table
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S1). Comparisons of the homologous blocks with more
than four, 10, 20, and 50 colinear gene pairs in the three
genomes showed that the XI genomes had much shorter
duplicated blocks than the GJ genome. In the GJ, XI-
MH&63, and XI-ZS97 genomes, 10, 10, and 9 blocks had
more than 50 colinear gene pairs which contained 1373,
1842, and 1894 colinear genes, respectively. Notably, we
also found that the average colinear gene pairs per block
were shorter in the two XI genomes than in the GJ gen-
ome. This indicated that the two varieties of XI have
poor collinearity, which may be due to more genomic
rearrangements in their genomes [9]. Using these in-
ferred collinear genes of the three rice genomes, we
identified duplicated genes produced by the WGD com-
mon to the grasses at ~ 100 mya, according to the se-
quence similarity of collinear gene pairs and our
previous identification of WGD event-related homolo-
gous chromosome regions [62]. Since some potential
paralogues might have been removed from the paralo-
gous regions in the collinearity analysis, we also used a
bidirectional best BLAST search of three genomes to
identify the matching homologous gene pairs that were
added to the paralogous regions. Finally, 3256, 2502, and
2816 duplicated gene pairs were identified in the GJ, XI-
MH&63, and XI-ZS97 genomes, respectively (Fig. 1a-c).

We also inferred collinear genes between any two rice
genomes (Additional file 2: Table S2). According to the
sequence similarity of collinear gene pairs and our previ-
ous identification of homologous chromosome regions
generated by recent rice subspecies divergence, we iden-
tified orthologous genes between any two rice genomes.
A total of 19,089 orthologous gene pairs persisted in 103
blocks between GJ and XI-MH63. The two XI genomes
showed better orthologous collinearity, with 25,262
orthologous gene pairs persisting in 146 blocks. We also
added the bidirectional best BLAST matching homolo-
gous gene pairs in orthologous regions. There were 23,
719 orthologous gene pairs between GJ and XI-MH63
and 23,056 orthologous gene pairs between GJ and XI-
Z597. Since XI-MH63 and XI-ZS97 are more closely re-
lated, we identified more orthologous gene pairs (35,
049) between the genomes of XI varieties.

Homologous gene quartets

To detect possible gene conversion between homologous
genes produced by WGD, we used homology and collin-
earity information to construct homologous gene quar-
tets between any two rice genomes (Fig. la). In a
quartet, sequence similarity between orthologues is more
similar than that between paralogues if there is no gene
conversion (or nonreciprocal recombination) between
the duplicates after subspecies divergence (Fig. 1b).
However, if gene conversion occurs between duplicated
genes, we might find that the gene tree topology has a
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different structure than expected (Fig. 1c-e). Changes in
the topological structure of the gene tree can be deter-
mined from the similarity of homologous sequences in
quartets (see the Methods for details).

Based on collinearity information of intragenomic and
intergenomic comparisons, we identified 2788 quartets
between GJ and XI-MH63 and 2879 quartets between
GJ and XI-ZS97. Although XI-MH63 and XI-ZS97 are
varieties of the same subspecies, relatively few quartets
(2566) were identified between them, probably due to
differences in gene loss after the three genomes di-
verged. By comparing the three genomes, we inferred a
possible ancestral gene content before divergence of 19,
104 genes. The rates of gene loss or translocation were
6.13, 13.31, and 7.89% in GJ, XI-MH63, and XI-ZS97, re-
spectively. Finally, we identified 3332, 3322, and 3254
homologous genes from quartets in GJ, XI-MH63, and
X1-ZS97, respectively. These homologous genes were
mainly conserved in 82, 85, and 93 blocks, and they were
unevenly distributed across the 12 chromosomes in the
three genomes (Fig. 2).

Gene conversion and occurrence patterns

We removed highly divergent sequences to reduce the
possibility of inferring gene conversion events from un-
reliable sequences (see Methods for details). After this,
2788 gene quartets were identified between GJ and XI-
MH63, 2879 quartets were identified between GJ and
X1-7ZS97, and 2566 quartets were identified between XI-
7597 and XI-MH63 (Additional file 2: Table S2). We
used two methods to infer gene tree topology, one based
on the synonymous nucleotide substitution rate (Ks) as a
similarity measure and the other based on the amino
acid identity ratio, which we called whole-gene conver-
sion type I and type II (WCV-I and WCV-II), respect-
ively. We used a combination of dynamic planning and
phylogenetic analysis to infer possible partial-gene con-
version (PCV) events (Additional file 3: Table S3). Since
paralogous gene pairs may be identified in different
quartets, we merged the paralogous gene pairs affected
by gene conversion in each genome. This gave us both
potential gene conversion events between paralogues in
each genome after the divergence of rice.

In GJ, 398 pairs (~ 12%) of paralogues were converted
after divergence with XI (Fig. 3a). Of these, 179 pairs
(5.37%) had undergone WCV: 11 pairs were inferred by
WCV-I, and 168 pairs were inferred by WCV-II. An-
other 259 pairs (7.77%) had undergone PCV, which oc-
curred at a higher rate than WCV. In XI-MH63, 466
pairs (~14%) of paralogues had been converted, of
which 182 pairs (5.48%) had undergone WCV: 8 pairs
were inferred by WCV-I and 174 pairs were inferred by
WCV-II. Another 312 pairs (9.39%) had undergone
PCV, which was remarkably higher than WCV. Similar
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to XI-MH63, 468 pairs (~ 14%) of paralogues had been
converted in XI-ZS97: 185 pairs (5.69%) had undergone
WCV, comprising 8 pairs inferred by WCV-I and 177
pairs inferred by WCV-II. Another 310 pairs (9.53%)
had undergone PCV, which was also higher than WCV
(Table 1). A comparison of the converted paralogues be-
tween GJ and XI revealed that the gene conversion rates
were 0.19 and 0.17 in the two XI genomes, respectively,
which were higher than that in GJ (0.12) (Fig. 3b). Two
examples further illustrate the conversion patterns of
paralogues: first, we detected the gene Oj12¢0132800.01
wholly  converted by its  paralogous  gene
0j11g0135000.01 in GJ, which was also supported by
gene topological structure changes in the gene trees (Fig.
3c). Second, we detected one paitial converted paralo-
gous gene pairs Zs11g2288.01 and Zs12¢1247.01 in XI-
7597, and one DNA segment from 19 to 36bp of
Zs11g2288.01 was converted by Zs12¢1247.01 (Fig. 3d).

High-frequency on-going gene conversion

Duplicated gene pairs produced ~ 100 mya persist in the
three rice genomes and are still being affected by recent
gene conversion events. In GJ, we identified 398 pairs of
paralogous genes that might have undergone gene con-
version after the divergence of GJ from XI. The amino
acid identity of four (1.01%) pairs of converted paralo-
gous genes was >99%, with Ks <0.01. A relatively large
number of duplicated genes were affected by gene con-
version in the two XI variety genomes. In XI-MH63, we
found 466 pairs of paralogous genes that might have
undergone gene conversion after the divergence of GJ
from XI. Six (1.29%) of these pairs of paralogous genes
had >99% amino acid identity between them and Ks <
0.01. Similarly, we also found a similar pattern in XI-
Z597. We identified small synonymous and nonsynon-
ymous nucleotide substitutions and high sequence iden-
tity between duplicated gene pairs in which gene
conversion had occurred, suggesting the possibility of
having very recently been converted.

Another striking indication was that 407 and 391 pairs
of paralogous genes were affected by gene conversion
before the formation of XI-MH63 and XI-ZS97, respect-
ively. Seventy-eight and 79 pairs of paralogous genes
were converted after the formation of the two XI var-
ieties, accounting for 16.7 and 16.6% of the total gene
conversion, respectively (Fig. 3d). Many duplicated gene
pairs in GJ, XI-MH63 and XI-ZS97 showed nearly 99%
amino acid identity, and Ks was less than 0.1 (Add-
itional file 4: Fig. S1; Additional file 5: Fig. S2). These
pairs deviated far from the peak Ks location at ~ 0.65 for
the duplicated genes produced by the WGD common to
grasses [62]. These data suggest that gene conversion be-
tween duplicated gene pairs is ongoing and occurs at
high frequencies in rice subspecies.
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Fig. 2 Genome duplications and conversion patterns in three rice subspecies genomes. Lines show duplicated gene pairs between
chromosomes across three genomes. Coloured lines indicate converted gene pairs; grey lines indicate duplicated gene pairs. a Gene duplication
and gene conversion in GJ. b Gene duplication and gene conversion in XI-MH63. ¢ Gene duplication and gene conversion in XI-Z597. d Gene
duplication and gene conversion on chromosomes 11 and 12 of GJ, XI-MH63, and XI-Z597

Donor genes are biased towards donating

Gene conversion involves a donor locus and an acceptor
locus. Donors and acceptors can be identified by com-
paring topological changes in the phylogenetic trees of
homologous gene quartets since the paralogue of the
donor should be more similar than its orthologue in an-
other subspecies (Fig. 1c-d). We inferred possible donor
genes for 196, 215, and 200 converted duplicated genes
in GJ, XI-MH63, and XI-ZS97, respectively,. A total of
1520 duplicated genes were converted across the three

genomes, with 1378 (90.66%) of these converted in at
least two genomes, and they are shown in a circle
(Fig. 4a). Interestingly, 88.98% (113/127) of the genes
were taken as donors in at least two genomes, and
66.93% (85/127) of the genes had the same donor in all
three genomes (Additional file 6: Table S4). This sug-
gested that the donor genes in converted paralogues are
often taken as donor loci in different genomes. For ex-
ample, there were 13 duplicated genes in the region of
~ 1.0 Mb near the telomere on chromosomes 11 and 12
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Fig. 3 Evolution of gene conversion. a Gene conversion in species divergence events. The numbers on different coloured lines indicate the
number of gene conversions in different species at different times. b The rates of WCV and PCV in the three genomes. In the histogram, orange
represents the number of all gene conversions, blue represents the number of PCVs, and red represents the number of WCVs. ¢ Evolutionary
trees of genes in which gene conversion occurred. The gene 0j12g0106200.01 was wholly converted by its paralogous gene Oj11g0106900.01 in
GJ. d Multiple sequence alignment of one selected quartet. The blue highlighted areas indicate 100% similarity, and the red highlighted areas
indicate 75% similarity. The 19-36 bp nucleotide sites of Zs711g2288.01 and Zs12g1247.01 underwent gene conversion, and the donor was
7512g1247.01. The sequence in the red rectangle indicates partial gene conversion

across the three rice genomes. A total of 92.31% (12/13)
of the duplicated genes were affected by gene conversion
in at least two genomes. A total of 76.92% (10/13) of the
duplicated genes were taken as donors, and 70% (7/10)
of the duplicated genes acted as donors in different ge-
nomes (Fig. 4b).

Unblanced distribution of converted duplicates

Gene conversion was unevenly distributed across the dif-
ferent homologous chromosomal regions, and all three
genomes were most affected by gene conversion between
duplicated genes on chromosomes 11 and 12. The gene
conversion rates were 18.88, 21.78, and 18.71% on
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Table 1 Converted paralogues in GJ and two XI (XI-MH63 and XI-ZS97) genomes

GJ XI-MH63 XI1-ZS97

Period A® Period B® Total Period A® Period B® Total
Paralogues 3332 3322 3254
WCVAH 11 (2.76%) 7 (1.72%) 1(1.28%) 8 (1.72%) 7 (1.79%) 1(1.27%) 8 (1.71%)
WCV-II 168 (42.21%) 173 (42.51%) 1 (1.28%) 174 (37.34%) 175 (44.76%) 2 (2.53%) 177 (37.82%)
PCV 259 (65.08%) 250 (61.43%) 77 (98.72%) 312 (66.95%) 251 (61.22%) 77 (97 47%) 310 (66.24%)
Chr. 11 and 12 CV© 64 (16.08%) 63 (15.48%) 17 (21.79%) 76 (16.31%) 57 (14.58%) 8 (10.13%) 64 (13.68%)
All converted 398 407 78 466 391 79 468
Conversion rate 0.119 0.123 0.023 0.140 0.120 0.024 0.144

#Conversion events occurred after the GJ-XI divergence, and before the formation of the two Xl varieties
bConversion events occurred after the formation of the XI varieties (XI-MH63 and XI-Z597)
“Converted paralogues distributed on chromosomes 11 and 12 in the three rice genomes
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Fig. 4 Distribution of donors and receptors in the genome where gene conversion occurs. a Homologous distribution of donors and acceptors
on chromosomes undergoing gene conversion. Curved lines within the inner circle are formed by 12 chromosomes of GJ colour coded to the
seven ancestral chromosomes before the WGD event common to grasses [62]. Intra-loop curves show duplicated gene pairs in GJ. The three
inner circles show the relationships of orthologous gene distribution between the three genomes in which gene conversion has occurred. The
three outer circles show the distribution between the three genomes undergoing gene conversion, and the three inner circles show paralogous
homologues. Different colours indicate donor (orange) or acceptor (pink) loci, as well as some uncertain loci (green). Among them, J_para
represents the paralogous genes in GJ, J represents GJ, M represents XI-MH63, and Z represents XI-ZS97. b Local gene conversion and the
distribution of donor and acceptor loci. Pink swatches represent donor loci, orange swatches represent acceptor loci, and green swatches
represent those loci where donor or acceptor status is uncertain




Wei et al. BMC Genomics (2021) 22:460

chromosomes 11 and 12 of GJ, XI-MH63, and XI-ZS97,
respectively (Additional file 7: Table S5). In addition, the
duplicated genes located at 2 Mb at the termini of chro-
mosomes 11 and 12 were likely most affected by gene
conversion, and the gene conversion rates were approxi-
mately 70% in the three rice genomes (Fig. 2d).

The physical location of paralogues on chromosomes
may correlate with their chance of being converted. We
observed that duplicated gene pairs were often distrib-
uted in distal regions on chromosomes, and the paralo-
gue bias was affected by conversion near the ends of
chromosomes (Fig. 2a-d). We estimated a 1.4-fold in-
crease in the conversion rate within the subtelomeric re-
gion of 0-2Mb to chromosome termini in GJ (P-
value = 4.00 x 10~ %°, permutation). In XI-MH63 and XI-
7597, there was a 1.3- and 1.2-fold increase in the con-
version rate within the subtelomeric region of 0-6 Mb
to chromosome termini, respectively (P-value=3.70 x
10°% and P-value=1x10"%, permutation) (Table 2).
This indicates that duplicated genes within regions are
the chromosomal termini more frequently affected by
gene conversion in rice or subspecies genomes.

Effect of chromosome rearrangement on gene conversion
Chromosome rearrangement is a random evolution
event, and the block number in the genome can reflect
the degree of chromosome rearrangement after polyploi-
dization. We found that block number and gene conver-
sion rate showed a weak positive correlation in XI-
MH63 (R® =0.22, P-value = 0.12), XI-ZS97 (R®=0.23, P-
value =0.11), and GJ (R®=0.11, P-value=0.29) (Add-
itional file 8: Table S6; Fig. 5a). If two special homeolo-
gous chromosome pairs (1-5 and 11-12) were removed,
there was a significant positive correlation between block
number and gene conversion rate in XI-MH63 (R®=
0.85, P-value <0.01), XI-ZS97 (R”=0.75, P-value <0.01)
and GJ (R? = 0.74, P-value < 0.01) (Fig. 5b).
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However, the correlation does not imply a direct factor
leading to gene conversion. For this reason, we further
analysed the relationship between block length and the
gene conversion rate on each chromosome (Add-
itional file 9: Table S7). We found that longer blocks had
a higher gene conversion rate (Additional file 10: Fig.
S3). The average gene conversion rate for a total of 14
blocks with more than 100 paralogous gene pairs was
14.12% (349 pairs). The block with fewer than 20 paralo-
gous gene pairs was block 219, with a gene conversion
rate of 11.77% (178 pairs). These results suggest that
chromosome rearrangements are associated with on-
going gene conversion events, which may have contrib-
uted directly to restricting recombination between
homoeologous regions and further inhibiting duplicated
genes affected by conversion.

Gene conversion and evolution

Gene conversion homogenizes paralogous gene se-
quences. This makes the affected paralogues appear
younger than expected based on sequence divergence
with one another. The Pn and Ps between paralogues
undergoing gene conversion were smaller than those be-
tween paralogues not affected by gene conversion
(Table 3). For example, the average Pn =0.198 and Ps =
0.456 for converted genes were significantly smaller than
the average Pn = 0.253 and Ps = 0.509 for genes not con-
verted in GJ (P-value=3.71x 10" 2, P-value = 8.00 x
10720, t-test). We could not determine whether con-
verted genes evolved slowly based on the paralogues
themselves, since pairwise distances between paralogues
were converted. However, Pn and Ps were slightly larger
between orthologous gene pairs affected by gene conver-
sion than between orthologues not showing gene con-
version. This suggests that the orthologues in which
gene conversion has occurred have evolved faster than
those not affected by gene conversion.

Table 2 Relationship between gene physical location and gene conversion

Distance to telomere <2Mb 2-4 Mb 4-6 Mb 6-8 Mb 8-10 Mb >10 Mb All
GJ
All converted 192 156 134 80 61 142 765
Paralogous genes 1270 1128 1092 781 595 1460 6326
Mean converted rate 15.13% 13.68% 12.28% 10.29% 9.94% 8.92% 12.09%
XI-MH63
All converted 217 192 151 105 69 175 909
Paralogous genes 1076 909 776 652 481 1002 4896
Mean converted rate 20.35% 21.26% 19.65% 17.34% 15.95% 16.55% 18.57%
XI-2597
All converted 214 185 154 103 80 176 912
Paralogous genes 1234 1041 862 704 538 1107 5486
Mean converted rate 17.35% 17.76% 17.55% 14.65% 14.88% 15.43% 16.62%
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We used Ps and Pn to investgate whether gene conver-
sion was affected by evolutionary selection pressure. The
ratio of Pn and Ps reflects the selection pressure between
gene pairs during evolution. We compared the ratio of
Pn and Ps between genes subjected to conversion and
those with no conversion. The average ratio for XI-
MHG63 gene conversion was 0.41, and the average ratio
of nonconverted paralogues was 0.48. This indicates that
converted genes were subject to purifying selection
(Table 3). The ratios for gene conversion in XI-ZS97
and GJ were also smaller than those for nonconverted
genes. The selection pressure for gene conversion or no
gene conversion did not change much. However, there
was not much difference in the selection pressure be-
tween orthologous gene pairs of gene conversion and no
gene conversion. No evidence suggests a change in the
selection pressure of converted genes.

Gene conversion and function

Some duplicated genes are preferentially affected by
gene conversion. We performed Gene Ontology (GO)
analyses of duplicated genes related to biological func-
tions. The GO analysis revealed that some genes with
specific functions preferred conversion, while gene con-
version of some functional genes was avoided (Add-
itional files 11, 12 and 13: Fig. S4-S6). We identified the
GO terms of 765, 909, and 912 converted duplicated
genes and 5262, 5224, and 5135 nonconverted dupli-
cated genes in GJ, XI-MH63, and XI-ZS97, respectively
(Additional file 14: Table S8). We found that the genes
involved in functions associated with large numbers of
genes were biased towards gene conversion in the three
genomes, such as catalytic activity, binding, metabolic
process, and cellular process, which contained the lar-
gest percentage of duplicated genes (Additional file 14:

Table 3 Nucleotide substitution rates of quartets in rice subspecies

Paralogues XI-MH63 XI-2597 GJ

Pn Ps Pn/Ps Pn Ps Pn/Ps Pn Ps Pn/Ps
Converted 0.180 0444 0405 0.179 0448 0400 0.198 0456 0434
Nonconverted ~ 0.234 0486 0481 0.235 0486 0484 0.253 0.509 0497
P-value 182x107"%  873x1077  504x1077  781x10%° 125x107  244x107"" 371x10%° 800x10% 253x10°
Orthologues XI-MH63 vs. GJ XI-Z597 vs. GJ XI-MH63 vs. XI-Z2S97

Pn Ps Pn/Ps Pn Ps Pn/Ps Pn Ps Pn/Ps
Converted 0.049 0076 0.645 0.053 0.085 0.624 0.055 0.100 0.550
Nonconverted  0.023 0.036 0639 0.025 0.038 0658 0014 0.022 0636
P-value 561x107"7 963x1072  573x10°%2  176x107%" 123x10%  402x107* 625x107%° 258x107%"  248x107"




Wei et al. BMC Genomics (2021) 22:460

Table S8). These four secondary-level terms were signifi-
cantly enriched at the level of molecular function and
biological processes and accounted for approximately
30% of the corresponding duplicated genes. For example,
the number of catalytic activity and metabolic process
genes in the three genomes in which gene conversion
occurred (31.4—37.7%) was significantly greater than that
in which no gene conversion occurred (26.6-30.6%) (P-
value < 0.001, Pearson’s chi-square test) (Table 4). Simi-
larly, the number of binding genes and cellular process
genes showed higher gene conversion (27.4-39.9%) than
duplicated genes without gene conversion (24.6.6—
38.4%), suggesting that they are likely to be converted.
In contrast, some genes associated with functions
encoded by few genes (protein-containing complex,
transporter activity) might have avoided gene conversion
(Additional file 14: Table S8).

Conversion and NBS-LRR genes

Rice diseases caused by various pathogens are one of the
most serious constraints in global rice production [63].
Disease resistance genes play a very important role in
the evolution of plant genomes and are one of the indis-
pensable families of genes involved in the survival of
plants under natural selection [64, 65]. We identified a
total of 1697 NBS-LRR (nucleotide binding site-leucine
rich repeat) resistance genes in the three genomes (Add-
itional file 15: Table S9). Among these genes, we identi-
fied 462 NBS-LRRs in GJ, which was less than those
identified in XI-MH63 (644) and XI-ZS97 (591). The
NBS-LRR genes were unevenly clustered on the chromo-
somes of the three genomes. The NBS-LRR gene content
on chromosome 11 was the highest, as confirmed in pre-
vious studies [3, 66]. Here, we found 113 (24.46%), 126
(21.32%), and 181 (28.11%) NBS-LRR genes on chromo-
some 11 of GJ, XI-MH63, and XI-ZS97, respectively.
There were more NBS-LRR genes on chromosome 11
than on the other chromosomes (3.68—10.66%).

GO analysis of the NBS-LRR genes in the genomes re-
vealed enrichment mainly in terms associated with molecu-
lar functions and biological processes (Additional file 16:
Fig. S7). In GJ, XI-MH63 and XI-ZS97, 97, 91.1, and 93.1%
of genes, respectively, were involved in binding
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(Additional file 17: Table S10). Therefore, the NBS-LRR
genes may be associated with the molecular function of
binding and may be biased towards the occurrence of gene
conversion. Polyploidization results in expansion of NBS-
LRR genes, with ectopic recombination causing the NBS-
LRR genes to further undergo a birth-to-death process [37].
Evolutionary analysis of the NBS-LRR genes revealed 25,
67, and 39 younger genes with Ks<0.1 in the three ge-
nomes (Fig. 6a-c). Most of these NBS-LRR genes were gen-
erated after the divergence of rice subspecies, and clusters
of younger NBS-LRR genes were found on chromosomes 2
and 11. These NBS-LRR genes showed a pattern of prox-
imal localization had very recently originated in the three
genomes, and were similar to ongoing converted genes dis-
tributed at the ends of chromosomes. Furthermore, we
found a positive correlation between NBS-LRR genes and
converted genes in chromosomal regions with more than
1% of the NBS-LRR genes (Fig. 6d). This suggested that
during rice subspecies or genome divergence, the NBS-LRR
genes might have contributed to the recombination of
homeologous chromosome intervals and indirectly pro-
moted the occurrence of gene conversion.

The transcriptomic pattern for gene conversion

To analyse the effect of gene conversion on gene expres-
sion patterns, we selected transcriptome data from dif-
ferent tissues for three rice genomes and compared the
expression differences between converted and noncon-
verted genes. We found that the number of converted
duplicated gene pairs was greater than the number of
nonconverted pairs when the difference in expression
was greater than twofold (Additional file 18: Table S11).
For example, in the panicle of GJ, 60.33% (219/363) of
the converted gene pairs had differential expression
greater than a twofold change, and he rate of no gene
conversion was 62.03% (1493/2407). In the leaves of XI-
7597, 60.38% (189/313) of converted gene pairs showed
differential expression that was more than twofold chan-
ged, and the rate of no gene conversion was 70.26%
(1304/1856). Furthermore, we found that the expression
difference of converted gene pairs was significantly lower
than that of nonconverted gene pairs in the three rice
genomes (Additional file 19: Table S12; Additional file 20:

Table 4 Comparisons of the top four functions involved in converted genes compared with the nonconverted genes in the GJ, XI-

MH63, and XI-ZS97 genomes

GO level2 GJ XI-MH63 XI-Z597

CV Vs. non-cv P-value CV Vs. non-cv P-value CV Vs. non-cv P-value
Catalytic activity 314 vs. 255 0.001 325 vs. 264 <0.001 336 vs. 26.1 <0.001
Binding 388 vs. 355 0.083 399 vs. 37.7 0.199 39.6 vs. 38.1 0412
Metabolic process 37.7 vs. 27.7 <0.001 36.8 vs. 29.6 <0.001 374 vs. 294 <0.001
Cellular process 289 vs. 24.0 0.003 280 vs. 26.2 0.262 274 vs. 25.8 0.32

Percentage of converted genes (cv), percentage of nonconverted genes (non-cv)



Wei et al. BMC Genomics (2021) 22:460

Page 13 of 19

iy

ol

™

W (o)
(=] S

IN
S

w

(o)}

-

ot

—
(=)

Number of converted genes per 1000 genes
s 8
. S
I
I
I
I 5
(o)
O —

(=]

Fig. 6 NBS-LRR gene amplification model in three rice subspecies genomes. a-c Distribution of NBS-LRR genes on 12 chromosomes in GJ, XI-
MH®63, and XI-Z597. Green curved lines within the inner circle connect homologous pairs of NBS-LRR genes on the 12 chromosomes. Green
blocks indicate NBS-LRR genes; red lines between NBS-LRR genes indicate Ks < 0.1, yellow lines indicate 0.1 < Ks < 0.2, and blue lines indicate Ks <
1. d Relationship between NBS-LRR genes and gene conversion in regions with more than 1% of the NBS-LRR genes in the three genomes

6

55
42
20
10
o 11 12 13 14 15 17 18 20 21 33

Number of disease resistance genes per 1000 genes

Table S13). In the panicle of GJ, the average difference
in FPKM values of converted gene pairs was 20.76,
which was significantly lower than that of nonconverted
gene pairs (26.03, P = 0.010, t-test). This pattern was also
shown in other samples in GJ and in the two XI ge-
nomes (Additional file 20: Table S13). From these re-
sults, we conclude that the converted genes tend to have
more similar expression patterns than the nonconverted
duplicates.

Discussion

On-going conversion between duplicated genes
Recombination between neohomologous chromosome
pairs or homeologous chromosomes resulting from

WGD has existed throughout a long evolutionary history
and has generated massive chromosomal rearrangements
[67-69]. This recombination can persist for a long time,
even hundreds of millions of years [70]. Comparisons of
rice and sorghum have illustrated that many duplicated
genes from WGD events approximately 100 mya are af-
fected by illegitimate recombination and gene conver-
sion events [71, 72]. We compared the GJ, XI-ZS97, and
XI-MH63 genomes, revealing extensive whole and par-
tial gene conversion between ~ 100 mya duplicated gene
pairs across three rice genomes. The duplicate conver-
sion events deduced here occurred within ~0.4 mya
after the GJ-XI divergence. As a comparison, we also
found that the ~ 100 mya duplicated genes in the genus
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Setaria were affected by recent conversion events (for
details, see Additional file 21: Supplemental Text).
Therefore, we hypothesize that gene conversion is an
ongoing evolutionary event and continues to provide a
driving force in genome evolution and genetic
innovation.

Staged recombination inhibition of chromosomes 11 and

12

For some genomic regions, illegitimate recombination
and gene conversion persist for millions of years, result-
ing in homeologous chromosome regions looking similar
to very young segmental duplications, especially on
chromosomes 11 and 12 of rice [36, 73]. For this reason,
it was previously thought that rice chromosomes 11 and
12 share an ~ 3 Mb duplicated DNA segment at the ter-
mini of their short arms; this duplication was dated
based on Ks to ~5-7 mya and once suspected to repre-
sent a segmental duplication more recent than the
WGD common to grasses [20, 74, 75]. The orthologous
regions of this recent duplication in Sorghum bicolor
(SBO5 and SBO08), Setaria italica (S103, SI07 and SIOS),
and Brachypodium distachyon (BD04) are also likely
such an apparently recent duplication in their genomes
(Additional file 22: Fig. S8). It would be highly unlikely
that each segment duplication occurred independently
in such closely corresponding locations in several link-
ages of reproductive isolation. Previous studies compar-
ing rice with the sorghum genome revealed that rice
chromosomes 11 and 12 were most affected by conver-
sion and experienced illegitimate recombination that
was temporally restricted in a stepwise manner, produ-
cing structural stratification in the chromosomes [28,
29]. Here, we found that chromosomes 11 and 12, espe-
cially the duplicated genes located at 2 Mb at the termini
of chromosomes, were most affected by recent conver-
sion events in the three Oryza genomes. These results
further confirm that the illegitimate recombination of
rice chromosomes 11 and 12 was staged recombination
inhibition. However, this staged recombination inhib-
ition occurred independently in different grass lineages,
with the low sequence divergence between paleodupli-
cated genes preserved in parallel for millions of years
since the divergence of these lineages. For example, in
Setaria italica and Setaria viridis, chromosomes 3, 7 and
8 are orthologous to rice chromosomes 11 and 12 (Add-
itional file 22: Fig. S8; Additional file 23: Fig. S9), with
duplicated genes also affected by recent conversion.
However, the paralogues on chromosomes 3, 7 and 8 of
Setaria italica and Setaria viridis did not show the high-
est gene conversion rate among the homologous chro-
mosomes (Additional file 24: Table S14). This may be
due to specific translocation caused by chromosomal
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rearrangement in Setaria (for details, see Add-

itional file 21: Supplemental Text).

Gene conversion and physical location

Based on the analysis of the relationship between the
gene conversion rate and the distance to telomeres, we
found that duplicated genes within the chromosomal
termini region are more frequently affected by recent
gene conversion in rice or subspecies genomes. Compar-
ing the rice and sorghum genomes, it was shown that
more than 50% of wholly converted genes are distributed
within the initial 2 Mb regions on their chromosomal
termini [28]. As a comparison, we further identified the
gene conversion between duplicated genes in Setaria ita-
lica and Setaria viridis and found that the gene conver-
sion rate near the telomere did not appear to be
significantly higher than that in other regions of the
chromosomes (Additional file 25: Table S15; Add-
itional file 26: Fig. S10). However, based on the division
of rice chromosomal regions, we reanalysed the gene
conversion rate on the corresponding orthologous re-
gions in the Setaria italica and Setaria viridis genomes
(Additional file 27: Table S16). We also found a similar
phenomenon of a higher terminal gene conversion rate.
It may be that the genome structure of rice is more con-
served, which better maintains the ancestral structure
[62]. Therefore, we conclude that duplicated genes are
biased towards being affected by conversion near the ter-
mini of chromosomes in the rice genome, and in other
species with relatively conserved genomic structures,
such as sorghum, this phenomenon is also shown [28].

Gene conversion has contributed to cultivated rice
divergence

Gene conversion is the result of recombination. Classical
theoretical studies point out that recombination acceler-
ates mutation [72, 76]. Gene conversion may therefore
play an important role in species divergence, and we
compared the duplicated pairs in Oryza genomes to fur-
ther support this conclusion. We identified that the Ks
between orthologous genes involved in conversion was
significantly smaller than that between orthologous
genes not involved in conversion. This suggests that
genes affected by gene conversion may have accelerated
species evolution, which has been demonstrated by com-
parison of the duplicated genes in rice and sorghum [33,
77]. In addition, gene conversion can maintain the simi-
larity between paralogues, and gene conversion is based
on sequence similarity [78], so the converted paralogues
can provide the impetus for further conversion. Our re-
sults showed that 46% of ancient gene conversions may
have again undergone gene conversion more recently
after the divergence of rice subspecies. Therefore, on-
going gene conversion is an accelerating force in the
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genetic evolution of mutations, and these converted
genes may restart the evolutionary process and acceler-
ate the divergence of rice subspecies.

Gene conversion and chromosome rearrangement

Gene conversion is not necessary for the survival of
the species, and most grasses have undergone com-
plex chromosome rearrangements [34, 67]. Our re-
sults revealed that chromosome rearrangements are
associated with ongoing gene conversion events and
may have contributed directly to restricted recombin-
ation/duplicated gene conversion between homoeolo-
gous regions. Previous studies reported that there was
a large inversion in the ancestral chromosome short
arm before rice—sorghum divergence, which may sup-
press gene conversion, resulting in the lowest rate of
gene conversion occurring between chromosomes 1
and 5 in rice [28, 44]. However, we did not find the
lowest rates of ongoing gene conversion between
chromosomes 1 and 5 in the rice subspecies, possibly
because chromosome recombination may be a stage-
specific evolution event. Here, we found that the two
varieties of XI had poor collinearity and had more
gene loss than GJ, which may be due to more recent
and small-scale genomic rearrangements in their ge-
nomes [9]. However, the duplicated genes of XI were
more affected by ongoing conversion than those of
GJ, implying that DNA damage by recent small-scale
chromosome rearrangement could provide conditions
for ongoing gene conversion.

Donor genes are biased towards donating

Gene conversion involves copying one gene sequence
from a donor locus to a receptor locus [79]. Analysing
the scale of gene conversion helps to illuminate the
mechanism of gene conversion [78]. We found that in-
dependent conversion events that have survived (thus
far) in different lineages have often used the same genes
as donors. It seems improbable to attribute this to selec-
tion, noting that the donor and acceptor have coexisted
in the genome for ~ 100 million years. A more plausible
explanation is that one gene copy has some ‘privileged’
nature over the other. This could be genetic or epigen-
etic. If one gene or its neighbouring region possesses
mutations or epigenetic changes, the other gene might
be more likely to act as a donor, helping to reinstate in-
tactness. Moreover, some homologous chromosomal
segments also seem to be preferential donors rather than
acceptors. Mechanisms underlying this bias remain un-
known, but an exciting future investigation will be to ex-
plore epigenetic phenomena such as patterns that
influence gene retention and loss along chromosome
segments [80].
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Gene conversion and function

Gene conversion leads to genes similar or even identical
in sequence. The analysis above indicates that large gene
families may be more susceptible to gene conversion.
Duplicated genes may neutralize the presence of putative
mutations, providing an opportunity for functional
innovation [81]. Rather than being a conservative factor
among different genotypes, gene conversion accelerates
divergence [29]. Gene conversion has been used to ex-
plain the evolution of large gene families, such as NBS-
LRR genes and rRNA genes, which typically have dozens
of copies on chromosomes [82-84]. Extensive analysis
has shown that the evolution of functional genes that
are members of large families may often be accompanied
by strong purifying selection. Until 1990, most multigene
families were thought to have coevolved with related
homologous genes through gene conversion [85]. Evolu-
tion of the NBS-LRR gene family, rRNA gene family,
and some other highly conserved gene families may be
consistent with this conclusion. For these families, most
genes are usually extremely similar. New genes are cre-
ated through gene duplication; some of these genes re-
main in the genome for a long time while others may be
lost [86].

Conversion makes the duplicated gene pairs more similar
in expression

Transcriptome sequencing technology has recently been
developed to study functional genomics [87]. Increasing
transcriptome data provide additional ideas for genome
analysis. Differential expression analysis revealed the ef-
fect of gene conversion on gene expression patterns.
The transcriptome is the link between the genetic infor-
mation of the genome and the proteome of biological
functions, and the expression difference between con-
verted genes and nonconverted genes suggests that gene
conversion may have a certain impact on gene function
[88]. Here, we detected the differential expression be-
tween converted genes and nonconverted genes, imply-
ing that the converted genes tend to have more similar
expression patterns than nonconverted genes. Gene con-
version usually occurs between homologous genes, and
the functions of homologous genes are generally similar
[36].

Conclusion

Duplicated genes produced by polyploidization ~ 100
mya were converted in the GJ and XI genomes. By per-
forming comparative genomics and phylogenetic ana-
lyses, notably, we showed that ongoing gene conversion
has maintained similarity between very ancient dupli-
cates, provided opportunities for further gene conver-
sion, and accelerated rice divergence. Chromosome
rearrangements after polyploidization are associated with
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ongoing gene conversion events, directly restrict recom-
bination and inhibit the duplication of genes between
homeologous regions. Our work will contribute to un-
derstanding the evolution of duplicated genes affected
by recent gene conversion in rice subspecies.
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