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may be due to TEs being either more active or more
efficiently deleted in different species, indicate that the
control of TEs can differ greatly between closely related
plant species [7–10]. TEs are often regarded as genomic
“parasites” due to the potentially detrimental effects on
genes by insertional inactivation and ectopic recombin-
ation of DNA [11].
To better understand TE behavior in plants it may be

useful to study closely related plant species that span the
speciation continuum and that have characteristic
biogeographic histories [12]. The Oryza clade, consisting
of 24 species along an evolutionary gradient of about 15
million years, may work as models for plant genome
research and TE evolution [13–16]. Such studies may be
well suited to improve rice quality, which is of pivotal
significance to worldwide food production and security
[13, 14, 17]. Many genes that have led to rice improve-
ment are derived from wild rice AA-genome species,
and much attention has been directed on broadening
the gene pool of cultivated rice through introgression of
other wild relatives of Oryza [18]. Phylogenetic analysis
of the diploid AA-genome species, i.e., O. sativa Japonica,
O. sativa Indica, O. nivara, O. rufipogon, O. glaberrima, O.
barthii, O. glumaepatula and O. meridionalis, indicated
that a closely spaced series of recent speciation events in
this genus has occurred [19]. These species span a wide
range of global pantropical geographical regions and
are disjunctively distributed in Asia, Africa, Australia,
and South America [20]. Having diverged approx. 3
Mya from a common AA-genome ancestor [19], these
eight species have contributed extensive adaptive and
breeding traits [21, 22].
The Oryza AA-genome species contains eight diploid

species, including two cultivated species Oryza sativa L.
ssp. japonica and Oryza glamberrima Steud. [20]. In
general, O. sativa is grown in China and other Asia-
Pacific regions, and has two subspecies, O. sativa Japonica
and O. sativa L. ssp. indica [23]. By comparison, O. sativa
Japonica is an important model species of monocot plants
and cereals [24]. Oryza rufipogon Griff. and Oryza nivara
are widely recognized as the direct ancestors of Asian
cultivated rice (O. sativa) [21, 25–30]. In particular, O.
rufipogon is perennial, photoperiod sensitive, largely
cross-fertilized and widely distributed from the South-
ern China, South and Southeast Asia to Papua New
Guinea and Northern Australia. It grows perennially in
areas around water such as swamps and lakes [31]. In
contrast, as a wild rice from India, O. nivara is an an-
nual, photoperiod insensitive and predominantly self-
fertilized species. This species is restricted to South,
and mainland Southeast, Asia in the diverse areas such
as swampy lands, edges of ponds and tanks, beside
streams, ditches, in or around rice fields [32, 33]. O.
glaberrima, a West African species of cultivated rice,
was independently domesticated about 3000 years ago
in the Niger River Delta. It has significant resistance to
many pests and diseases and tolerance to drought and
poor soils, but lacks many of important agronomic
traits compared with Asian rice [34]. Furthermore,
Oryza longistaminata and Oryza barthii are the pro-
genitors of O. glaberrima [35]. O. barthii is normally
found in mopane, savanna woodland, savanna and
fadama, and prefers to grow in clay or black cotton
soils [24]. Oryza glumaepatula and Oryza meridionalis
are the AA-genome diploid wild rice found in Latin
America and Australia, respectively. O. glumaepatula
grows in deep and sometimes flowing water, whereas O.
meridionalis is found at edges of freshwater lagoons, tem-
porary pools, and swamps in 15–20 cm of water [24].
In this study, we used these closely related rice species

to map the TE distributions in their genomes. We found
that TEs are depleted from genomic regions that are
associated with genes in cultivated rice species. In
addition, common genes and gene families are associated
with, or devoid of, TEs in the cultivated species, suggest-
ing that domestication has affected TE distribution
similarly in these species despite a relatively distant
evolutionary history.

Results
Evolutionary relationships of eight rice AA genomes
To confirm the evolutionary relationship between the
eight rice species, we performed phylogenomic analyses
of 1937 orthologous and single-copy genes of at least
300 aa from the eight fully sequenced Oryza genomes,
using O. meridionalis as out-group (Fig. 1a and
Additional file 1: Table S1). Gene-based phylogenetic re-
lationships clearly supported global genome divergences
of the species. The general nucleotide substitution rate
has been estimated to 6.5 × 10−9 substitutions per site per
year [36], which we used to date the speciation events. We
found the major extant AA lineages to be within 4.8
million years (Fig. 1a), in agreement with other analyses of
sequence divergence times for rice [36].

TEs are larger and occupy more genomic space in
cultivated rice as compared to wild relatives
Cultivated rice cultivars have larger genome sequences,
and typically have more genes and transcripts, as com-
pared to their closest wild relatives [37–41] (Table 1). To
investigate whether the number and sizes of TEs vary
among these species we employed a homology-based
search of a TE library as query sequences. More specific-
ally, we used RepeatMasker to perform de novo hom-
ology search for TEs of the rice genomes (Repbase
20140131 [42], with parameter: -e rmblast -gff –species
rice -nolow -norna -xsmall). We refer to the obtained
segments as TEs, but it is noteworthy that many of them
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Fig. 4 TEs are preferentially located to intronic gene regions. a Expressed genes with or without TEs. b Numbers of TEs in expressed or not
expressed genes based on RNA-seq transcriptomic data
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“flower development” and “cell death” (Additional file 8:
Table S7). Likewise, the wild rice species displayed their
own set of GO terms affected by TEs, including the GO
terms “response to biotic stimuli” and “kinase activity”.
We next assessed whether genes, and upstream and
downstream gene regions, that are devoid of TEs also
showed similar GOs among the cultivated vs. wild rice
species, respectively. Indeed, also here we found that the
cultivated rice species had common GO terms signifi-
cantly enriched, including the terms “plastids” and
“thylakoids” (Additional file 8: Table S7). Likewise, the
wild rice species also had similar GO terms enriched
among themselves for the investigated genomic regions,
e.g., “response to endogenous stimulus” and “chromatin
binding”. These data indicate that TEs have become
enriched (or devoid) in genes of certain functions de-
pending on domestication.
We next assessed whether the genes in the enriched

GO terms are close homologs, i.e., if the genes included
in a certain GO term are closely related genes for the
cultivated rice vs their wild relatives. Surprisingly, we
found that many of the genes associated with any given
enriched GO term represented close homologs across
the cultivated rice species. For example, TEs were absent
in the last exon region of closely related genes in
cultivated rice, but present in wild rice, of the GO term
GO:0016301 (kinase activity; Fig. 5). Two such examples
are illustrated in Fig. 5, in which gene coding regions
(exon) of close gene homologs in wild rice (O. rufipogon,
O. nivara and O. barthii) contained TEs (class I TEs in
Fig. 5a; class II TEs in Fig. 5b), whereas the closest ho-
mologs in the cultivated rice species (O. sativa Japonica,
O. sativa Indica and O. glaberrima) did not. Since the
wild rice species have a pairwise evolutionary relationship
with the cultivated species, i.e., the O. sativa Japonica is
more closely related to O. rufipogon than to O. sativa
Indica (Fig. 1), these data suggest either a similar change
in the coding regions of genes in the cultivated rice
species (as exemplified in Fig. 5), or an independent loss
or gain of the TEs in the cultivated and wild rice species,
respectively. Notably, the gene structures are supported by
RNA-seq data (Additional file 9: Figure S2). Nevertheless,
the domestication appears to have led to convergent evo-
lution of coding regions of genes, and/or TE content and
positions in rice species.

TEs may affect gene functions that are central to growth
and traits differently in cultivated vs wild rice species
Emergence, extinction and alterations of genes within
closely related organisms can lead to species adaptation



Fig. 5 Pair-wise comparisons of gene structure and TE locations of two examples within GO:0016301. a LOC_Os07g48290 gene. b LOC_Os02g45750 gene
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and lineage evolution [43]. To assess whether the TEs
may contribute to important traits in cultivated rice, we
first assigned O. sativa Japonica, O. sativa Indica, O.
nivara, O. rufipogon, O. glaberrima, O. barthii, O. glu-
maepatula and O. meridionalis protein sequences to
OrthoMCL families, and identified 31,860 orthologous
gene families (except singletons) comprising 393683
genes. We compared the Asian (i.e., O. sativa Japonica
and Indica) and African (O. glaberrima) cultivated
rice to their closest ancestor wild rice, and analyzed
the location of TEs in gene families associated with
important traits in peer-reviewed publications. We
found that both regulatory proteins (e.g., PF01486-
MADS-box family, and PF00646-F-box protein) and
metabolic proteins (e.g., PF0832-GT5, PF03254-
xyloglucan fucosyltransferase, PF04616-GH43, etc.)
had much reduced numbers of TEs in their gene
coding regions in cultivated rice species as compared
to their wild relatives (Table 2). The corresponding
proteins may partake in starch (PF08323), cell wall
hemicellulose (PF03254) synthesis, storage (PF01734)
and seed imbibition (PF05691) processes, or be in-
volved in chloroplast carboxylation (PF00194) and
sugar transport (PF03083). Other protein families
were associated with biotic or abiotic stress tolerance
(PF00743) or signalling pathways (PF00141). In sum-
mary, protein families that are important for rice
development and growth are affected by TEs differently in
cultivated and wild rice species.
To illustrate how the TEs might affect specific genes

that have been shown to directly affect important rice
traits, we inspected several gene regions related to grain
development. The rice cell-wall invertase (CWI) gene
GIF1 (GRAIN INCOMPLETE FILLING 1) controls
grain-filling, yield [44] and seed size [45] in rice, and do-
mestication might have changed its promoter region that
affected GIF1 expression [46]. We found that both the
gene coding region and the promoter (2 kb upstream)
contained TEs in the cultivated and the wild rice species
(Fig. 6). Notably, sequence alignment and annotation of
the orthologous genomic regions for the eight rice spe-
cies revealed conserved gene colinearity and structure in
the GIF1 region, but the TE content and positions
clearly differed (Fig. 6). This includes many Class II TEs
that were present in the promoter regions of the GIF1 in
the wild rice relatives. These TEs might therefore affect
either alternative splicing or changes in expression of
the GIF1 locus, which may contribute to the grain-filling
capacity in the rice species.
Another gene that is important for seed development

in rice is the BH4 (Black Hull4) [47], which encodes an
amino acid transporter. This gene is key to explain the
transition from the black-colored seed hull of the ances-
tral wild rice to the straw-white seed hull of cultivated
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