nature communications

Article https://doi.org/10.1038/s41467-024-47428-9

Phylogenomic profiles of whole-genome
duplications in Poaceae and landscape of
differential duplicate retention and losses
among major Poaceae lineages

Taikui Zhang ® "2, Weichen Huang’, Lin Zhang®*, De-Zhu Li®3, Ji Qi®2/ | &
Hong Ma®'

Received: 13 July 2023

Accepted: 2 April 2024

Published online: 17 April 2024

Poaceae members shared a whole-genome duplication called rho. However,
little is known about the evolutionary pattern of the rho-derived duplicates
among Poaceae lineages and implications in adaptive evolution. Here we
present phylogenomic/phylotranscriptomic analyses of 363 grasses covering
all 12 subfamilies and report nine previously unknown whole-genome dupli-
cations. Furthermore, duplications from a single whole-genome duplication
were mapped to multiple nodes on the species phylogeny; a whole-genome
duplication was likely shared by woody bamboos with possible gene flow from
herbaceous bamboos; and recent paralogues of a tetraploid Oryza are impli-
cated in tolerance of seawater submergence. Moreover, rho duplicates
showing differential retention among subfamilies include those with functions
in environmental adaptations or morphogenesis, including ACOT for aquatic
environments (Oryzoideae), CK2 for cold responses (Pooideae), SPIRALI for
rapid cell elongation (Bambusoideae), and PA/I for drought/cold responses
(Panicoideae). This study presents a Poaceae whole-genome duplication pro-
file with evidence for multiple evolutionary mechanisms that contribute to
gene retention and losses.

M Check for updates

Whole-genome duplication (WGD) events are identified as an evolu-
tionary feature in many plants through genomic, phylogenomic, and
phylotranscriptomic studies, especially in large angiosperm families
(e.g., Asteraceae and Fabaceae) and larger clades (e.g., Myrtales and
Asterids), and even across all angiosperm'®. After WGDs, numerous
retained gene duplicates provide raw genetic materials for evolu-
tionary novelty, including diverse morphologies and adaptative
changes that support great species richness™’. In particular, analyses of
synonymous substitution rate (Ks) values of gene duplicates placed 61

angiosperm WGDs on branches with increased diversification rates,
suggesting the importance of WGDs in diversification®. Specifically,
one of the duplicates from a WGD shared by Cucurbitaceae has been
directly linked to the innovation of tendril formation’, which is
responsible for the climbing capacity of cucurbits. Furthermore, phy-
logenomic analyses of 25 angiosperm genomes support 14 WGDs at
major phylogenetic nodes during geological periods with drastic
environmental changes™. The retained duplicates are enriched for
genes encoding transcriptional factor and components of regulatory
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networks related to stress response with possible roles in adaptation.
Collectively, WGDs have directly resulted in variations of gene con-
tents and are of great evolutionary importance in angiosperms. How-
ever, differential retention and loss of duplicates in separate lineages
that share the same WGD(s) are much less explored.

Poaceae are the fifth-largest family (-12,000 species in 12 sub-
families) and the core Poaceae comprise two clades named PACMAD
and BOP"", The PACMAD clade includes subfamilies Panicoideae,
Chloridoideae, Danthonioideae, Arundinoideae, Micrairoideae, and
Aristidoideae. The BOP clade consists of subfamilies Pooideae, Ory-
zoideae, and Bambusoideae. Poaceae include numerous economically
important species in Panicoideae (maize and sorghum; the second
largest subfamily), Chloridoideae (teff), Pooideae (wheat and barley;
the largest), Oryzoideae (rice), and Bambusoideae (bamboos, the third
largest) (e.g., refs. 11-13). Grasses have diverse morphologies; for
instance, most bamboos are woody, in contrast to herbaceous for
most grasses™. Also rice and other Oryzoideae members grow in fresh
and salt-water aquatic environments rather than in dry ecosystems for
most other grasses. In addition, wheat and most other Pooideae
members are adapted to cold and cool environments at high latitudes
and altitudes, but grasses with C4 photosynthesis in Panicoideae and
Cloridoideae are distributed in areas with hot and dry environments'.
Specifically, ~-40% of the earth’s land surface are grasslands and bam-
boo forests, and ~60% of C4 plant species are grasses'>”. The great
Poaceae diversity provides an excellent system to investigate the
possible evolutionary impact of WGDs and differential duplicate
retention and loss among different subfamilies.

WGDs can be strongly supported by chromosomal collinearity
(synteny); however, ancient WGDs might lack clear syntenic signals
due to gene loss and possible genome rearrangements, especially
following more recent WGD(s)*. Complementary to syntenic analyses,
evidence for WGDs can also be obtained from multiple gene duplica-
tions (GDs) or GD clusters mapped to specific nodes in a species
phylogeny by comparing gene phylogenies with species-tree and by
molecular dating estimates of paralogous gene pairs relative to those
of orthologs from investigated taxa; such evidence can be retrieved
from one genome for different WGDs"*. Thus, clusters of syntenic
paralogues from a large fraction of the genome are considered as
strong evidence for WGDs with phylogenetic placements or age
estimates.

In Poaceae, synteny studies and molecular dating indicated that
Poaceae members share three ancient polyploidizations, including
the tau WGD shared by most monocots, the sigma triplication shared
by the order Poales, and the Poaceae-specific rho WGD*™”. Also, rho
has been supported by chromosomal collinearity in members of
early-divergent grass subfamilies (Anomochlooideae and Phar-
oideae) and the core Poaceae'®”. Several subsequent WGDs in five
subfamilies (Bambusoideae, Pooideae, Panicoideae, Chloridoideae,
and Oryzoideae) are supported by genomic or phylogenomic ana-
lyses (e.g., refs. 20-26). However, it is not known whether five other
subfamilies (Aristidoideae, Micrairoideae, Arundinoideae, Dantho-
nioideae, and Puelioideae) or subclades of large subfamilies without
sequenced genomes have lineage-specific WGDs. Moreover, woody
bamboos are polyploids and were proposed to have resulted from
hybridizations among four hypothesized diploid ancestors (sub-
genomes) with one of the subgenomes shared by extant woody
bamboos®; but the early bamboo genome evolutionary history is still
unclear. Additionally, rice and other Oryza species collectively have
11 reported genome types (six diploids and five allotetraploids)®.
Domestic and wild Oryza species have adapted to different aquatic
environments™. Specifically, available sequenced Oryza genomes for
several diploids and an allotetraploid®®*~** provide an opportunity to
investigate the origins of the allotetraploid and possible contribu-
tions of subgenomes to the adaptations to high salt and submerged
aquatic environments.

Following WGDs, chromosomal rearrangements and gene loss
(fractionation) can result in a diverse landscape of gene copy number
variations across gene families and species®*, in part due to lineage-
specific gene retention and losses. This idea is supported by the
detection of GD clusters at successive nodes on species trees in phy-
logenomic studies"**®. For instance, two GD clusters were detected at
successive nodes on the Ericales phylogeny and shared by most
families, and chromosomal collinearity supports a WGD event corre-
sponding to the deeper of the two nodes'. Furthermore, differential
loss of duplicates from WGD among subclades can lead to reproduc-
tive isolation and contribute to speciation’. Comparison of gene
contents of three yeast species that shared a WGD revealed >200
genes that experienced differential losses resulting in a single copy in
each species, with >180 other genes showing different patterns of
retention/loss, leading to 4-7% of single-copy genes between any two
species being paralogs rather than orthologs®®. Moreover, retained
duplicates from WGDs can experience different forms of functional
differentiation, including neofunctionalization and subfunctionaliza-
tion, often under differential selection®®, Systematic and compre-
hensive integration of genome syntenic information and
phylogenomic results of genes from multiple species can provide
insights into genome evolution; however, such analysis has been lim-
ited, in part due to the scarcity of plant groups with (1) multiple
sequenced genomes, (2) many large gene sequence datasets (such as
transcriptomic datasets), and (3) large-scale species phylogenies.

Previously rho was linked to an up-shift of diversification rate in
early Poaceae®, suggesting a contribution of rho to grass species
diversification. In addition, 411 rho-derived GDs were mapped to the
most recent common ancestor (MRCA) of Anomochlooideae and the
core Poaceae, and 123 rho-derived GDs were mapped to the core
Poaceae®. Differences in lineage-specific retention from rho were
observed in several gene families (e.g., MADS-box) from comparisons
of as many as seven genomes in six or fewer grass subfamilies'®".
Specifically, phylogenetic analyses of indeterminate spikeletl homo-
logues placed a GD at the origin of Poaceae and two Anomochlooideae
copies as successive sisters to the gene clade of core Poaceae homo-
logues, suggesting that this gene might have affected floral pheno-
types differently between Anomochlooideae and the core Poaceae”. In
addition, some rho-derived duplicates were shown to have different
functions in grass development and stress response. For example, the
rice rho-derived paralogs MADS50 and MADSSI act upstream of the
Early heading datel gene to regulate flowering transition, but are dif-
ferentially regulated by histone methylation®**°. Furthermore, one
copy (LOC 0s01g66100) of the rice SDI genes (but not the other) is
involved in gibberellin biosynthesis and promotes internode elonga-
tion in plants grown in deep-water, supporting neofunctionalization
responsible for adaptation to periodic flooding*. However, genome-
wide analyses of the number and potential functional differentiation of
rho-derived gene duplicates have not been conducted to detect
retention and loss patterns in different subfamilies, largely because
genome sequences for several Poaceae subfamilies were not available
until very recently.

We used nuclear genes from genomic/transcriptomic datasets of
>360 grasses to reconstruct a Poaceae phylogeny with well-resolved
phylogenetic relationships among subfamilies and tribes” (Supple-
mentary Fig. 1). This Poaceae nuclear phylogeny and the >360 geno-
mic/transcriptomic datasets provide an excellent opportunity to
investigate WGDs in multiple subfamilies, to identify potential WGDs
across Poaceae, to investigate relationships between GD clusters at
successive nodes and WGDs, to detect evidence for potential hybri-
dizations, and to explore lineage-specific retention of rho-derived
gene pairs and those from other WGDs in grasses. Here our phyloge-
nomic analyses generate a landscape of WGDs across Poaceae and
other Poales lineages, providing phylogenetic placements of WGDs
previously supported by analyses of a few species and reporting
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previously unknown WGDs. We further present an investigation of GDs
supported by syntenic regions from rho or other WGDs within specific
subfamilies (Bambusoideae and Oryzoideae) and report their asso-
ciation with two or more phylogenetically placed GD clusters, with
insights on the evolution of gene duplicates. Finally, we examined the
genome evolution during the Poaceae history, focusing on the pat-
terns of differential retention and losses of rho-derived gene dupli-
cates among representatives of major subfamilies, with implications
for lineage-dependent functional diversification and adaptive diver-
gences of grasses. Our results support lineage-specific WGDs, differ-
ential sequence evolution by gene conversion, and specific duplicate
retention and/or loss as likely mechanisms for the differential impact
of WGDs on Poaceae gene function and species diversification.

Results
WGD:s identified in Poaceae and other Poales lineages
Among the published 349 datasets (342 transcriptomes and seven
genome-skimming datasets) generated for our previous grass phylo-
genomic/phylotranscriptomic studies™”, we selected 319 datasets
(315 transcriptomes and four genome-skimming datasets) for our
analyses here (Supplementary Data 1). WGD analyses included the use
of gene- and species-tree reconciliation using Tree2GD and Ks analyses
(see species-tree in Supplementary Figs. 1, 2, and more details in
methods), taking advantage of the recently established Poaceae/
Poales phylogenies”. Additional datasets for 53 Poaceae, 17 for other
Poales, and 10 for other orders were retrieved from public databases
(see taxon and transcript assembly information in Supplementary
Data 1, 2, respectively). We identified GD clusters (Supplementary
Figs. 3-16; see methods) that support 22 proposed WGD events (#1-22;
Fig. 1). For the WGDs supported by gene duplicates from sequenced
Poaceae genomes, we further estimated the number of GDs with
detected duplicates in syntenic blocks. The 22 proposed WGDs were
assigned into three types, including nine previously unknown WGDs
(#6, 10, 13, 15, 16, and 19-22), four reported WGDs with different
phylogenetic positions here (#4, 5, 7, and 8), and nine WGDs (#1-3, 9,
11, 12, 14, 17, and 18) consistent with previous reports>>17264243,
Previously unknown WGDs and others are placed onto a species-
tree and described here. The nine previously unknown WGDs in Poa-
ceae here include six genus-specific WGDs (#6, 10, 13, 16, 21, and 22) in
five subfamilies: Puelioideae | (#6 Puelia, Supplementary Fig. 4),
Pooideae (#10 Avena, Supplementary Fig. 8), Panicoideae (#13
Ischaemum, Supplementary Fig. 13), Danthonioideae (#16 Danthonia,
Supplementary Fig. 4), and Chloridoideae (#21 Eleusine, Supplemen-
tary Fig. 14; #22 Perotis, Supplementary Fig. 16). The WGD (#10) shared
by A. sativa (2n=6x=42) and A. barbata (2n=4x=28) is associated
with the polyploid evolution of Avena species, which comprise
diploids, tetraploids, and hexaploids*'. In addition, three WGDs (#15,
19, and 20) are each shared by two genera, one in Panicoideae (#15
shared by Andropogon and Schizachyrium, Supplementary Fig. 13) and
two in Chloridoideae: at the MRCA of Tridens brasiliensis and Pappo-
phorum vaginatum (#20; Supplementary Fig. 15) and the MRCA of
Tridentopsis mutica and Gouinia latifolia (#19; Supplementary Fig. 16).
Furthermore, four previously proposed WGDs>*** are supported by
the analyses here, which placed them at different phylogenetic posi-
tions using data from additional related species (#4, 5, 7, and 8; Fig. 1).
In the Poales family Typhaceae, a Typha WGD (#4; Supplementary
Fig. 3) is shared by T. orientalis, T. latifolia and T. angustifolia, con-
sistent with a previously identified WGD shared by T. latifolia and T.
angustifolia (referred to as TYPHa?). Our results also placed a WGD at
the MRCA of Cyperaceae and Juncaceae (#5; Supplementary Fig. 3),
which seems the same as the JUIN« in juncus, the LEGlx in Lepidos-
perma gibsonii and the CYPAa in Cyperus®. In Oryzeae, the WGD
detected in the Zizania latifolia genome® was placed at the MRCA of Z.
latifolia and Rhynchoryza subulata (#7; Supplementary Fig. 6). In
Bambusoideae, the WGD supported in Phyllostachys edulis genome* is

placed at the MRCA of woody bamboos (#8; Fig. 1; see below for more
results on this WGD). Finally, nine WGDs detected here are consistent
with those supported by previous studies>**?***>43454¢ “including tau
shared by the core monocots after the divergence of Alismatales (#1;
Supplementary Fig. 3), sigma in Poales (#2; Supplementary Fig. 3), rho
(#3; Supplementary Figs. 3, 4), and six other WGDs (#9, 11, 12, 14, 17,
and 18; Supplementary Figs. 8, 9, 11, 13, 16, 14).

The above WGDs were also supported by evidence from Ks peaks.
The Ks among paralogues has been widely used as a correlate of
relative time for the divergence of paralogues; when Ks values form a
peak in a distribution, the corresponding GDs are considered to be in a
cluster near a specific time and used as support for WGDs"* For
example, the OneKP study has used the detection of Ks peaks among
paralogues from separate analyses of sequences of 99 single species as
support for 99 WGDs in plants®. Thus Ks was analyzed for paralogues
identified here (see methods), and Ks peaks shared by multiple species
were observed, providing additional support for WGDs from the
Tree2GD analyses (Supplementary Figs. 17-23 and Supplementary
Data 3). In particular, the Ks peak of paralogues from a proposed WGD
in a focal species is expected to have a higher value than that of
orthologues between the focal species and its closely related species
that also shares the WGD, and lower than that of orthologues between
the focal species and an outgroup species, which diverged before the
WGD event. For example, the previously unknown WGD for Ischaemum
(WGD#13; Supplementary Fig. 21 and Supplementary Data 3) is sup-
ported by the Ks peak value of 0.1144 for paralogues mapped at the
MRCA of two Ischaemum species; this Ks value is higher than the Ks
peak value (0.0599) of orthologues between the two Ischaemum spe-
cies, but lower than the Ks peak value (0.1184) between /. aristatum and
the outgroup Eulaliopsis binata. The Ischaemum WGD and other pre-
viously unknown WGDs here provide a resource for analyses of gen-
ome evolution in grasses and can be strengthened by future analyses
using greater taxon sampling and genome sequencing,.

Due to differential evolutionary rates, variation in Ks peak values
of duplicates in different taxon lineages from the same WGD has been
observed in several dating analyses of WGDs'; for instance, different
Ks values of the rho-derived duplicates were reported in different
grasses*'**®, To further estimate the difference for rho, we surveyed
the evolutionary rate (estimated by branch length) between species
and the Ks value of retained paralogs from each species. Our results
indicate that Ks values are positively correlated with the total branch
length from the Poaceae MRCA to tips (Coefficient: 0.89, p value =
1.21e-08) (Supplementary Fig. 24). Hence, WGD dating can be affected
by the different evolutionary rates of species, including the acceler-
ated (e.g., Panicoideae species) or reduced (e.g., Bambusoideae spe-
cies) mutation rates. Thus a higher Ks peak value in a rapidly evolving
lineage after a WGD compared to the Ks peak value of an outgroup that
diverged before the WGD could incorrectly place a WGD at an earlier
node. When paralogues with differential evolutionary rates are inclu-
ded in phylogenomic analyses, GDs from small-scale duplications
(SSDs, such as tandem duplications) could also be detected as “clus-
ters” and treated as evidence for WGDs". The MAPS method was
developed to detect the effect of variations in branch lengths on GD
signals*® and was used here to analyze gene duplicates of sequenced
grass genomes with WGD signals. The results indicated that the rho
and tau events were supported (p value <0.001; Supplementary Fig. 25)
by MAPS analyses. Nevertheless, candidate WGDs identified by using
Ks analysis should be further tested and strengthened using phyloge-
nomic and syntenic approaches.

Our phylogenomic analyses also detected eight other GD clusters
(#23-30, Supplementary Figs. 6, 7,12, 13), in addition to the above WGD
events (#1-22; Fig.1). These GD clusters are each shared by species with
sequenced genomes but lack sufficient synteny support; they might
correspond to ancient SSD events in the MRCA of the affected clades.
For example, a GD cluster (#23, Supplementary Fig. 12) was detected at
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the MRCA of two Panicoideae supertribes, Andropogonodae (with
Sorghum bicolor and Zea mays) and Panicodae (with Cenchrus, Pani-
cum, and Setaria). However, examinations of genomes of members of
Andropogonodae and Panicodae did not detect syntenic support for

GDs in this cluster. Instead, many of the paralogues supporting GD
cluster #23 matched tandem repeats (Supplementary Fig. 12), includ-
ing 189 of 473 GDs in Sorghum bicolor and 59 of 279 GDs in Zea mays;
similarly, 103 of 236 GDs in Cenchrus americanus and 185 of 433 GDs in
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Fig. 1| Identification of WGD events in Poaceae and other Poales families. A
simplified Poaceae/Poales phylogeny (from the detailed tree in Supplementary
Fig. 1) is shown with branch length representing the median estimated time (see
Supplementary Fig. 2) from divergence to the present. Red lines in the tree
represent Poaceae tribes, with the tribe names to the right of the terminal branches,
and subfamily names further right. Other Poales families are shown as green
branches and names. Other monocot orders are shown in pink. Horizontal blue bars
at each node indicate the 95% credible interval of divergence time in millions of
years. For major groups (indicated by dotted arrows), the numbers below the
names and numbers within round brackets indicate the median value and the 95%
confidence interval of divergence time millions of years ago, respectively. Strati-
graphic periods of Triassic (Tr), Jurassic (J), Cretaceous (K), Paleogene (Pg), Neo-
gene (Ng), and Quaternary (Q) are illustrated by colored boxes below the tree. WGD
events are placed on branches with approximate divergence times and marked by
numbered triangles, squares, or rhombuses in five different colors (See

Supplementary Figs. 3-16 for detailed positions of WGDs; See Supplementary
Figs. 17-23 and Supplementary Data 3 for detailed dating of WGDs). Green trian-
gles, previously unknown WGDs. Pink rhombuses, WGDs that have different phy-
logenetic positions here with support from syntenic, phylogenomic, and Ks
evidence. Orange rhombuses, WGDs that have different phylogenetic positions
here with support from phylogenomic and Ks evidence. Red squares, WGDs with
support from syntenic, phylogenomic and Ks evidence here and consistent with
previous reports. Blue squares, WGDs with support from phylogenomic and Ks
evidence here and consistent with previous reports. The red curve in the graph
below the stratigraphic boxes illustrates the changes in oxygen isotope records of
8180 (%o) (the left Y-axis), reflecting the temperature changes as indicated by the
right Y-axis. Left and right vertical yellow bars, respectively, indicates the J-K and Pg-
Ng boundary with a 10 million years flanking period on either side. Source data are
provided in a Source Data file.

Setaria italica correspond to tandem duplicates. It is possible that gene
duplicates from ancient SSD events, including tandem duplications,
have promoted the extensive divergence in Andropogonodae and
Panicodae, which together account for ~-96% of the Panicoideae spe-
cies diversity". Further support for this idea is provided by the
detection of other GD clusters with ancient tandem duplications within
this large clade: at Panicodae (#24, Supplementary Fig. 12), at the
MRCA of most Andropogoneae subtribes (#25, Supplementary Fig. 13),
and at Andropogonodae (#26, Supplementary Fig. 13). Other GD
clusters were also found at the MRCA of Poeae and Meliceae tribes
(#27, Supplementary Fig. 7), at Pooideae (#28, Supplementary Fig. 7),
at Oryzinae, and at Oryzeae (#29, #30, Supplementary Fig. 6).

Syntenic analyses of successive GD bursts after rho and evidence
for gene conversion
Our above phylogenomic analyses detected 1,633 GDs mapped at
Poaceae, corresponding to the rho event (#3; Fig. 1). Along the back-
bone of Poaceae (Fig. 2a), three other GD bursts were successively
observed at the MRCA of Pharoideae and other grasses (151 GDs, C3),
the MRCA of Puelioideae Il and others (409 GDs, C2), and the MRCA of
the core Poaceae (936 GDs, Cl1). Similar duplication patterns are also
observed in the MAPS results (Supplementary Fig. 25). These GDs
might be related to differential retention and loss from earlier dupli-
cation event(s), such as rho, or due to SSDs (as described above); to
test these possibilities, we examined the paralogues that correspond
to these GDs in representative sequenced genomes for their presence
in syntenic blocks (Fig. 2b, c). For the detected GDs at the MRCA of two
lineages (A and B), we classified the gene tree topologies into three
types: (AB)(AB), (AB)A, and (AB)B. Here the (AB)(AB) type means that
both paralogues were retained in both lineages A and B, and multiple
GDs of this type are considered evidence of WGD. On the other hand,
the (AB)A and (AB)B retention types would represent the loss of one
paralogue in the B or A lineages, respectively.

For the 1633 GDs mapped at the MRCA of Poaceae, 744, 546, and
343 GDs belong to, respectively, the (AB)(AB), (AB)A, and (AB)B types
(Supplementary Fig. 26a), where the A lineage is the clade from Phar-
oideae to the core Poaceae, with the B lineage being Anomo-
chlooideae. Furthermore, we examined the GDs-derived paralogues
for their positions in syntenic blocks in sequenced grass genomes and
found syntenic paralogs in at least one species for 605 of the 744 (AB)
(AB)-type GDs, showing evidence for the rho event (Supplementary
Fig. 26a). Furthermore, 487 of the 546 (AB)A-type GDs and 72 of the
343 (AB)B-type GDs matched paralogues in syntenic blocks (Supple-
mentary Fig. 26a); it is worth noting that 454 of the 487 syntenic GDs
and 33 of the 72 syntenic GDs are in the collinear genomic blocks
(Supplementary Fig. 26b) that also have some GDs of the (AB)(AB) type
(portion of the 744 GDs). These results indicated the many GDs of the
(AB)(AB), (AB)A, and (AB)B types are from the same event (rho)
(Supplementary Fig. 26b). For example, phylogenetic trees of the two

rice gene pairs anchored in a syntenic block from rho indicate that one
pair (LOC Os12g42570, LOC 0s03g44670) corresponds to a GD at the
MRCA of Poaceae of the (AB)(AB) type (Supplementary Fig. 26c, d) and
the other pair (LOC Os12g42260, LOC 0s03g44310) matches a GD at
the MRCA of Poaceae with the (AB)A retention type (Supplementary
Fig. 26e), suggesting the pair of rice genes retained in (AB)A type likely
correspond to a gene loss event in the B lineage (Anomochlooideae)
after rho.

Furthermore, to assess the three GD bursts that were placed at
successive nodes shared by multiple Poaceae subfamilies (C1-C3,
Fig. 2a, and Supplementary Figs. 3, 27-29), we also classified GD
retention types in gene trees. Our results revealed that, for the 936 GDs
in Cl, 699, 106, and 131 GDs, respectively, were the (AB)(AB), (AB)A,
and (AB)B types (Supplementary Fig. 27a). To further investigate
whether the three types of GDs in the cluster C1 were from a single
WGD event, we analyzed the paralogues corresponding to these GDs in
sequenced grass genomes and found that 280 of the 936 GDs include
syntenic genes in one or more species, including 231 (AB)(AB)-type
GDs (Supplementary Fig. 27a). Among the 231 GDs, 91 are anchored in
the syntenic blocks that also contain genes of the (AB)A or (AB)B types.
In addition, 190 GDs (C1) at the MRCA of core Poaceae were mapped to
syntenic blocks that also contain genes corresponding to the GDs
mapped at the MRCA of Poaceae (rho) (Supplementary Fig. 27a). For
example, the rice paralogues of LOC 0s03g43880 and LOC 0s12g41720
(see synteny in Supplementary Fig. 26¢ and gene tree in Supplemen-
tary Fig. 27b) are mapped at the core Poaceae; the same syntenic block
also has gene pairs mapped to the MRCA of Poaceae (Supplementary
Fig. 26¢c). The observation that the same syntenic blocks contain
paralogues of both GDs mapped to the MRCA of Poaceae and those of
core Poaceae support the idea that these GDs corresponded to the
same WGD, the rho, event. Among the 190 GDs mapped at the core
Poaceae with syntenic gene pairs and proposed to have been derived
from rho, 147 are supported by the outgroup from Anomochlooideae
and/or Pharoideae (Supplementary Fig. 30a).

In addition, we also examined paralogues of the GD bursts (C2-C3)
mapped at two other inter-subfamilial positions before the MRCA of
core Poaceae for possible syntenic evidence that some of them were
likely from rho (Supplementary Figs. 28, 29). For the C3 cluster with 151
GDs, 123 (81.46%) of GDs were of the (AB)(AB) type and 28 (18.54%)
were of the (AB)A type (Supplementary Fig. 28a). Synteny analyses
showed that 91 GDs with the (AB)(AB) type include syntenic genes and
the syntenic gene pairs for 82 of these 91 GDs are located in the syn-
tenic blocks that also contain genes mapped at the MRCA of Poaceae
(rho) (Supplementary Fig. 28a). The rho-derived anchored pairs in a
synteny block with different phylogenetic positions provide an asso-
ciation of the successive GD clusters with the rho event. Some of the
gene trees lacked the rho-derived paralogues from Anomochlooideae,
suggesting that both gene duplicates were lost in this subfamily,
resulting in the placement of the GDs in cluster C3. An example for
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Fig. 2 | Successive GD clusters in Poaceae and their relationship to rho. a (left)
Number of GDs shared by grasses (pink branches) and other Poales (red branches).
For the rho event and the successive GD clusters (C1-C3) additional information is
shown in Supplementary Figs. 26-29, including the numbers of GDs (and GDs
anchored in genome collinear blocks) detected in individual species with different
retention types; (right) drawings illustrating ten representatives grasses (1-teff,
Eragrostis tef; 2-foxtail millet, Setaria italica; 3-sorghum, Sorghum bicolor; 4-
sugarcane, Saccharum spontaneum; 5-maize, Zea mays; 6-wheat, Triticum aestivum;
7-oat, Avena sativa; 8-bamboo, Phyllostachys edulis; 9-rice, Oryza sativa; and 10-
Puelia ciliata) and pineapple (Ananas comosus; 11; representing Bromeliaceae).

b lllustrations of chromosomal collinearity (synteny) for gene pairs in three grass
representatives (O. sativa, S. bicolor, and P. latifolius). Lines between different
chromosome segments represent syntenic relationships, some of which are linked

Anomochlooideae

by thick and colored lines indicating different phylogenetic positions of the
duplication shared by the genes, as indicated below the blocks. Black lines repre-
sent syntenic genes not mapped to the three positions. Blue and red rectangles
represent protein-coding genes with coding or template strands, respectively.

¢ Number of GDs matched by syntenic genes in Poaceae. The red number above the
branch represents the number of GDs matched by syntenic genes; the blue number
below the branch represents the number of ones in synteny blocks that have some
other gene pairs mapped at Poaceae; specifically, 190 of 280 GDs mapped at the
core Poaceae are in syntenic blocks with gene pairs from rho and might be retained
at the core Poaceae through gene conversions. A proposed model of gene con-
version can be found in Supplementary Fig. 30. Source data are provided in a
Source Data file.
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such differential retention (in Pharoideae and the core Poaceae) and
loss (in Anomochlooideae) is the rice gene pair (LOC 0s12g42310 and
LOC _0s03g44500; Supplementary Figs. 26c, 28b), which corresponds
to a GD mapped at the MRCA of Pharoideae and the core Poaceae and
is placed in a syntenic block with some GDs mapped at Poaceae.
Similarly, the loss of both duplicates in all three basal grass subfamilies
can result in the gene topology of ((core Poaceae, core Poaceae), non-
Poales) (Supplementary Fig. 30a for two GDs).

On the other hand, gene topologies of 35 GDs with putative rho-
derived syntenic genes mapped at the MRCA of Pharoideae and the
core Poaceae are supported by the outgroup from Anomochlooideae
(with possible loss of one Anomochlooideae gene) (Supplementary
Fig. 30b). The observation that anchor genes in the syntenic blocks
linked to rho were mapped to both the MRCA of Poaceae and sub-
sequent backbone nodes of the grass phylogeny suggested that, fol-
lowing the rho event, the sequences of the paralogues of an ingroup
(such as the core Poaceae) became more similar to each other, relative
to sequences of earlier divergent lineage(s) (such as Anomo-
chlooideae). This could be due to gene conversion (also referred to as
nonreciprocal exchange), which copies the sequence of one homo-
logue to replace the sequence of another during meiosis (and, to a
lesser extent, during the mitotic cell cycle) and can lead to equalization
of different gene copies®. Indeed, analyses of diploid and allopoly-
ploid cottons (Gossypium) supported gene conversion between
homologous sequences from past WGD*. In addition, a comparison of
Brassica rapa and B. oleracea sequences supported gene conversion of
368 and 343 syntenic genes, respectively”. In grasses, previous Ks
analyses of rho-derived paralogues and their corresponding ortholo-
gues from five grasses [two rice subspecies, another member of Ory-
zoideae, Brachypodium (Pooideae) and S. bicolor (Panicoideae)] found
evidence for likely gene conversion of 58 paralogous pairs after the
divergence of rice and S. bicolor™. This study lacked the three early-
divergent grass subfamilies, and thus did not describe gene conversion
before the MRCA of core Poaceae. Here the rho-derived syntenic gene
pairs mapped at the core Poaceae with early-divergent Poaceae as their
closest outgroup(s) (Supplementary Fig. 30a) and at the MRCA of
Pharoideae and the core Poaceae with Anomochlooideae as their clo-
sest outgroup (Supplementary Fig. 30b) are placed in syntenic blocks
where some gene pairs matched GDs at Poaceae, providing insights
into gene conversion as part of post-WGD gene evolution (Fig. 2¢c; see
Supplementary Fig. 30c for a model of gene conversion).

A proposed paleo-polyploidization of woody bamboo ancestor
The bamboo subfamily Bambusoideae contain diploid herbaceous
bamboos (HB = the Olyreae tribe; 2n=2x=20-24) and polyploid
woody bamboos (WB), with the Arundinarieae (tetraploid temperate
bamboos; 2n =4x =46-48) and Bambuseae tribes, which include tet-
raploid neotropical (2n=4x=40-48) and hexaploid paleotropical
(2n=6x=70-72) bamboos*. The Arundinarieae tetraploidy was
supported by extensive collinearity in the sequenced Phyllostachys
edulis genome?. In addition, a phylogenetic study*® of three nuclear
genes from 36 bamboo species supported a proposed 5-subgenome
model (A, B, C, D, and E) of WB subgenome types: AABB for Arundi-
narieae, CCDD for the tetraploid Bambuseae and CCDDEE for the
hexaploid Bambuseae. Among the five subgenomes, B and C are rela-
tively close. More recently, a genome-scale comparison of two HBs,
one Arundinarieae species, one tetraploid Bambuseae, and two hex-
aploid Bambuseae provided support for a revised model with rede-
fined A, B, C, and D subgenomes®. The A subgenome is specific to
hexaploid Bambuseae, B is shared by the tetraploid and hexaploid
Bambuseae, C is shared by all WBs, whereas D is specific to
Arundinarieae”. Thus the hexaploid Bambuseae, the tetraploid Bam-
buseae, and Arundinarieae have, respectively, AABBCC, BBCC, and
CCDD genomes. Our above phylogenomic analyses covered five
Olyreae genera, 14 genera of Arundinarieae and 14 genera Bambuseae

and retrieved 6,089 GDs mapped at the MRCA of WBs, supporting a
putative WGD event, namely here as Kappa (#8 in Fig. 1 and Supple-
mentary Fig. 5), providing an opportunity to examine the genome
evolution pattern of WBs and to compare with the previous models.
We investigated Kappa further, as described below.

We performed phylogenomic analysis with multiple species
(Analysis-I) for evidence supporting Kappa. Examination of the topol-
ogy of gene trees with the GDs mapped at the MRCA of WBs revealed
3300 GDs with the (AB)(AB) type, 1515 the (AB)A type, and 1274 the
(AB)B-type (Fig. 3a and Supplementary Fig. 31a). Here, A and B repre-
sent Bambuseae and Arundinarieae, respectively, and these GDs sup-
port kappa. We then examined syntenic pairs in genomes of P. edulis,
Dendrocalamus latiflorus, and Bonia amplexicaulis***, for corre-
spondence to the GDs mapped at the MRCA of WBs (Supplementary
Fig. 31a, b). In particular, among the GDs of the (AB)(AB) type, 91.0% of
GDs in D. latiflorus, 84.5% of GDs in B. amplexicaulis, and 91.8% of GDs
in P. edulis match the syntenic duplicates (Supplementary Fig. 31a),
showing syntenic evidence for the kappa. In addition, for the GDs of
the (AB)A type, syntenic duplicates from D. latiflorus and/or B.
amplexicaulis match 918 GDs, of which 766 GDs corresponded to
duplicates anchored in the synteny blocks that also contain gene pairs
placed at the WB MRCA with the (AB)(AB) type (Fig. 3b and Supple-
mentary Fig. 31a). Similarly, among the GDs of the (AB)B-type, 661 have
syntenic genes from P. edulis and 634 of them are anchored in the
synteny blocks where some genes match (AB)(AB)-type GDs mapped at
the MRCA of WBs (Fig. 3b and Supplementary Fig. 31a). These results
indicate that various duplicated genes in the syntenic blocks derived
from the kappa contribute to different GDs of the (AB)(AB), (AB)A, and
(AB)B types. Together, syntenic genes from the three WB genomes
match 2213 GDs, ~36.3% of the 6,089 GDs, supporting the idea that the
paleo-polyploidization, kappa, had preceded the divergence of the WB
ancestor into Arundinarieae and Bambuseae.

The kappa event was also supported by a phylogenomic analysis
with five sequenced genomes (Analysis-II). Analysis-l above focused on
gene families that are shared by multiple species and hence might have
missed some genes that are present in genome-sequenced species but
not detected from the transcriptome datasets'. To examine the syn-
tenic genes from those genomic blocks that contain gene pairs
matching the kappa event, we analyzed another dataset consisting of
five sequenced genomes (Supplementary Fig. 32a), which represent
each of the Bambusoideae tribes and the other two subfamilies of the
BOP clade. We identified 9,691 gene orthogroups with chromosomal
collinearity and reconciled their gene trees with the species topology,
placing 2430 GDs (BS > 50) with nine topology types (T1 through T9 in
Supplementary Fig. 32b) at the MRCA of WBs (Supplementary
Fig. 32c). In addition, dot-plot of intraspecific chromosomal colli-
nearity revealed that the syntenic blocks containing the gene pairs with
T1 and/or T2 topologies occupy the most blocks (Fig. 3b and Supple-
mentary Fig. 32d). Specifically, in the P. edulis genome, 91 syntenic
blocks have gene pairs with the T1 and/or T2 topologies and a total of
12,268 syntenic gene pairs, which account for 71.5% of all detected
syntenic gene pairs. Similarly, in the D. latiflorus genome, 220 syntenic
blocks contain gene pairs with T1 and/or T2 topologies and a total of
20,580 gene pairs (accounting for 86.8% of 23,722 gene pairs). 1275 of
1288 GDs with the T3-T9 topologies are anchored in the syntenic
blocks where some genes have the T1 and/or T2 topologies (Supple-
mentary Fig. 32¢, d), suggesting that these gene pairs with the T3-T9
topologies were also from kappa. Furthermore, a comparison of the
syntenic paralogs of the T3-T9 topologies with the GDs mapped to the
kappa using Analysis-l detected 206 shared GDs (Supplementary
Fig. 32e). The difference in placements of some gene(s) in T3-T9 might
be due to the small taxon number. Further branch length analyses of
the two largest groups (T3-T4; Supplementary Fig. 32f, g) imply that
some incorrect topologies might be due to relatively high substitution
rates of some paralogues resulting in long-branch attraction (LBA)
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Fig. 3 | Identification of the WGD shared by woody bamboos. a Number of GDs
(red numbers) shared by woody bamboos (WBs) (see also Supplementary Fig. 5).
Number in square brackets represents the number of GDs matched by syntenic
genes. See Supplementary Fig. 31 for the number of GDs (and GDs matched by
syntenic genes) shared by individual species in distinct retention types. #8 in purple
rhombus is as in Fig.1 and named here as Kappa. The branches of Bambuseae and
Arundinarieae, respectively, are labeled with capital letters A and B, for description
of retention type. b Dot-plots illustrating intraspecific collinear blocks (continuous
points) of Phyllostachys edulis (left) and Dendrocalamus latiflorus (right) genomes
ordered by chromosomes. In each dot-plot, red, blue, green, or orange dots in the
top-left part show the GDs mapped at the MRCA of WBs in Supplementary Fig. 5,
and the pink dots in the bottom-right part shows the GDs mapped at the MRCA of
WBs in Supplementary Fig. 32; different colors represent different retention types
as shown below the dot-plots. Gray blocks represent syntenic genes not included in

gene trees due to the lack of sufficient species with the gene or low BS support or
mapped to other positions. ¢ Number of GDs (green numbers) mapped at Bam-
busoideae. The meaning of numbers in square brackets is as in Fig. 3a and also
shown below. The number in round parentheses represents the number of GDs
matched by syntenic genes anchored in the syntenic blocks with some other gene
pairs mapped at the WB MRCA. Capital A, WBs; Capital B, herbaceous bamboos
(HBs). See details of retention type in Supplementary Fig. 33. d A model of woody
bamboo genome evolution. Red star, the Kappa event. Green circle, hybridization
between WB ancestor and HBs. Pink squares, speciation events. Blue star, the WGD
event shared by hexaploids in Bambuseae. The parental lineage of the third sub-
genome of paleotropical bamboos in Bambuseae is proposed to have originated in
parallel to the two parental lineages of WB ancestor (see topologies in Supple-
mentary Fig. 37). Source data are provided in a Source Data file.

artifacts®. In short, our phylogenomic study using the five-genome
dataset placed a large number of syntenic GDs supporting the kappa
event at the MRCA of WBs.

Further support for kappa was detected from Ks analysis (Analy-
sis-1ll). Ks analysis of syntenic genes from the P. edulis genome revealed
a recent peak at 0.186 (Supplementary Fig. 20b), corresponding to a
previously identified paleo-polyploidization event in this genome*. Ks
analyses suggested that this paleo-polyploidization in P. edulis (Arun-
dinarieae) was also shared by B. amplexicaulis (Bambuseae) but not by
L. pauciflora (Olyreae) (Supplementary Fig. 20b). In addition, a com-
parison of 134 syntenic blocks with Ks values of 0.0-0.46 and 111 syn-
tenic blocks containing gene pairs mapped at the MRCA of WBs in
Analysis-I reveals 106 shared blocks, whose syntenic genes account for
97.3% of the gene pairs in the 134 syntenic blocks in Analysis-Ill and
99.1% of gene pairs in the 111 blocks for Analysis-l (Supplementary
Fig. 20b). Therefore, the paleo-polyploidization event supported by
synteny in P. edulis genome is the kappa event. Molecular dating
analysis estimated the kappa event at ~62.05Ma (million years ago),
which was earlier than the divergence time (55.67 Ma) between Arun-
dinarieae and Bambuseae and later than that (69.79 Ma) between
Arundinarieae and Olyreae (Fig. 1 and Supplementary Data 3).

Possible origin of Kappa and the Kappa-derived genes retained
at tribes

Besides the GDs at the MRCA of WBs supporting the kappa event, our
Analysis-l also retrieved 1495 GDs at the MRCA of Bambusoideae
(Fig. 3c and Supplementary Fig. 5). To assess whether the GD cluster is
from a WGD before the Bambusoideae divergence, we classified GDs
into different retention types and identified 83.7% (1252) of GDs with
the topology of [(WB, HB)WB] ((AB)A; Fig. 3¢ and Supplementary
Fig. 33), suggesting that only one copy of the gene pairs was shared by
Bambusoideae. Examination of bamboo gene positions indicates that
406 GDs correspond to the duplicates in the synteny blocks that also
have some genes mapped at the WB MRCA (Fig. 3¢ and Supplementary
Fig. 33). This result suggests that the WB paralogues corresponding to
GDs mapped at Bambusoideae might also be from kappa and that the
WB ancestor might be from a hybridization (or possibly introgressions;
for convenience “hybridization” will be used hereafter) involving HBs
as a parental lineage.

Possible progenitors of Kappa were inferred. The GD cluster
mapped at Bambusoideae could be from kappa but were incorrectly
placed on Bambusoideae, possibly due to LBA artifacts. To test this
possibility, we reconstructed gene trees using the first and second
codon positions, which are less prone to LBA, for 242 (WB, HB)WB-type
GDs with non-bamboo grasses as outgroups in Analysis-1 (Supple-
mentary Fig. 34a, b). The topologies of the re-generated gene trees
placed 175 GDs (BS = 50) at Bambusoideae (Supplementary Fig. 34b),
consistent with the GD burst at Bambusoideae from the above-
mentioned analyses using full-codons. In addition, HB genes have a
significantly longer branch length than WB genes in both trees from

full codons and the 1st+2nd codon positions (Supplementary Fig. 34c),
likely owing to a shorter lifecycle and more mutations of HBs than
WBs**. These results suggest that long-branch attraction could not
fully explain the detected GDs at the MRCA of Bambusoideae.

Therefore, an ancient hybridization between an HB-related line-
age and another diploid parent (possibly extinct) could be the poly-
ploid origin of WBs and provide an explanation for the GDs at
Bambusoideae (Fig. 3d). Thus, some WB genes might be derived from
the (putative) HB-related parent with syntenic support, including
single-copy WB genes. To examine the relationship between the single-
copy WB genes and their HB homologues, we compared two WB
genomes (P. edulis and D. latiflorus) with the herbaceous Olyra latifolia
genome*>*> and detected syntenic blocks as possibly from hybridi-
zation (Supplementary Figs. 35, 36), supporting the idea that single-
copy WB genes were derived from the progenitor related to HB (O.
latifolia). To further investigate the hybridization model (Fig. 3d), we
examined the topologies of gene trees generated in the Analysis-II
(Supplementary Fig. 32) for a duplication mapped at Bambusoideae
and retrieved 631 gene trees (including 296 gene trees with >50% BS;
Supplementary Fig. 37a) that placed HB as sister to a WB clade, con-
sistent with the above hybridization model. Specifically, genes related
to hybridization were enriched in the Brassinosteroid metabolism
(GO:0016131; Supplementary Fig. 38a), such as Brassinosteroid-
dependent 1 (BRDI) gene with roles in shoot internode elongation in
maize and rice’®*, with non-HB-related WB homolog of BRDI in P.
edulis implicated in the rapid growing of WBs (Supplementary
Fig. 38b-d).

GDs mapped to woody bamboo tribes were likely from kappa. The
Analysis-I placed 1688 GDs at Arundinarieae, with 1496, 125, and 67 GDs
being the (AB)(AB), (AB)A, and (AB)B types, respectively (Fig. 4a and
Supplementary Fig. 39), but it was not clear these GDs were from kappa
or another WGD. We identified 853 (AB)(AB)-type GDs corresponding
to gene pairs in P. edulis, including 800 in syntenic pairs (Supple-
mentary Fig. 39a, b). Approximate 97.9% of the syntenic pairs are
anchored in the synteny blocks that also include paralogues matching
the GDs at the MRCA of WBs, implying that these GDs (at Arundinar-
ieae) are also from kappa (see an example in Fig. 4b). Similarly, our
phylogenomic analyses also placed 444 GDs at Bambuseae (Fig. 4c and
Supplementary Fig. 40), with 206 correspond to syntenic genes in B.
amplexicaulis and D. latiflorus; 181 of these 206 GDs are anchored in
the syntenic blocks that also contain duplicates placed at WB ancestor
(Fig. 4c, d and Supplementary Fig. 40a), again suggesting these GDs
retained at Bambuseae were from kappa.

We further investigated the third subgenome of the hexaploid
tropical woody bamboos. According to the previous ABCD genomic
model of WBs, the A subgenome is more similar to the B subgenome
instead of the C subgenome shared by WBs?*, To probe the position
of the third subgenome of hexaploid bamboos using phylogenomic
analyses, we selected among the 9,691 gene trees in Analysis-Il those
with three gene copies from the hexaploid D. latiflorus genome and
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Fig. 4 | GDs mapped at Arundinarieae and Bambuseae and their relationship
to kappa. a Number of GDs mapped at Arundinarieae. See Supplementary Fig. 39
for the number of GDs (and GDs anchored in genome collinear blocks) shared by
different species in Arundinarieae. The meaning of numbers in square brackets and
round parentheses is as in Fig. 3 and, also shown below. Capital A, the MRCA of
Arundinariinae and Hsuehochloinae subtribes; capital B, Ampelocalaminae sub-
tribe. b Illustration of an intraspecific collinear block of Phyllostachys edulis. Lines
between different chromosome fragments represent collinear genes, some of
which are linked by thick and colored lines indicating different phylogenetic
positions of the duplication shared by the genes as shown below the blocks. The
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meaning of red and blue rectangles is the same as that in Fig. 2b. ¢ Number of GDs
mapped at Bambuseae. See Supplementary Fig. 40 for the number of GDs (and GDs
anchored in genome collinear blocks) shared by different species in Bambuseae.
The meaning of numbers in square brackets and round parentheses is as in Fig. 3
and, also shown below. Capital A, the palaeotropical Bambuseae; capital B, the
neotropical Bambuseae. d Illustration of an intraspecific collinear block of Den-
drocalamus latiflorus. The meaning of lines between different chromosomal
fragments is the same as that in part b. The meaning of red and blue rectangles
is the same as that in Fig. 2b. Source data are provided in a Source Data file.

two genes from P. edulis. Among 1271 gene trees with the MRCA of
three D. latiflorus genes (BS > 50) being WBs (Supplementary Fig. 37b),
440 (T1, Supplementary Fig. 37b) have two WB copies (each from both
P. edulis and D. latiflorus), with the third copy of D. latiflorus genes
sister to the combined clade with both WB copies, providing evidence
for the possible origin of the third hexaploid subgenome being a
diploid related to the WB ancestor (Fig. 3d).

Ancient hybridization contributing to the diverse adaptation of
a tetraploid wild rice

Oryzoideae species usually grow in wetlands, rivers, seasides, and
forests'**°. Among Oryzoideae genera, Oryza includes two domes-
ticated rice species O. sativa and O. glaberrima, and has several
sequenced genomes, with six diploids (A, B, C, E, F, G; 2n =2x =24) and

five allotetraploids (2n=4x=48)”. For example, Oryza coarctata is a
recently sequenced tetrapolyploid wild rice*® (KL genome and for-
merly HK genome®-?); it is a halophytic (salt-tolerant) plant distributed
in coastal regions and can be submerged under seawater repeatedly®’.
Oryza barthii (A-genome), O. punctata (B genome), O. officinalis (C
genome), and O. australiensis (E genome) are exposed to seasonally
dry environments, whereas O. brachyantha (F-genome) usually grows
in rocky tidal pools'. Hence, the Oryza genus provides great resources
to study genomic adaptation to variations in water availability, with
candidate genes related to the submergence in rice (O. sativa) (e.g.,
SUBI%®) and a deep-water variety of rice (e.g., SDI*"). Transcriptome
sequencing in O. coarctata has linked NAC, MYB, and WRKY putative
transcription factors to salinity tolerance and implicated the bZIP,
bHLH, HSF, and AP2-EREBP family members in submergence stress
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Fig. 5 | Hybridization in Oryzoideae. a An Oryzeae phylogeny with an emphasis on
Oryza genomes and a model of parental lineages of the tetrapolyploid wild rice O.
coarctata. Six capital letters (A, B, C, E, F, G) to the right of species names indicate
diploid Oryza genome types and KL indicates the tetrapolyploid type of O. coarc-
tata. The dotted lines represent two putative progenitors of the KL genome, with
one parental lineage (referred to as K subgenome) sister to the MRCA of A, B, C, E
genomes and the other one (referred to as L subgenome) sister to F genome.
Support of the Oryza phylogeny from different datasets can be found in Supple-
mentary Figs. 41-43 and Supplementary Data 4. See part b for the meaning of three
numbers (294, 480, and 316). b The upper table shows expression patterns of genes
from different subgenomes K and L. Topology-1, K as sister to the MRCA of A, B, C,
and E genomes (ABCE), and L as sister to the F genome. Topology-2, K as sister to
the ABCE MRCA, but L was lost. Topology-3, K was lost and L as sister to the F

genome. The number of orthogroups matching the topology is shown to the right
of the topology. The number in square brackets represents the number of home-
ologues matched by syntenic genes (see an example in Supplementary Fig. 44).
Number in round parentheses for Topology-2 or 3 represents the number of
homeologues corresponding to syntenic genes that are anchored in interspecific
blocks with some genes matching Topology-1. Number in colored squares repre-
sent different number of orthogroups with respective expression patterns of K and
L genes as shown below the table. See Supplementary Data 4 for K and L homeologs
with their gene annotations and expression values. The lower table shows a sum-
mary of the number of K and L homeologues for different expression patterns, with
a one-sided Chi-squared test. The number in round parentheses represents the
percentage of the upregulated orthogroups in their respective total orthogroups.
Source data are provided in a Source Data file.

response®. The K genome of O. coarctata was proposed to be related
to the ABC genomes using the Adh2 gene phylogeny, but the origin of
the L(H) genome was not clear®®®**, The uncertainty of both the
phylogenetic position and progenitors of the K and L genomes has
hindered the understanding of the possible effect of allo-
tetraploidization of O. coarctata on the evolution of gene functions
related to submergence tolerance. The published Oryza genomes (and
pan-genomes), including a scaffold-level assembly of the O. coarctata
genome® ™, together with our phylogenomic datasets, allowed an
investigation into the placement of the K and L genomes and the
possible contribution of KL-related homeologues to adaptations to
diverse environments.

Possible progenitors of the KL genomes were investigated by
placing O. coarctata in the Oryza/Oryzoideae phylogeny. We utilized
ASTRAL-Pro to infer the phylogenetic relationships among Oryza
species, with monophyletic Oryza as sister to Leersia (Supplementary
Fig. 41). In particular, O. coarctata is sister to the MRCA of species with
A, B, C, and E genomes (referred to as the ABCE ancestor hereafter)
(Supplementary Fig. 41). Furthermore, among 10,615 gene trees that
contained at least one O. coarctata gene, 3555 support (=50 BS) the
sisterhood of O. coarctata and the ABCE ancestor and 3208 support O.
coarctata being sister to the F-genome lineage (Supplementary
Fig. 42). These results suggest that the progenitors of O. coarctata
might be related to taxa containing the ABCE ancestor and the F
genome, respectively (Fig. 5a). To further test this hypothesis, we
selected 2425 gene trees containing at least one sisterhood between O.

coarctata and the ABCE ancestor or at least one sisterhood between O.
coarctata and the F-genome lineage and pruned the gene trees by
removing putative paralogues from duplications before the Oryza
diversification (see methods). We also removed 21 orthogroups with
low-quality alignments and reconstructed 2404 gene trees. In 2404
pruned gene trees (orthogroups), the O. coarctata gene sister to the
ABCE ancestor is designated as ‘K’ and the gene sister to the F-genome
as ‘L', as proposed previously®>, ASTRAL analysis of the 2404 trees
revealed support for the K genome of O. coarctata sister to the clade
with A, B, C, and E genomes (BS = 100%; Supplementary Fig. 43) and for
the L genome being sister to the F genome lineage (BS =100%; Sup-
plementary Fig. 43). Further ASTRAL analysis of 2398 gene trees that
show genomic collinearity for Oryza species (Supplementary Fig. 43)
provides genomic support for a model of K and L genomes being
related to the ABCE ancestor and the F-genome, respectively (Fig. 5a).

Among the 2404 gene trees with O. coarctata genes, 1090 had
topologies that support hybridization for O. coarctata, with G genome
or other Oryzinae species as outgroup (Fig. 5b). These included 294
orthogroups with Topology-1 [(K, ABCE) (L, F)] and both clades having
BS > 50% (Fig. 5a, b), and 275 (93.5%) of them match syntenic genes
from O. coarctata and/or interspecific collinear genes between O.
coarctata and diploid Oryza genomes (see Supplementary Fig. 44 for
example). These syntenic blocks thus likely contain other K and L
homeologues. In addition, 480 orthogroups with topology-2 [(K,
ABCE) (F)] could have lost the L paralogue and 316 orthogroups with
topology-3 [(ABCE) (L, F)] might have retained the L and but lost the K
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paralog (Fig. 5a, b), providing additional evidence for the origin of O.
coarctata being a hybrid of K and L genomes. Furthermore, 377
orthogroups with topology-2 also include the Oryza collinear genes as
described above; among the collinear genes in these orthogroups, 313
(83%) are anchored in the same blocks that also include collinear genes
corresponding to the topology-1 (Fig. 5b). Similarly, 253 orthogroups
with topology-3 include the Oryza collinear genes, and the collinear
genes in 206 (81.4%) orthogroups are anchored in the blocks con-
taining some collinear genes exhibiting topology-1 (Fig. 5b). The pre-
sence in the same syntenic blocks of genes from orthogroups with
topology-1 and topology-2, or from orthogroups with topology-1
and topology-3, further supports the idea that the genes with all three
topologies were derived from the same ancestral K and L genomes.

Furthermore, we tested whether the K and L homeologues might
have contributed to the adaptation of O. coarctata. Specifically, we
focused on possible adaptation to high salinity and submergence, in
part because their putative parental lineages are related to extant
species with distinct habitats. For example, differential gene expres-
sion in response to submergence in salt water could suggest a possible
role in such adaptation. Indeed such expression differences for the
1090 orthogroups (Fig. 5b) were detected using published tran-
scriptome data®’. Specifically, expression levels of K and L home-
ologues were compared for plants under purified-water submergence
(fully submerged in reverse osmosis water), salt-water submergence
(completely submerged in 450 NaCl solution) or control conditions
(Supplementary Data 4). Among the K and L homeologues with
topology-1, 202 pairs show consistent expression patterns under
purified-water submergence versus control (PWS/C) for both home-
ologues (119 both up and 83 both down; Fig. 5b pink squares). In
addition, both K and L homeologues in 105 orthogroups with
topology-1 were upregulated under salt-water submergence versus
control (SWS/C), and both downregulated in 73 orthogroups (Fig. 5b
pink squares). When considering both submergences, 82 orthogroups
had both K and L homeologues being upregulated under both PWS/C
and SWS/C, and 58 orthogroups had both homeologues down-
regulated under both conditions. Seven other pairs of homeologues
show upregulation only under one submergence but down in the
other. The differential expression of these 147 (=82 +58 +7; Supple-
mentary Data 4) pairs of homeologues suggests that genes from both
subgenomes might have contributed to the adaptation to sub-
mergence in purified water and/or salt water. 147 other homeologs of
the topology-1 show different expression patterns (Supplementary
Data 4); for example, 43 homeologs with K upregulated under PWS/C,
and 61 homeologs with K upregulated under SWS/C (Fig. 5b red
squares). Additionally, orthogroups with topologies 2 and 3 contain
only K or L homeologues, respectively. For the K genes (topology-2),
the numbers of differentially expressed genes under PWS/C
(459 =267 +192; Fig. 5b) or SWS/C (455 =280 +175) are similar. Also,
for the L genes, the number of differential expressed genes under
PWS/C (305=159 +146) is almost the same as that for SWS/C
(307 =167 +140). Combining orthogroups of all three topologies, a
greater number of K homeologues were upregulated under PWS/C
than SWS/C (Fig. 5b, lower table); on the other hand, greater percen-
tages of L homeologs were upregulated under both submergences
than K homeologues.

Among the differentially expressed K and L homeologues under
PWS/C and SWS/C, several encode putative transcription factors (e.g.,
NAC, MYB, ERF, WRKY, and bZIP; Supplementary Data 4). Other dif-
ferentially expressed homeologues encode transporters (e.g., potas-
sium transporter), transferases (e.g., spermidine synthase),
oxidoreductase (e.g., superoxide dismutase), and others (Supple-
mentary Data 4). In addition, the hypothesis that two genes of
topology-1 for the vacuolar H*-ATPase subunit B (VHA-B; PC 40923 and
PC 47707 in Supplementary Data 4) play a role in vacuolar Na* storage
and salt tolerance is supported by the enhanced Arabidopsis salt

tolerance due to overexpression of the VHA-B gene from halophyte
Halostachys caspica®®. Similarly, among topology-2 genes, O. coarctata
gene (PC 29650 in Supplementary Data 4) is homologous to the rice
WRKY71 gene (0s02g0181300 = LOC 0s02g08440), whose expression
is related to salt tolerance in rice®”. For topology-3 genes, one example
is SOD4 for a superoxide dismutase 4 (PC 11655 in Supplementary
Data 4), which was reported to play a protective role against damage
from salt stress®. The evolutionary and differential expression pat-
terns support functional hypotheses to be tested with further analyses
and can facilitate rice genetics and breeding of tolerance to salt stress
and submergence stress.

Retention of ancestral tandem duplications in Oryzoideae
In the subfamily Oryzoideae, our above phylogenomic analyses sup-
port a WGD shared by Zizania latifolia and Rhynchoryza subulata in the
subtribe Zizaniinae of the tribe Oryzeae (#7; Fig. 1 and Supplementary
Figs. 6,20a); two other clusters of 296 GDs (#29; Supplementary Fig. 6)
and 237 GDs (#30; Supplementary Fig. 6) were, respectively, mapped
at Oryzinae and Oryzeae and contain tandem duplications (TDs),
which were previously defined as paralogues with fewer than four
intervening genes®. TDs and other recent gene duplications (e.g.,
transposition-related duplicates) in rice were thought to be largely
species-specific (954 gene families retaining the rice-specific tandem
duplications)’. However, their analyses’® did not include genomes of
other close relatives of rice. Examinations of evolutionary patterns of
tandem duplications require well-assembled genomes with nearly
complete gene annotations, but have not been reported for rice and its
close relatives. Here the 296 GDs mapped at Oryzinae were further
examined for tandem duplication patterns using 16 sequenced gen-
omes (Figs. 5a, 6a; all 15 Oryza species and Leersia perrieri), covering six
diploid genome types in Oryza. We detected tandem paralogues sup-
porting 193 duplications (Fig. 6a). In addition, different species has
retained different tandem duplicates (for instance, duplicates for 104
GDs in O. barthii, 93 GDs in O. sativa, 52 GDs in O. australiensis, 44 GDs
in O. brachyantha, and 89 GDs in L. perrieri; Supplementary Fig. 45). It
is possible that the tandem duplicates have contributed to the diver-
gence in Oryzinae. Similar to the retention of ancestral tandem
duplications mapped at Oryzinae, estimations of the gene order of
duplicates mapped at Oryzeae also support that 148 of 237 GDs were
from tandem duplications (Fig. 6a and Supplementary Fig. 46).
Among the gene trees that show tandem duplications at Oryzi-
nae and/or at Oryzeae, 161 gene trees contain tandem duplications at
Oryzinae, whereas 116 contain tandem duplications at Oryzeae,
including 16 gene trees containing tandem duplications at both
Oryzinae and Oryzeae. To illustrate the specific gene duplication
history, we describe the genes encoding peroxidases (Fig. 6b). Per-
oxidase gene tree and genomic positions suggest that two copies (#1
and #2) were produced through a tandem duplication before the
split between Oryzinae and Zizaniinae and after the divergence of
Oryzeae from Ehrharteae, another tribe of Oryzoideae. In addition,
copy #2 experienced tandem duplication again in Oryzinae to gen-
erate #2a and #2b paralogs (Supplementary Fig. 47). In some Oryza
species with the A-genome, copy #1 also further doubled through an
A-genome-specific tandem duplication (Supplementary Fig. 47) and
the resulting paralogues include two rice genes (la:
LOC 0s06g32960; 1b: LOC 0s06g32980) among six rice peroxidase
genes; furthermore, three genes (#2b-1: LOC 0Os06g33080; #2b-2:
LOC 0s06g33100; and #2b-3: LOC 0s06g33090) in the #2b clade
were produced by two rice-specific tandem duplations (Fig. 6¢ and
Supplementary Fig. 47). In addition, the expression of all six rice
peroxidase genes (Fig. 6¢) was upregulated in roots under
submergence’’, suggesting a positive role of these tandem dupli-
cates for response to submergence stress. Peroxidase genes belong
to a superfamily in plants and play key roles in reactive oxygen
species (ROS) formation’. ROS are signaling molecules that regulate
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ancestral and intermediate copies of the peroxidase genes inferred from the phy-
logenetic and genomic results shown in Supplementary Fig. 47. ¢ The order of 6
peroxidase genes in the Oryza sativa chromosome 6 and their expression patterns.
The meaning of numbered squares is the same as that in part b. Different recent
tandem duplicates with the same number and lowercase letters (such as 2b) were
derived from the same ancestral gene indicated in part b. A phylogenetic tree of the
six rice genes is shown in Supplementary Fig. 47. Blue squares represent non-
peroxidase genes. Source data are provided in a Source Data file.

response to submergence and other oxidative stresses’. Together,
our results suggest that increasing copy number of peroxidase genes
via successive tandem duplications at several points in Oryzeae
history likely enhanced evolutionary adaptation to water
environments.

Differential retention and loss of rho-derived duplicates and
potential functional consequences

Following a WGD, differential retention and loss of gene duplicates are
considered important for functional divergence among descendant
lineages®; however, this problem has not been analyzed in detail in a
plant family previously due to insufficient sequenced genomes. The
Poaceae rho event and available sequenced grass genomes of multiple
subfamilies, combined with a robust Poaceae phylogeny®, provide a
great opportunity to investigate evolutionary patterns of differential
losses of duplicates among subfamilies and their potential functional
implications. For ease of description and discussion here, a grass
(gene) orthogroup is defined as those genes that descended from a
single ancestral gene after Poaceae diverged from other Poales families
but before rho, including both orthologues and paralogues due to
Poaceae-specific duplications. The above phylogenomic analyses of
grass orthogroups showed that different numbers of gene pairs from
rho were retained in different species; for example, 840 rho-derived
gene pairs were retained in sorghum, 847 such gene pairs in rice, and
1018 pairs in Pharus latifolius (Supplementary Fig. 26a).

We investigated differential retention/loss patterns of rho-derived
gene pairs for Poaceae subgroups. First, we detected orthogroups
supported by syntenic genes from 24 sequenced grass genomes, with
pineapple as an outgroup species in Poales (Supplementary Fig. 48a,
b). To obtain further support for rho-derived duplicates, we integrated
our phylogenomic results (Supplementary Fig. 3) and the synteny
results by identifying the synteny blocks that contains at least one gene
pair belonging to an orthogroup with a GD mapped at the MRCA of
Poaceae or one of the early nodes with multiple subfamilies (C1-C3 in
Fig. 2a). To illustrate this analysis, an example of synteny blocks is
shown in Fig. 7a (see details in Supplementary Fig. 49a), the #6 genes
correspond to a GD mapped at Poaceae in the gene tree (Supple-
mentary Fig. 49b), supporting the gene pairs (pink) in the syntenic
block being from rho. The gene trees of the orthogroups were
reconciled with species-tree to estimate the retention and loss events
after rho in different subfamilies (see methods), and the results

revealed that 6147 orthogroups retained a single copy at Poaceae and
2758 orthogroups retained in pair (Fig. 7b, Supplementary Fig. 48b,
and Supplementary Data 5). Among the 6147 orthogroups, 5666
experienced subsequent lineage-specific duplication in at least one
subfamily (Type-I; Fig. 7c and Supplementary Data 5); one such
orthogroup contains the fertilization-independent endosperm (FIE)
genes’ with a duplication in Panicoideae (e.g., maize FIE genes
[Zm00001d049608(FIE1) and Zm00001d024698(FIE2)]; Supplemen-
tary Fig. 50). Other instances of Type-l orthogroups include the TAS-
SELSEED?2 (TS2)”, DWARF53 (D53)"°, COLDI”, and NAC78"® (see details
of examples in Table 1). For the remaining 481 of the 6147 orthogroups,
no more than one copy was detected in grass species (Type-ll; see
orthogroups in Supplementary Data 5 and a specific gene tree in
Supplementary Fig. 51). Among 2758 orthogroups with two rho-
derived copies (Fig. 7c and Supplementary Data 5), 128 (Type-lll) have
two copies in each of the four subfamilies (Supplementary Fig. 52);
whereas 2630 (Type-IV) have lost one or two detected copies in at least
one subfamily (see gene examples in Table 1). Among the Type-IV
orthogroups, we identified four patterns (IV-1 through IV-4 in Fig. 7d).
Specifically, 1991 have two or more subfamilies with one detected copy
(IV-1 and IV-2), including 578 that exhibit reciprocal loss of paralogues
in different subfamilies (IV-2; see an example in Supplementary
Fig. 53). Among the 2758 orthogroups with two copies in at least one
subfamily, 565 show possible reciprocal loss of rho-derived duplicates
between species within an individual subfamily (Supplementary
Data 5). These detected patterns should be further tested by including
more high-quality genomes from different subfamilies of Poaceae and
other families of Poales.

To gain clues regarding possible functions of these 8905
(=6147 +2758) orthogroups, we analyzed GO terms (see details in
methods). Among the GO terms enriched significantly in three diver-
gent genomes (rice, barley or wheat, and maize or sorghum), they were
classified into several broad categories (Supplementary Data 6),
including regulation of gene expression (nucleic acid binding), protein
regulation and modification (enzyme binding), (unspecified) metabo-
lism (e.g., oxidoreductase activity and lyase activity), small-molecule
metabolism (e.g., lipid binding and carbohydrate-binding), interaction
of proteins (e.g., calmodulin binding), and nucleic acid metabolism
(helicase activity). The results imply that the ancestral genes from rho
might play important roles in the regulation of RNA and protein
synthesis and metabolism. We also compared the GO annotations for
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Fig. 7 | Retention and losses of ancestral genes from rho. a lllustration of an
interspecific collinear block among grasses used for inferring ancestral genes.
Numbers in squares represent different genes; the same number among species
indicates the same orthogroup. Pink and green squares indicate the retention in
pairs and in single-copy, respectively. Orange squares indicate the inferred ances-
tral genes before rho. The orthogroup with thick lines indicates duplicates phylo-
genetically mapped at Poaceae (see details in Supplementary Fig. 49). b Number of
ancestral genes from rho in pair and in single-copy among grasses. The cladogram
depicts subfamilial relationships of grasses simplified from the tree in Supple-
mentary Fig. 48. Pink numbers, the number of ancestral gene pairs retained as two
copies; blue numbers, the number of ancestral gene pairs retained as single copy;
and green numbers, the number of single-copy ancestral gene retained. ¢ Bar plots
showing the number of the rho-derived orthogroups with four different retention/
loss patterns. Type-I represents the single-copy orthogroups with further lineage-
specific duplications in at least one subfamily. Type-Il represents the single-copy
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orthogroups with no more than one gene being retained in each species. Type-lll
represents the orthogroups with two copies being retained in each subfamily. Type-
IV represents the orthogroups with two copies being retained in at least one sub-
family and losses of detected copies in at least one subfamily. Sample gene trees of
the types I through IV can be found in Supplementary Figs. 50-53. Numbers on the
right of the bars represent the number of orthogroups. See Supplementary Data 5
for the retention number in each subfamily of these orthogroups. d Illustration of
four schematic retention/loss patterns of the orthogroups in type-IV. Number on
the branch represents the number of orthogroups (See Supplementary Data 5).
Type-IV-1 represents a different number of retained subfamilies between the rho-
derived paralogues. Type-IV-2 represents reciprocal losses of subfamilies between
the rho-derived duplicates. Type-IV-3 represents losses of one detected copy in one
subfamily. Type-IV-4 represents losses of the rho-derived paralogs in one or more
subfamilies. Source data are provided in a Source Data file.

orthogroups in four different types and found that nine GO terms were
exclusively detected in Type-I (such as basal transcription machinery
binding, lipid transporter activity, and signaling receptor binding)
(Supplementary Data 6). On the other hand, 13 GO terms were com-
monly detected in all four types, such as nucleic acid binding and
DNA-binding transcription factor activity for the regulation of
gene expression, protein dimerization activity in the category of
‘Interaction of proteins’, transferase/oxidoreductase/hydrolase/ligase
activity in the metabolism category, catalytic activity acting on a pro-
tein, and ion binding for small-molecule metabolism (Supplemen-
tary Data 6).

We examined a specific pattern of differential retention/loss
called the Pair Retained in One lineage but Single-copy in Other
Lineages (PROSOL). These types of genes might have contributed to
lineage-specific functions and adaptation. For example, phylogenetic
analysis of the rice MYB35 and MYB36 genes important for

reproductive development and their homologs in other grasses indi-
cated that they belong to an orthogroup with two rho-derived copies,
one retained in the core Poaceae (MYB3S5, lost in the early-divergent
subfamilies) and the other in Poaceae (MYB36, also present in Anom-
ochlooideae), with the pineapple MYB35/36 homologue as the
outgroup’®. However, the landscape of PROSOL genes in grasses and
their functional implications remain largely unknown.

Here, we focused on four large subfamilies, Panicoideae, Pooi-
deae, Bambusoideae, and Oryzoideae, that have economically impor-
tant species and more available sequenced genomes and exhibit
different environmental adaptations and morphologies. For con-
venience, we refer to a PROSOL specific to each of Panicoideae,
Pooideae, Bambusoideae, and Oryzoideae, respectively, as PROSOL-
Pa, PROSOL-Po, PROSOL-Ba, and PROSOL-Or. Our examination of the
above-mentioned 2630 orthogroups in Type-IV uncovered 19 PROSOL-
Pas, 8 PROSOL-Pos, 36 PROSOL-Bas, and 18 PROSOL-Ors, possibly
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Table 1| Representatives of the rho-derived genes with different retention and loss patterns

Type Orthogroup Gene Representatives Function
| HOG00220 DWARF8 Zm00001d033680, The maize DWARF8 gene and the wheat Rht-B1b gene regulate GA dose-
/Rht-B1b TraesCS4B01G043100 response'’”.

| HOG00224 TT3.2 LOC_0s03g49940 OsTT3.2 interacts with OsTT3.1 can enhance rice thermotolerance and reduce
grain-yield losses caused by heat stress'®.

| HOGO01525 NAC78 Zm00001d027395 ZmNAC?78 can modulate the mRNA abundance of Fe transporters in kernels’.

| HOGO01763  COLD1 LOC_0s04g51180 OsCOLDT1 interacts with G protein to confer chilling tolerance in rice”.

| HOGO05586 FIE Zm00001d049608, Zm0O0001d024698 FIE represses the endosperm development without fertilization'®.

| HOGO05693 D53 LOC _0s12g01360 D53 represses the strigolactone signaling in rice’®.

| HOGO07259 TS2 Zm00001d028806 TS2 encodes a short-chain alcohol dehydrogenase and has general develop-
mental roles™.

Il HOGO01539 TMT3B TraesCS4B01G322000 Ectopic activation of TMT3B rescued wheat growth and yield penalties caused
by MLO disruption'”’.

I HOG02598 GW8 LOC_0s08g41940 GW8 modulates cell proliferation in rice'®.

11l HOGO03574 PROG1 LOC 0s079g05900 PROGT encodes the zinc-finger nuclear transcriptional factor controlling pros-
trate growth in rice'”®.

1l HOG08247  SBElla LOC 0s04933460 SBElla regulates sugary endosperm in rice'”.

\% HOGO01435  KRN2 Zm00001d002641, LOC_0s04g48010 ZmKRN2 and OskRN2 encoding WD40 have regulatory roles in grain number in
maize and rice, respectively'®.

\% HOGO1513  RAVL1 Zm00001d002562 ZmRAVL1 encoding a B3-domian transcriptional factor can modulate the gene
expression of brassinosteroid C-6 oxidase1®’.

\% HOG08376 DREBIC LOC 0Os06g03670 OsDREBIC can regulate both photosynthesis and nitrogen utilization™'.

The types of | through IV are the same as those in Fig. 7c. Additional genes in orthogroups can be found in Supplementary Data 5.

representing subfamily-specific (or lineage-specific) retention (Fig. 8a;
see representative genes in Table 2).

Oryzoideae are adapted to various aquatic environments, where
roots encounter osmotic and other abiotic stresses. One possible
response to osmotic stress is the deposition of wax to regulate root
transcellular transport”. The synthesis of wax depends on fatty acid
biosynthetic genes, such as ACOT (Acyl-CoA thioesterase), which
belongs to a PROSOL-Or orthogroup, with Oryzoideae members
retaining both rho-derived paralogues but the other three subfamilies
having only one copy (Fig. 8b and Supplementary Fig. 54a; see the
ACOT gene tree in Supplementary Fig. 54b). In addition, a role of ACOT
in response to submergence stress is supported by the increased root
expression of one of the rice ACOT paralogues after submergence”
(Supplementary Fig. 54¢), and by increased root expression under salt
stress of ACOT homologues of the daisy-relative Dendranthema
grandiflorum®. Pooideae include many members capable of diverse
adaptability and important crops, such as wheat. One of the PROSOL-
Po orthogroups is the casein kinase Il (CK2) genes encoding proteins
that included the regulatory subunit beta domain with diverse phy-
siological roles in plants, such as light-signal transduction pathway and
defense SA-mediated pathway®.. Syntenic and phylogenetic analyses
show the Pooideae CK2f genes retained two copies from rho (Fig. 8c
and Supplementary Fig. 55a, b). Public RNA-seq data®* showed differ-
ent expression patterns of the wheat CK2f paralogues in response to
cold stress (Fig. 8¢ and Supplementary Fig. 55c), implying that the
CK2p genes might contribute to the adaptation of Pooideae species to
various environments. Bamboos are characterized by fast-growing
early shoots related to the anisotropic cell expansion of the rhizome
lateral bud meristem®. Among the PROSOL-Bas, two are grass homo-
logues of the Arabidopsis SPIRAL1 (SPRI) gene (Supplementary
Fig. 56a), which is required for the control of anisotropic cell
expansion®’. Phylogenetic analysis of the SPRI orthogroup (Supple-
mentary Fig. 56b) further supported the hypothesis that Bambusoi-
deae representatives have retained both rho-derived SPRI genes, but
members of the other three subfamilies have retained only one copy
(Fig. 8d). Furthermore, public RNA-seq data of rapidly-growing P.
edulis bamboo shoots® showed that the expression of one SPRI
homolog (PHO2Gene20370) was increased during shoot development,

whereas that of the other (PHO2Gene45021) was reduced, suggesting
that the two SPRI paralogues have diverged in the regulation of in
shoot growth (Fig. 8d and Supplementary Fig. 56c). For Panicoideae,
phosphoribosylanthranilate isomerase 1 (PAII) genes, encoding a key
enzyme in the tryptophan biosynthetic pathway, represent a PROSOL-
Pa orthogroup with Panicoideae having retained both rho-derived
paralogs (Fig. 8e, Supplementary Fig. 57a, b, and Table 2). Public RNA-
seq data®® showed different expression patterns of the sorghum PA/I
paralogues in leaves under preflowering and postflowering drought
stresses (Fig. 8e and Supplementary Fig. 57c). In maize, the PA/1 gene
was upregulated in the top and bottom crowns, which included mer-
istematic cells for shoot and root tissues, under different cold
stresses”” (Supplementary Fig. 57d). Hence, the PA/I gene might con-
tribute to plant acclimation under drought/cold stresses in
Panicoideae.

In addition, 1296 orthogroups were retained as pairs in all four
subfamilies, whereas 21 to 337 orthogroups had detected duplicates in
two or three subfamilies (Fig. 8a). The orthogroups annotated for
regulation of gene expression include several genes that were func-
tionally analyzed in rice or maize with impact on grain yield, such as the
rice genes GROWTH-REGULATING FACTOR 4 (GRF4)*® (Table 2), and the
maize gene RAVLI® (Table 1). Furthermore, orthogroups with both
copies retained include genes for environmental responses. For
example, MADS26 with both rho-derived duplicates (Table 2) is a
negative regulator in rice in response to abiotic stress’’. The retention
of both rho-derived duplicates in all four subfamilies (Table 2) suggests
their enhanced functions might have promoted grass evolution
generally.

Discussion

Our phylogenomic/phylotranscriptomic analyses here, including
datasets from 363 grasses, provide support for rho and 17 other WGD
events, of which five WGDs (#7-11) and 11 WGDs (#12-22) are placed in
the large BOP and PACMAD clades, respectively, suggesting possible
contribution of WGDs to the evolution of these highly diverse clades.
In particular, the WGD event (#9; Supplementary Fig. 8) shared by
Deschampsia cespitosa and D. littoralis is in agreement with a recent
Pooideae study placing 3016 GDs at the MRCA of three Deschampsia
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species? and consistent with the observed tetraploid cytotypes in
several Deschampsia species*. In addition, GD detection using gen-
omes and transcriptomes can increase the number of GDs at early
branches in species-tree, because transcriptomes from the early
diverging species can help to map gene pairs to more ancient posi-
tions. For example, among 1633 GDs mapped at Poaceae using 15
genomes, 9 transcriptomes, and 2 genome-skimming datasets (Sup-
plementary Fig. 26a), 1010 and 728 GDs were shared by genes from the
Anomochlooideae species Streptochaeta angustifolia (genome
sequenced) and S. spicata (transcriptome sequenced), respectively.

— Postflowering drought

Genome-skimming sequenced datasets of the Puelioideae species
(Puelia ciliata and Guaduella oblongifolia) provide genes that shared
19-36 GDs of those 1633 GDs. Genomes tend to contribute to more
duplicates (423-1018 GDs) than transcriptomes (313-728 GDs) and
genome-skimming datasets with incomplete sequence and annota-
tion. Sequenced genomes also allow comparison of gene orders of
paralogs on chromosomes and hence provide GD evidence for WGD
and SSD events. Integration of genomes and transcriptomes from
basal lineages to core branches can provide GD clues for under-
standing gene and genome evolution. Furthermore, we estimated the
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Fig. 8 | Pair retained in one lineage but single-copy in other lineages (PROSOLs)
and functional implications. a Venn diagram showing the number of PROSOLs
shared between or unique to Panicoideae, Pooideae, Bambusoideae, and Oryzoi-
deae. b Anillustration of gene retention in pair in Oryzoideae but as single-copy in
representatives of three other subfamilies. The meaning of square and line colors in
a syntenic block is the same as that in Fig. 7a. Gene annotations are indicated below
the syntenic block. See details in Supplementary Fig. 54. ¢ An illustration of gene
retention in pair in Pooideae but as single-copy in representatives of three other
subfamilies. The meaning of square and line colors in a syntenic block is the same as
that in Fig. 7a. Gene annotations are listed below the synteny block. The line chart
on the right of the synteny block illustrates the expression patterns of the wheat
CK2p paralogs in stems collected in five-time points and different temperatures.
Red, green, and blue lines represent TraesCSIA01G215700, TraesCS1B01G229200,
and TraesCS4B01G379300, respectively. See details in Supplementary Fig. 55. d An

illustration of gene retention in pair in Bambusoideae but as single-copy in repre-
sentatives of three other subfamilies. The meaning of square and line colors in a
syntenic block is the same as that in Fig. 7a. Gene annotations are listed below the
synteny block. The expression patterns of two copies of SRR genes in Phyllostachys
edulis are illustrated on the right. See details in Supplementary Fig. 56. e An illus-
tration of gene retention in pair in Panicoideae but as single-copy in representatives
of three other subfamilies. The meaning of square and line colors in a syntenic
block is the same as that in Fig. 7a. Gene annotations are listed below the synteny
block. The graph on the right of the synteny block illustrates the expression pat-
terns of the sorghum PAI/I paralogues in leaves in 15 weeks in response to drought
stress. Red, green, and blue curves represent control, preflowering drought, and
postflowering drought, respectively. The dotted line indicates the flowering
stage. See details in Supplementary Fig. 57. Source data are provided in a

Source Data file.

divergence time of WGD events and placed 12 of 22 events near the
Paleogene-Neogene boundary when dramatic climate changes occur-
red (#7, 10-16, and 19-22; Fig. 1 and Supplementary Data 3), sup-
porting the idea that the WGDs might have helped grasses to survive
under severe conditions, as proposed previously'. Similarly, the rho
event was also mapped in a geological period with dramatic climate
changes (#3; Fig. 1), suggesting a role of rho in adaptive evolution in
grasses.

Our combined analyses of phylotranscriptomics and chromoso-
mal positions uncovered WGD-related gene conversion and SSDs. Our
phylogenomic/phylotranscriptomic analyses detected GD clusters at
successive nodes on the species phylogeny, as also observed in other
WGD analyses of different taxonomic groups, including genera, sub-
tribes, tribes, subfamilies, families, orders, and at broader scales, such
as angiosperms and other seed plants (e.g., refs. 1,2,36,48,91). We
showed here, using syntenic analyses, that GDs at two or more nodes
can correspond to gene duplicates in the same syntenic block, sug-
gesting that they were generated by the same WGD event at an early
node (Fig. 2c and Supplementary Fig. 30). The mapping of some GDs to
a later node could be due to gene conversion, which can lead to
equalization of different gene copies*’. Gene conversions occur fre-
quently in meiosis and has been hypothesized to play a key role in
promoting polyploidy-dependent establishment of mutational
robustness in plants®. In yeast, gene conversions were estimated to
affect ~1% of the genome of each meiotic product per meiosis™. In
plants, the estimates were 1.1 x 107 per site per meiosis in Arabidopsis®*
and -3.3x10™* per marker per meiosis in rice’’. Our phylogenomic
analyses of bamboos uncovered 825 Phyllostachys edulis gene pairs
that were likely derived from kappa (at the MRCA of woody bamboos)
but mapped to the MRCA of temperate woody bamboos, suggesting
they might have experienced gene conversion. The possible high gene
conversion rate in woody bamboos might be related to their long
reproductive cycle ranging from 30 to 60 years’. Moreover, we found
that some GD clusters in Oryzoideae contain a large fraction of tandem
duplicates (a form of SSDs) when chromosome positional information
is available. This is similar to the recently reported GD cluster at the
core Pooideae and other nodes?. Therefore, proposed WGD events
supported by GD clusters from phylogenomic/phylotranscriptomic
analyses should be further tested using assembled genomes when
possible, with evidence from synteny and other chromosomal position
information.

Analyses here provide genomic and evolutionary insights into
progenitors of WBs and tetraploid rice. It has been proposed that
WGDs often result from ancient hybridizations®’; however, the par-
ental lineages of many well-characterized WGDs are unknown,
including rho. Here, we provide evidence that the WGD (kappa) shared
by woody bamboos might have resulted from a hybridization involving
a parental lineage related to herbaceous bamboos, but the other
diploid parent might be extinct. Specifically, the number of GDs (1252)
detected in the phylogenomic analysis [Analysis-I; with the topology of

(WB, HB) WB] is unusually large, considering that kappa was estimated
to have occurred ~-62 Ma. It is possible that the long generation time of
woody bamboos has reduced the rate of gene losses that are often
associated with most detected WGD events, which are largely sup-
ported by genomes of herbaceous plants. Hybridization among bam-
boos was previously proposed when an analysis using five plastid
genes placed Olyreae and Bambuseae as sister (57% BS)’®, consistent
with a recent study®’; alternatively, hybridization was proposed to
explain differences in plastid and nuclear phylogenies, with herbac-
eous bamboos as sister to tropical woody bamboos®. However, the
monophyly of WBs was highly supported in a Poaceae phylogeny using
>1000 nuclear genes®, consistent with the hypothesis here that her-
baceous bamboos are related to a progenitor lineage of all WBs.
Furthermore, our analyses support hybridization in the Oryza
genus for the origin of the tetraploid Oryza coarctata, with one parent
related to O. brachyantha (F genome) and the other being similar to
the MRCA of the ABC and E genomes. Additional evidence for hybri-
dizations in grasses were reported from analyses of gene phylogenies
in several groups; for instance, the phylogeny of pucell homologues
from tetraploid temperate WBs supports the hypothesis of hybridi-
zation of Sasa and Phyllostachys being the origin of Hibanobambusa
tranquillans®. Our analyses revealed that 4959 GDs mapped at the
MRCA of tetraploid E. tef*® (2n=4x=40) and Catalepis gracilis in the
Eragrostideae tribe (Chloridoideae) (#17; Supplementary Fig. 16)
include 4821 GDs with the topology of ((E. tef, C. gracilis), E. tef), sug-
gesting that C. gracilis might be related to a parental lineage of E. tef.
Two previously proposed progenitors of E. tef were E. pilosa and E.
heteromera'®, but their relationships with C. gracilis are unclear. Our
analyses also show that 1164 of the 1779 GDs supporting a Zoysia-
specific WGD (#18; Zoysieae, Chloridoideae) (Supplementary Fig. 14)
has the topology of (Z. japonica, Z. matrella + Z. pacifica) (Z. japonica,
Z. matrella + Z. pacifica), inconsistent with the previous hypothesis that
Z. matrella was a hybrid between Z. japonica and Z. pacifica**'®. Our
analyses placed 1481 GDs mapped at the MRCA of Triticum and Aegi-
lops, representing a possible hybridization between them (Supple-
mentary Fig. 10). Recent phylotranscriptomic analyses also supported
a proposed scenario for the evolution of Aegilops/Triticum, including a
possible hybridization between the A lineage (T. urartu and T. boeoti-
cum) and the B lineage (Ae. mutica) that resulted in the D lineage (4e.
caudata, Ae. umbellulata, Ae. tauschii, and Sitopsis)'®>. Another study
with phylogenetic analyses of four nuclear genes in Andropogoneae, a
large tribe of Panicoideae, detected support for 28 tetraploidy events
and 6 hexaploidy events among related species”. Therefore, allo-
polyploidization seems to have occurred repeatedly in grasses, with
the possible hybridization for WB being a very ancient one.
Information on possible progenitors of polyploids can facilitate
analyses of genome and gene function evolution, such as investigation
of the functional impact of one subgenome (dominant) from differ-
ential gene retention and expression, in part, due to epigenetic
regulation'®. Our analyses of WB BRDI homeologues suggest that the
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SPR1 gene is required for the control of anisotropic cell expansion in Arabidopsis®.

Expression of ACOT homologs increased in root under salt stress®.
OsbZIP79 negatively regulates the phytoalexins metabolism'®.

OsVQ10 and OsVQ31 upregulated under the bacterial pathogen infection™®.
TaMT-lI-1a is highly expressed in gain at the wheat ripening stage'’.

TaCK2 was upregulated under drought stress in wheat™®“.

PAI1 is highly expressed in rapidly diverging cells in Arabidopsis'®.
DWARF18 functions in GA biosynthesis to induce cell elongation in rice'®’.
OsIDD12 and OsIDD13 interact with SHR to modulate vein differentiation’®.

ZmCKX3 is highly expressed in the leaves of maize'®.
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GRF4, a target gene of OsmiR396, can regulate OsMYB61 that functions in cellulose synthesis in rice®.

47280
902070

LOC 0s02
LOC 0s08

GRF4

HOGO01753

Core Poaceae

OsMADS26 is a negative regulator of response to abiotic stress™.

TraesCS5D01G148800, TraesCS5A01G143200, TraesCS5B01G142100 TaNAC69 can bind to promoters of the stress genes for modulating dehydration tolerance'°.

HOG02699 MADS26

HOGO05778

Core Poaceae

NAC69

Core Poaceae

Additional genes in orthogroups can be found in Supplementary Data 5. The core Poaceae represent the four subfamilies retaining two copies.

homeologue dissimilar to that from HBs likely contributed to the rapid
growth of WBs, suggesting that the unidentified parental lineage of the
WB allopolyploid might have had rapid growth. BRDI encodes an
enzyme catalyzing the final steps of brassinosteroid synthesis, and
brassinosteroid was implicated in promoting bamboo shoot internode
elongation in Phyllostachys edulis'®*. Furthermore, analyses of gene
expression in O. coarctata revealed that some genes exhibited an
increased expression due to the doubling of gene copies from both
progenitors under full submergence in both purified water and salt
water and that differential expression was observed for homeologues
from different progenitors. Similar to previous studies of polyploids
such as wheat, oat, and other allopolyploid crops (e.g.,
refs. 44,105-107), the results on allopolyploid grasses here provide an
important resource for further (sub)genome analyses.

Rho-derived duplicates with different retention and loss patterns
in subfamilies suggest functional evolution. The extensive analyses of
retention and loss patterns of the rho-derived duplicates represent the
first analysis for a large family using dozens of sequenced genomes and
a cohesive nuclear phylogeny with >350 species, summarizing four
different types (Fig. 7). Orthogroups with different retention/loss types
were annotated with 48 GO terms of molecular functions. Among
these GO terms, 13 terms were commonly detected in all four types,
implying that different lineages have probably retained rho-derived
duplicates in different orthogroups with the same or similar func-
tion(s). Additionally, GO analyses of 4,831 rice syntenic duplicates
derived from rho revealed that 13 GO terms of molecular functions
were significantly enriched, such as transcriptional regulation, hydro-
lase activity and other catalytic activity, protein binding, DNA binding,
and ligand binding’. Dosage balance, neofunctionalization or sub-
functionalization have been invoked to explain the retention of
duplicates. Our analyses in Poaceae indicate that the rho-derived
duplicates retained in the Type-lll in long-term evolution (>133 million
years) include genes related to development (such as GW8 modulating
cell proliferation in rice'®) and that the rho-derived duplicates
retained in the Type-l with lineage-specific duplications in short term
evolution include genes related to stress response and adaption (such
as COLDI for cold tolerance in rice”’). Similar results were also reported
in other plants, for instance, the FHY3/FARI gene family with a role in
tolerance to drought stress was expanded (via a recent WGD) in
Medicago ruthenica genome'”. In pomegranate, CYP75 paralogues
derived from an ancient WGD show different expression patterns in
fruit development™’. Furthermore, the detected PROSOL-Or, PROSOL-
Po, PROSOL-Ba, and PROSOL-Pa genes provide a phylogenomic insight
into subfamilial specific retention/loss patterns with possible con-
tribution to diverse adaptations and morphologies, showing special
value for understanding the retention/loss patterns of WGD-derived
duplicates in plants.

In summary, the analyses here of patterns of gene duplication and
losses from Poaceae WGDs highlight three main results: (1) support for
lineage-specific WGDs, including kappa shared by woody bamboos; (2)
phylogenomic evidence for gene duplicates from rho and kappa that
experienced gene conversion, resulting in lineage-specific gene
sequence evolution; and (3) lineage-dependent retention and losses of
rho-derived duplicates, with implication for gene functional diversifi-
cation and species changes in morphology and physiology. These
results provide insights into the genome and gene function in Poaceae.
As WGDs are associated with many large families and other large
groups of angiosperms, these mechanisms for lineage-specific and
WGD-related gene evolution might be general through angiosperm
history.

Methods

Data source

To elucidate species relationships for more Poaceae representatives,
we retrieved 319 grass datasets (315 transcriptomes and 4 genome-
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skimming) that were reported in our previous studies™® and inte-
grated them with 36 other published grass datasets (29 genomes and 7
transcriptomes), representing 355 species (Supplementary Data 1). A
combination of these 355 species, 16 datasets (15 transcriptomes and 1
genome) for other Poales, and nine genomes for other orders repre-
sented 380 species that were used for species-tree inference (see data
accessions and references in Supplementary Data 1). These 380 species
(including nine recently grass-published genomes other than tran-
scriptomes) were used for molecular dating (see data accessions and
references in Supplementary Data 1).

For WGD detecting in grasses via phylogenomic analyses, the
same 355 grass species as above (with replacement of nine tran-
scriptomes by recently published genomes) and eight additional
recently published grass genomes were used; these datasets included
313 (=315 +7-9) transcriptomes, four genome-skimming datasets, and
46 (=29+9+8) genomes and represented a total of 363 species,
covering 45 tribes and 12 subfamilies of Poaceae (Supplementary
Data 1). For WGD detecting in other Poales species via phylogenomic
analyses, we used the 16 datasets for other Poales, the nine genomes
for other orders, and two additional genomes [Carex littledalei
(Cyperaceae; Poales)™ and Acorus tatarinowii (Acorales; basal
monocots)™]. For estimating the retention/loss patterns of the rho-
derived duplicates among grass subfamilies, we also included the
Raddia distichophylla genome'™ and the Puccinellia tenuiflora
genome™ (Supplementary Data 1). In addition, three other recently
published Aegilops genome sequences'® were used for the phyloge-
nomic analyses in Triticodae (Supplementary Data 1).

Furthermore, to explore the gene expression patterns of inter-
ested genes using public data, we retrieved 15 wheat stem RNA-Seq
datasets under cold stress® from NCBI (SRR22346048 through
SRR22346062; Supplementary Data 1). The RNA-Seq datasets from
sorghum leaves under control and drought during 15 weeks*® were
retrieved from NCBI (SRR8742861 through SRR8742957; Supplemen-
tary Data 1). We retrieved GSE167881 in GEO series of NCBI (Supple-
mentary Data 1) to compare the maize gene expression under
chilling®. We also used public bamboo RNA-seq datasets®>">™"” from
shoots, lateral bud, rhizome tip, leaf, and inflorescence (Supplemen-
tary Data 1). Furthermore, transcriptional and post-transcriptional
change of rice ACOT (LOC Os01g65950) gene under submergence over
control was retrieved from the published data”.

Transcript assembly
Transcripts were de novo assembled and subsequently processed to
remove the isoform (splice variants) and spurious sequences across
transcripts. Briefly, RNA-Seq reads were processed by using Trimmo-
matic v0.32"® to remove the reads with low quality and then assembled
into de novo transcripts by using Trinity v2.2.0" with default setting.
To remove putative contaminations from animals, humans, and bac-
teria in sampling, transcripts were blasted against the SILVA database
(release 138.1 SSU)*° by using BLAST v2.10.0"" with the E-value
threshold of 107, alignment length of >300bp, and identity of
>80%. Clean transcripts were annotated by using TransDecoder
v5.5.0'% to predict the coding regions. Finally, the longest open read-
ing frame (ORF) among the ORFs in each transcript was extracted.

Contigs were de novo assembled by using SOAPdenovo v2.04-
r240 with genome sequencing reads, and the contigs with length of
<300 bp were removed. The retained contigs were searched against
the reference genomes using Diamond v2.0.4.142' to identify the best
hit that was used to predict ORFs using GeneWise v2-4-1'**, The species
with reference genomes are Ananas comosus'™ and nine grasses
(including Oryza sativa™®, Triticum aestivum'’, Zea mays'”’, Phyllos-
tachys edulis®, Sorghum bicolor'®, Saccharum spontaneum'’, Hordeum
vulgare*°, Thinopyrum elongatum™, and Setaria italica™?).

To assemble fragmented transcripts into integral sequences and
eliminate potential alternative splicing isoforms, chimeric sequences,

and other redundant fragments, we employed previously described
procedures*® with minor changes. Briefly, the sequences of each
species were clustered into groups according to their sequence simi-
larity using a Markov clustering approach implemented in TransMCL
v1™3, facilitating subsequent assembly of full-length transcripts based
on a net-flow strategy. In this analysis, genes from species with (nearly)
completely sequenced genomes were utilized as benchmarks to direct
the assembly of genes derived from transcriptomic data. Subse-
quently, an SVM classifier in IsoSVM v2004'*, an in-built tool of
TransMCL v1, was applied to discriminate between paralogs and iso-
forms based on overall sequence similarity and the distributions of
insertions and deletions and single nucleotide polymorphisms. The
sequences yielded from the above process were considered repre-
sentative full-length transcripts for subsequent homologous compar-
ison. In addition, to reduce noise in the estimation of WGD events
shared by multiple species, species-specific transcripts were removed
from each species following the BLASTp search against 40 monocot
genomes and eight other angiosperm genomes (including Arabidopsis
thaliana®, Malus x domestica®, Punica granatum®, Vitis vinifera',
Solanum lycopersicum'®, Nelumbo nucifera, Nymphaea colorata**’,
and Amborella trichopoda**) (Supplementary Data 1). To reduce the
computation time, we only selected the transcripts with a length of
>300 bp for downstream analyses. Finally, to estimate the quality of
final transcripts, we used BUSCO v5.2.2' and Monocotyledons-
specific BUSCO database (liliopsida_odbl0) to quantify completeness
based on evolutionarily-informed expectations of the gene content of
near-universal single-copy orthologs.

Bayesian divergence time estimation

To estimate the divergence time across grasses, we used 1Q-TREE
v2.1.2"* and 180 low-copy nuclear genes” to construct species-tree
(Supplementary Fig. 1) and performed dating analyses with the
MCMCTree tool in PAML v4.9'**, To save computation time, we fol-
lowed the method of summary of single gene family dating'>. To meet
the constraints of fossil records or broadly accepted dating results, we
selected 166 gene sets to contain Amborella trichopoda for crown
angiosperms, Zostera marina for crown monocots, Ananas comosus
for crown Poales, and Streptochaeta for crown Poaceae. According to
the recent report about angiosperm divergence time dating'*’, we
fixed the root of each gene tree to 209 MA. Other constraint fossil
points can be found in Supplementary Fig. 2a. Then substitution rate
was assessed by the baseml tool in PAML v4.9 with the GTR model. The
MCMCTree analyses discard the first 50,000 iterations as burn-in, and
then run the MCMC for 50 x10,000 iterations, sampling every 50
iterations. The median value of ages was calculated under 95% con-
fidence intervals. We used the deeptime package v1.0.1 in R to add
geological timescales to the dated tree. The time-tree was compared
with the paleo-climate changes during stratigraphic periods. The free-
ice temperature was estimated by using the oxygen isotope 5180
content in fossils, which has been applied as a method to reflect the
climate changes on geologic timescales'. The 6180 data were
retrieved from previous analyses'”'*%, The dated tree and other phy-
logenetic trees in our study were visualized by using ggtree
v1.14.6*? in R.

WGD identification through Tree2GD analyses

To identify WGD events shared by two or more species and place the
published WGDs on the species-tree, we used Tree2GD v1.0.40* to
place GDs on the species-tree. To reduce computation time, we
assigned subsets of species to different phylogenetic groups and
focused on the WGD events shared by multiple taxa in a specific group
(see groups in Supplementary Figs. 3-16). For each group, we used
diamond v2.0.4.142'* to perform all-by-all BLASTp (parameters:
--more-sensitive --max-target-seqs 20 --evalue le-5 --masking 0). The
resulting gene families were processed by a Markov cluster using
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PhyloMCL v2.0"° with default parameter values to identify ortholo-
gous gene families, of which orthologs with >5 genes from >2 species
(=2 genes from one ingroup species) were selected for further analyses
to reduce computation time. In addition, each orthologous group was
aligned by PASTA v1.8.5"" (three iterations, each with (1) tree search
using FastTree v2, (2) sequence alignment for each clade in the tree
using MAFFT v7.372"2, and (3) merging of all alignments using MUS-
CLE v3.8.425"%). The produced protein alignment were back-translated
into nucleotide sequences by using the PAL2NAL script (v14) in Perl™.
Each nucleotide alignment was trimmed by using trimAl v1.4.rev22
(parameters: -automated1 -resoverlap 0.7 -seqoverlap 75) to remove
gaps and sequences with low coverage. The trimmed nucleotide
alignments were used to reconstruct gene trees by using IQ-TREE
v2.1.2" with the ML method, GTR model, and 1000 ultrafast bootstrap
replicates’™. Finally, we used Tree2GD (parameters: --species=2
--bp=50 --root=MAX_MIX) to reconcile gene trees with species-tree and
estimated the number of GD events as defined previously*.

Quantitative detection of GD clusters from phylogenomic ana-
lyses is commonly used to support a candidate WGD on a specific
branch of species-tree, with the number of GDs observed higher than
the expected number">**"*1_ WGD-derived paralogs sometimes can
be largely retained in both subclades and form a (AB)(AB) gene
topology. Thus GDs of the (AB)(AB) type provide signals for candidate
WGDs shared by two or more species*?.. In addition, possible mis-
interpretation of GDs from dramatic variations of evolutionary rates
among lineages (corresponding to long branches) in gene trees can be
avoided by expansion of taxon sampling®’. A recent phylogenomic
study of 68 angiosperm genomes discovered hundreds of GDs in the
(AB)(AB) type, consistent with the phylogenetic placement of each
published WGD*. Following these phylogenomic analyses, here we
focused on the GD clusters with >200 GDs (a cut-off based on the
lowest number of GDs for well-established WGDs in genomes*) and
proposed these clusters with relatively high numbers of GDs in the
(AB)(AB) type to be candidate WGDs for further estimation.

WGD identification through MAPS analyses

To measure the statistically significant difference between the ratio of
retained GDs from ancient WGDs or SSDs that occurred over a much
longer window of time, we analyzed the rho, sigma, and tau events,
according to the minimum number of required species in the ladder
species-tree for MAPS and the effective estimation for ancient WGDs
asin previous cases using MAPS**%, For a particular WGD, a tree with a
nested subtree corresponding to this WGD were generated by deleting
taxa from the dated species-tree (Supplementary Fig. 2). All formed
ladder species trees were required to contain at least five species
(including one outgroup; Supplementary Fig. 25). Gene families that
include at least one gene copy from each taxon and at least two gene
copies from at least two species were identified by PhyloMCL v2.0"°
using sequences from all-against-all BLASTp searches with diamond
v2.0.4.142'*, In addition, sequence alignment and tree construction
for all gene families are the same as that in the section on “WGD
identification through Tree2GD analyses”. Gene trees were mapped
onto their corresponding species-tree by using MAPS (parameters:
--mt 40 --mb 50). The subtree duplication rate was compared to that
inferred from a null simulation which assumes no WGD event. For the
null simulation, gene birth (A) and death (i) rates were predicted by
WGDgc v1.3"¢ (mMax =100) in R [the geomMean (@), A and p values
for each group are shown in Supplementary Fig. 25]. A total of
3000 simulated gene trees for each dated species-tree were generated
by GenPhyloData in JPrIME v0.3.7", including 1000 trees for half of
gene birth and death rates, 1000 trees for three times of gene birth
and death rates, and 1000 trees for observed gene birth and death
rates. Then 1000 trees were sampled 100 times from these 3000 trees
and mapped onto their respective species-tree to survey subtree
duplication rate.

WGD inference using divergence time of paralogous gene
duplications

Peaks of the Ks distribution of paralogues (Ks-plot) have been accep-
ted as signals of GD bursts and applied to WGD identification”. To
infer candidate WGDs in each taxon with transcriptome or low-
coverage genome datasets, we utilized a method that has been inclu-
ded in Tree2GD v1.0.40* and is similar to the Node-Ks approach used in
previous studies™?. Briefly, we selected the paralogues shared a GD (BS
>50) from the Tree2GD results and used MUSCLE v3.8.425" to align
the protein sequences of each paralogue pair. The protein alignment
was back-translated into nucleotide sequences by the PAL2NAL script
v14"*, The resulting nucleotide sequences without gap were used to
calculate the Ks value through the codeml in PAML v4.9"** with a
maximum likelihood method of GY**, The Ks values greater than five
were not used in subsequent WGD analyses to avoid pitfalls of Ks
saturation'?, and the median Ks value of all paralogues from a common
GD event was used as the Ks value of the event to reduce the effect of
multiple copies on Ks-plot. Each peak in Ks-plot as an event was
identified, and the median value was calculated as the Ks value of the
event'.

Furthermore, to place a WGD event on the species-tree, we
compared the divergence time of paralogues from a focal taxon, that
of orthologues from the taxon and the other one shared the event, and
that of orthologues from the taxon and one without the event’. Briefly,
orthologue pairs were identified by searches using diamond
v2.0.4.142'> with the reciprocal best hit (RBH; “getRBH.pl” available in
https://github.com/Computational-conSequences/SequenceTools/)
between two taxa™. In addition, orthologues were aligned and back-
translated into nucleotide sequences using the same method as
described above. Finally, we used the codeml with GY method to cal-
culate the Ks value of each orthologous gene pair and retrieved the
median Ks values of orthologs. The orthologue Ks peak values were
compared with the Ks value of the putative focal WGD shared by the
ingroup to estimate whether the WGD occurred earlier than the spe-
ciation between lineages shared the WGD event and later than the
divergence of their stem group from an outgroup (Supplementary
Figs. 17-23).

Chromosomal collinearity analyses

To identify WGD events in a taxon with genome sequenced, we applied
the MCScan pipeline (Python version)' in JCVI v1.1.15 with a C-score
cutoff of 0.5 to identify the chromosomally collinear blocks, which
contain at least four collinear (syntenic) gene pairs. Ks values of each
syntenic gene pair were calculated using the same methods in the
above section, and the median Ks value of all gene pairs in a syntenic
block were used as the Ks value of the block. To identify the type and
age of WGD events during evolution, the different blocks with the
dating in the same range clustered by a Ks peak were marked with the
same color in genome dot-plot analyses. Furthermore, to place a
published WGD event identified in a single genome-sequenced species
into the grass phylogeny, we estimated the number and phylogenetic
positions of GDs shared by the gene pairs anchored in syntenic blocks.
Finally, when analyzing genes in inter-species collinear blocks, to
reduce redundant orthologous signals in an orthologous group (OG)
that resulted from tandem duplications in the outgroup, we defined
Toc as a cumulative value of the product of percent identity and
alignment coverage for sequences in an OG and calculated it using Eq.
(1) as shown below:

Nature Communications | (2024)15:3305

z . ALoutsp-insp,
TOG = Z <I dentlty Outsp—Insp; x % (1)
i nsp;
Tmax = maX(TOGIWTOGm) (2)
20


https://bitbucket.org/barkerlab/maps/
https://github.com/Computational-conSequences/SequenceTools/

Article

https://doi.org/10.1038/s41467-024-47428-9

where the percent identity (/dentityouesp-inspi) between an outgroup
gene (Outsp) and each ingroup sequence in an OG with n ingroup
genes (Insp;) is multiplied by the ratio of alignment length (AL) for
Outsp with each Insp; (Outsp-Insp;,) over the gene length (GL) of Insp; in
an OG; T, represents the maximum value among Ty of m tandemly
duplicated genes. Then we selected the OG with T, (from Eq. 2) for
downstream analyses.

Estimation of the rho-derived duplicates in subfamilies

To estimate the retention and loss patterns of the rho-derived dupli-
cates in different subfamilies, we integrated inter-species collinear
blocks and gene trees to analyze the genes retained from rho. We
selected 24 genomes that represent seven subfamilies and the pine-
apple genome as an outgroup (see the species in Supplementary
Fig. 48 and Supplementary Data 1). These genomes were compared by
MCScan to identify intra- and inter-species collinear blocks based on
three relationships (see pipeline in Supplementary Fig. 48). (1) we
required relationships between interspecific blocks with a match of
one pineapple block versus two blocks per grass species that did not
undergo a recent WGD after rho (including Oropetium thomaeum,
Cenchrus americanus, Setaria italica, Saccharum hybrid, Sorghum
bicolor, Thinopyrum elongatum, Hordeum vulgare, Puccinellia tenui-
flora, Brachypodium distachyon, Raddia distichophylla, Olyra latifolia,
Oryza sativa, O. officinalis, O. brachyantha, Leersia perrieri, Pharus
latifolius, and Streptochaeta angustifolia). (2) we required relationships
between interspecific blocks with a match of one pineapple block
versus four blocks in grass species that have undergone a WGD after
rho (Zoysia japonica, Phyllostachys edulis, Zea mays, Eragrostis tef, and
Zizania latifolia). (3) we required relationships between interspecific
blocks with a match of one pineapple block versus six grass blocks for
each of Dendrocalamus latiflorus and Triticum aestivum. These inter-
specific blocks were integrated according to the gene orders in the
pineapple genome. The integrated blocks were split into continuous
blocks based on the chromosome-scale assemblies from pineapple, P.
latifolius, O. sativa, L. perrieri, B. distachyon, T. elongatum, H. vulgare, P.
tenuiflora, and S. bicolor. In addition, to ensure the block supporting
the rho event, we required that the block include at least one pair of
paralogous genes mapped at Poaceae and/or anchored in the syntenic
blocks with some genes matching the rho event. Therefore, such gene
pairs detected from the gene trees with more grass and outgroup
representatives (see duplications in Supplementary Fig. 3) were
applied as markers to filter blocks (see a sample of block in Fig. 7a and
Supplementary Fig. 49). In the retained collinear blocks, the redundant
orthologous signals resulted from tandem duplications in the pine-
apple genome were removed using the Tos and T4, as described in
the section of “Chromosomal collinearity analyses”.

To estimate the retention and loss patterns of the rho-derived
duplicates, we construct gene trees of the orthogroups that were
defined here as the pineapple gene and its collinear grass genes in the
retained collinear blocks. Specifically, protein sequences of each
orthogroup were aligned by using the above PASTA approach. The
produced protein sequence alignments were back-translated into
nucleotide sequences by using the PAL2NAL script v14~*. The
nucleotide alignments were used to reconstruct gene trees by using
IQ-TREE v2.1.2'** with the ML method, GTR model, and 1000 ultrafast
bootstrap replicates™. In addition, genes with possibly false or
incomplete assembly and annotation could result in deletion or
insertion regions in multiple sequence alignments and long terminal
branches in gene trees. Uncorrected positions of the long terminal
branches could bring false positive results of GD mapping. To reduce
the noise signals from long branches, we iteratively pruned the long
terminal branches that were 8 times longer than the average value (in
95% confidence interval) of the length of retained branches in gene
tree until the average value did not change. The noise signals in mul-
tiple sequence alignments can also lead to a long interbranch that

connects terminal branches; hence we also removed the long inter-
branch that was 8 times longer than the average length of branches in
the gene tree. The (pruned) gene trees (including at least 6 genes) were
rooted by using the minimal ancestor deviation (mad v2.2'"), a method
based on branch lengths. When one or more duplications shared by at
least three subfamilies were detected in the rooted gene tree, the gene
tree were iteratively rooted with each node (and the pineapple gene) as
an outgroup to keep the minimal ancestral duplication.

The final rooted gene trees were reconciled to species-tree to
estimate the number of retention and loss events (including the
species-specific reciprocal loss of two rho-derived copies that were
retained in a subfamily). To detect possible retention after a duplica-
tion, we required that the duplication (BS > 50) was shared by at least
three gene pairs. When a Poales duplication was detected in a gene
tree, the tree was pruned into two subtrees from the duplication, one
with the pineapple and grass genes and the other including the grass
genes. Similarly, when two or more duplications were mapped at
Poaceae and the nodes (the MRCA of Pharoideae and core Poaceae, the
MRCA of core Poaceae), with duplications mapped, had equal depth
(or <3 depth differences), the gene tree was pruned into subtrees from
the duplications. The subtrees including at least six genes from at least
four subfamilies were respectively used to estimate the retention and
loss events after rho in Poaceae. A Poaceae OG was defined as a clade of
Poaceae genes after the divergence of non-Poaceae families of Poales;
if a Poaceae OG has a GD mapped to one of the backbone nodes
from the MRCA of Poaceae to the MRCA of core Poaceae, then this
OG is defined as having two rho-derived copies. If a Poaceae OG lacks
such a GD, then it is defined as being single-copy for rho duplicates.
The number of retained genes in subfamilies are in Supplemen-
tary Data 5.

Furthermore, to explore the gene expression patterns of inter-
ested genes in the Poaceae OGs, we used kallisto v0.46.1' to quantify
and compare the gene expression levels using public data (Supple-
mentary Data 1).

Bamboo genome analyses

We performed different analyses to investigate the Kappa event.
Analysis-l was a phylogenomic analyses using multiple species, repre-
senting five Olyreae genera (one with sequenced genome plus four
with transcriptomes), 14 genera of Arundinarieae (one with sequenced
genome and 17 with transcriptomes), and 14 genera of Bambuseae
(three with genomes and 23 with transcriptomes) (Supplementary
Fig. 5). Using the above phylogenomic approach in Tree2GD analyses,
gene trees of gene families were constructed and then reconciled with
species-tree to detect GD events. For GDs mapped at woody bamboo
ancestor, syntenic genes matched the GDs with different retention
types were examined to investigate their presence in syntenic blocks
(Supplementary Fig. 31). In addition, analysis-Il used MCScan to iden-
tify collinear blocks with the relationships of one outgroup (Oryza
sativa and/or Thinopyrum elongatum) versus one Olyra latifolia versus
two Phyllostachys edulis versus three Dendrocalamus latiflorus. In each
block, orthologous groups with tandem duplicates in single species
were filtered out by using the Tog and T4, as described previously.
Orthologous groups were aligned by MAFFT v7.372"? and gene trees
were constructed by IQ-TREE v2.1.2'°. Gene trees are rooted with non-
bamboo grasses and reconciled to species-tree to map GDs shared by
syntenic genes (Supplementary Fig. 32). We compared the syntenic
gene pairs mapped at the MRCA of woody bamboo ancestor with the
GD evidence here and that with the evidence from analysis-1 (Supple-
mentary Fig. 32). Moreover, using the above approach in Ks analyses,
analysis-lll dated the Ks peak from Phyllostachys edulis syntenic gene
pairs for the Kappa event (Supplementary Fig. 20b and Supplementary
Data 3). We also compared the number of syntenic gene pairs with Ks
evidence for kappa and that with GD evidence for kappa from analysis-I
(Supplementary Fig. 20b).
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For GDs mapped at Bambusoideae, we detected their corre-
sponding syntenic genes and examined their presence in the syntenic
blocks that also include genes of GDs mapped at the MRCA of wood
bamboos (Supplementary Fig. 33). In addition, if paralogues from
woody bamboos have unusually high substitution rates (high evolu-
tion rate), such genes could be placed as sister to bamboos due to
long-branch attraction (LBA) artifacts®, resulting in incorrect place-
ment of the GD at Bambusoideae. To examine the potential effects of
LBA artifacts in the detection of GDs mapped at Bambusoideae of the
(AB)A type, 242 gene trees with non-bamboo grasses as outgroup are
reconstructed by using the first+second codons from the nucleotide
alignments in Analysis-l. These gene trees were reconciled with
species-tree to detect GDs (BS >50); these GDs were then compared to
those obtained previously by the paralogues mapped at Bambusoi-
deae using full codons. The number of GDs shared by two or more
species were shown in phylogeny of Supplementary Fig. 34b. Among
the gene trees with GDs mapped at Bambusoideae using the 1st+2nd
codons and the gene trees of the same gene families using full codons,
we used student’s Fisher test to compare the significant difference
between the branch length of herbaceous bamboo lineage (1lI) and
each of other bamboo lineages [including two woody bamboo lineages
(1, I1) and the Bambusoideae lineage (IV)] (Supplementary Fig. 34).

To detect possible genome regions related to hybridization, using
the above MCScan approach, the O. latifolia genome was aligned
against the P. edulis or D. latiflorus genomes to identify inter-species
collinear blocks between herbaceous bamboos (HB) and woody
bamboos (WB) (Supplementary Fig. 35). For each of the inter-species
collinear blocks, we compared the two homeologous chromosomes of
WB to count the number of single-copy genes between HB and WB
(SCG); according to the number of SCGs, the chromosomal fragments
with more SCGs were named as the dominant subgenome (SCG H-D)
and the chromosomal fragments with less SCGs were named as the
recessive subgenome (SCG H-R). We compared each pair of home-
ologous chromosomes for the number of gene pairs of WB paralogs,
SCG H-D, and SCG H-R and used “aov” in R to examine significant
difference among them (Supplementary Fig. 36).

Oryza genome analyses

To place Oryza coarctata in the Oryza phylogeny, we utilized ASTRAL-
Pro v1.3.1.0 to infer phylogenetic relationships with 22,829 ortholo-
gous groups, which contain at least two copies in at least one species
and are used to identify WGDs in Oryzoideae. To infer the probably
parental subgenomes of O. coarctata, we estimated the number of
sisterhood (lineage sister to O. coarctata) in gene trees. About 5657
gene trees that contained two main sisterhoods were pruned to remain
single-copy for all species except for O. coarctata and to reduce the
effect of gene duplications (especially reciprocal retention and loss of
duplicates in different lineages). (1) a monophyletic Poaceae is
required (if a GD was mapped at Poaceae, each subclade contained at
least one focal sisterhood was retained). (2) only one gene for each
outgroup species was saved by iteration of searching clades with
duplicates and removing one of the duplicates with a longer branch
length (and/or removing one of the duplicated groups with less spe-
cies coverage). (3) only one gene for Oryzoideae species (except for O.
coarctata) was saved by the same procedure in the second step [if one
of the duplicated clades (sharing two or more species) containing O.
coarctata genes excluded either of the two focal sisterhoods, this
clade was removed]. The retained gene trees were reconstructed
by using RAXML and then used to infer Oryza genome phylogeny by
using ASTRAL. The RNA-Seq data® of O. coarctata under control
(SRR771527), under salt-water submergence (SRR771531), and under
purified-water submergence (SRR771530) (Supplementary Data 1) are
used for calculating transcripts per million values by kallisto v0.46.1'%,
In addition, we retrieved the published expression data” of rice root
under submergence.

GO analyses

An orthogroup represents a set of homologous genes, with similar
functions derived from their common ancestor, and a GO term of their
consensus sequence indicates a possible function of the orthogroup.
To compare GO annotations of orthogroups, a consensus sequence of
each orthogroup was generated used the hmmemit tool in HMMER
package v3.4'°®> with protein sequence alignments of each orthogroup
and the simple majority rule. In addition, we applied the online Inter-
Pro program (https://www.ebi.ac.uk/interpro/search/sequence/) to
predict GO terms using consensus sequences to search for homo-
logous proteins in the default databases with proteins of several
organisms and mapping the resulting gene hits to InterPro2GO
database'** . Among GO terms annotated by using currently active
GO information (basic-go database version: releases/2023-11-15; http://
purl.obolibrary.org/obo/go/go-basic.0bo)'*'*¢, we selected the ones
belonging to the ‘Molecular Function’ category for downstream
analyses.

To obtain a term from multiple GO terms that were derived from
an ontology and annotated on an orthogroup, we calculated the
(semantic similarity) distance between any specific term and its
ancestor(s) of the third depth and select the ancestral term with the
shortest distance'®. To simplify the GO classification, we grouped the
GO terms into the regulation of gene expression, protein regulation,
and modification, metabolism, small-molecule metabolism, nucleic
acid metabolism, interaction of proteins, transport, and other cate-
gories. To implicate special functions of the rho-derived gene dupli-
cates, we performed gene category analyses by comparison of the GO
terms for the duplicates and the whole protein-coding genes in each of
five grass genome (rice, barley, wheat, maize, and sorghum) with
GOATOOLS v1.3.9"° (Supplementary Data 6). The GO terms of the five
genomes were downloaded from PLAZA v5.0"". Under Fisher’s exact
test and multiple test correction, the GO terms with p values <0.05
were selected as enriched terms. In addition, we used clusterProfiler
v3.10.1"2 for GO analyses of bamboo genes (Supplementary Fig. 38a).

Statistical analyses

We applied different functions in R to perform statistical analyses,
including “t. test” for the Student’s t-test, “Fisher.test” for Fisher ana-
lysis, “cor.test” for Pearson’s correlation analysis, “chisq.test” for the
Pearson’s chi-squared test, and “aov” for the Exact F-test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The accessions in Supplementary Data 1 are available in NCBI and
other public databases. Datasets including the sequence alignments
for molecular dating, sequence alignments and gene tree files of
orthogroups and their reconciliations for Tree2GD analyses,
sequence alignments and gene tree files for MAPS analyses, sequence
alignments and gene tree files for bamboo genome analyses, gene
tree files for Oryza ASTRAL analyses, and sequence alignments and
gene tree files for estimating the retention and loss patterns of the
rho-derived duplicates, are available on FigShare'”. The relevant data
for Figs. 1-8 can be found in the Source Data file. Source Data for
Supplementary Figs. are also provided in the Source Data file. Specific
databases used in our analyses include the SILVA database (releases/
24-Aug-2020; https://www.arb-silva.de/fileadmin/silva_databases/
release_138 1/Exports/SILVA_138.1 SSURef tax silva_trunc.fasta.gz),
the Monocotyledons-specific BUSCO database (liliopsida_odb10;
https://busco-data.ezlab.org/v4/data/lineages/liliopsida_odb10.2020-
09-10.tar.gz), and the basic-go database (releases/2023-11-15; http://
purl.obolibrary.org/obo/go/go-basic.obo). Source data are provided
with this paper.
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Code availability

The custom scripts for estimating the retention and loss patterns of
the rho-derived duplicates in different subfamilies are available at
https://github.com/TaikuiZhang/GrassPhylogenomics and at https://
doi.org/10.24433/C0.1170454.v1.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Zhang, C. et al. Asterid phylogenomics/phylotranscriptomics
uncover morphological evolutionary histories and support phy-
logenetic placement for numerous whole genome duplications.
Mol. Biol. Evol. 37, 3188-3210 (2020).

Leebens-Mack, J. H. et al. One thousand plant transcriptomes
and the phylogenomics of green plants. Nature 574,

679-685 (2019).

Jiao, Y. et al. Ancestral polyploidy in seed plants and angiosperms.
Nature 473, 97 (2011).

Chen, D., Zhang, T., Chen, Y., Ma, H. & Qi, J. Tree2GD: a phylo-
genomic method to detect large scale gene duplication events.
Bioinformatics 38, 5317-5321 (2022).

Zhao, Y. et al. Nuclear phylotranscriptomics and phylogenomics
support numerous polyploidization events and hypotheses for the
evolution of rhizobial nitrogen-fixing symbiosis in Fabaceae. Mol.
Plant 14, 748-773 (2021).

Yuan, Z. et al. The pomegranate (Punica granatum L.) genome
provides insights into fruit quality and ovule developmental biol-
ogy. Plant Biotechnol. J. 16, 1363-1374 (2018).

Soltis, P. S. & Soltis, D. E. Ancient WGD events as drivers of key
innovations in angiosperms. Curr. Opin. Plant Biol. 30, 159-165
(2016).

Landis, J. B. et al. Impact of whole-genome duplication events on
diversification rates in angiosperms. Am. J. Bot. 105, 348-363
(2018).

Guo, J. et al. Phylotranscriptomics in Cucurbitaceae reveal multi-
ple whole-genome duplications and key morphological and
molecular innovations. Mol. Plant 13, 1117-1133 (2020).

Wu, S., Han, B. & Jiao, Y. Genetic contribution of paleopolyploidy
to adaptive evolution in angiosperms. Mol. Plant 13, 59-71 (2020).
Soreng, R. J. et al. A worldwide phylogenetic classification of the
Poaceae (Gramineae) lll: an update. J. Syst. Evol. 60, 476-521
(2022).

Hodkinson, T. R. in Annual Plant Reviews Online (ed. Roberts, J. A.)
(John Wiley & Sons, Incorporated, 2018).

Huang, W. et al. A well-supported nuclear phylogeny of Poaceae
and implications for the evolution of C4 photosynthesis. Mol. Plant
15, 755-777 (2022).

Vaughan, D. A., Morishima, H. & Kadowaki, K. Diversity in the Oryza
genus. Curr. Opin. Plant Biol. 6, 139-146 (2003).

Paterson, A. H., Bowers, J. E. & Chapman, B. A. Ancient poly-
ploidization predating divergence of the cereals, and its con-
sequences for comparative genomics. Proc. Natl Acad. Sci. USA
101, 9903-9908 (2004).

Tang, H., Bowers, J. E., Wang, X. & Paterson, A. H. Angiosperm
genome comparisons reveal early polyploidy in the monocot
lineage. Proc. Natl Acad. Sci. USA 107, 472-477 (2010).

Jiao, Y., Li, J., Tang, H. & Paterson, A. H. Integrated syntenic and
phylogenomic analyses reveal an ancient genome duplication in
monocots. Plant Cell 26, 2792-2802 (2014).

Ma, P.-F. et al. The Pharus latifolius genome bridges the gap of
early grass evolution. Plant Cell 33, 846-864 (2021).

Seetharam, A. S. et al. The Streptochaeta genome and the evolu-
tion of the grasses. Front. Plant Sci. 12, 710383 (2021).

Zhang, L. et al. Phylotranscriptomics resolves the phylogeny of
Pooideae and uncovers factors for their adaptive evolution. Mol.
Biol. Evol. 39, msac026 (2022).

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Estep, M. C. et al. Allopolyploidy, diversification, and the Miocene
grassland expansion. Proc. Natl Acad. Sci. USA 111, 15149-15154
(2014).

Peng, Z. et al. The draft genome of the fast-growing non-timber
forest species moso bamboo (Phyllostachys heterocycla). Nat.
Genet. 45, 456-461 (2013).

Guo, Z.-H. et al. Genome sequences provide insights into the
reticulate origin and unique traits of woody bamboos. Mol. Plant
12, 1353-1365 (2019).

Shi, J. et al. Chromosome conformation capture resolved near
complete genome assembly of broomcorn millet. Nat. Commun.
10, 464 (2019).

Yan, N. et al. Chromosome-level genome assembly of Zizania
latifolia provides insights into its seed shattering and phyto-
cassane biosynthesis. Commun. Biol. 5, 36 (2022).

VanBuren, R. et al. Exceptional subgenome stability and functional
divergence in the allotetraploid Ethiopian cereal teff. Nat. Com-
mun. 1, 884 (2020).

Chen, E., Huang, X., Tian, Z., Wing, R. A. & Han, B. The genomics of
Oryza species provides insights into rice domestication and het-
erosis. Annu. Rev. Plant Biol. 70, 639-665 (2019).

Stein, J. C. et al. Genomes of 13 domesticated and wild rice rela-
tives highlight genetic conservation, turnover and innovation
across the genus Oryza. Nat. Genet. 50, 285-+ (2018).

Shang, L. G. et al. A super pan-genomic landscape of rice. Cell
Res. 32, 878-896 (2022).

Chen, J. F. et al. Whole-genome sequencing of Oryza brachyantha
reveals mechanisms underlying Oryza genome evolution. Nat.
Commun. 4, 1595 (2013).

Shenton, M. et al. Evolution and diversity of the wild rice Oryza
officinalis complex, across continents, genome types, and ploidy
levels. Genome Biol. Evol. 12, 413-428 (2020).

Phillips, A. L. et al. The first long-read nuclear genome assembly of
Oryza australiensis, a wild rice from northern Australia. Sci. Rep.
12, 10823 (2022).

Bansal, J., Gupta, K., Rajkumar, M. S., Garg, R. & Jain, M. Draft
genome and transcriptome analyses of halophyte rice Oryza
coarctata provide resources for salinity and submergence stress
response factors. Physiol. Plant. 173, 1309-1322 (2021).

Deb, S. K., Edger, P. P., Pires, J. C. & McKain, M. R. Patterns,
mechanisms, and consequences of homoeologous exchange in
allopolyploid angiosperms: a genomic and epigenomic perspec-
tive. N. Phytol. 238, 2284-2304 (2023).

Cheng, F. et al. Gene retention, fractionation and subgenome
differences in polyploid plants. Nat. Plants 4, 258-268

(2018).

McKain, M. R. et al. A phylogenomic assessment of ancient poly-
ploidy and genome evolution across the Poales. Genome Biol.
Evol. 8, 1150-1164 (2016).

Lynch, M. & Force, A. G. The origin of interspecific genomic
incompatibility via gene duplication. Am. Nat. 156,

590-605 (2000).

Scannell, D. R., Byrne, K. P., Gordon, J. L., Wong, S. & Wolfe, K. H.
Multiple rounds of speciation associated with reciprocal gene loss
in polyploid yeasts. Nature 440, 341-345 (2006).

Sun, C. H. et al. The histone methyltransferase SDG724 mediates
H3K36me2/3 deposition at MADS50 and RFT1 and promotes
flowering in rice. Plant Cell 24, 3235-3247 (2012).

Kim, S. L., Lee, S., Kim, H. J., Nam, H. G. & An, G. OsMADS51 is

a short-day flowering promoter that functions upstream of

Ehd1, OsMADS14, and Hd3a. Plant Physiol. 145, 1484-1494
(2007).

Kuroha, T. et al. Ethylene-gibberellin signaling underlies adapta-
tion of rice to periodic flooding. Science 361, 181-186 (2018).

Nature Communications | (2024)15:3305

23


https://github.com/TaikuiZhang/GrassPhylogenomics
https://doi.org/10.24433/CO.1170454.v1
https://doi.org/10.24433/CO.1170454.v1

Article

https://doi.org/10.1038/s41467-024-47428-9

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wang, W., Shao, A., Xu, X., Fan, S. G. & Fu, J. M. Comparative
genomics reveals the molecular mechanism of salt adaptation for
zoysiagrasses. BMC Plant Biol. 22, 355 (2022).

Zou, C. S. et al. The genome of broomcorn millet. Nat. Commun.
10, 436 (2019).

Kamal, N. et al. The mosaic oat genome gives insights into a
uniguely healthy cereal crop. Nature 606, 113-119 (2022).
Garsmeur, O. et al. A mosaic monoploid reference sequence for
the highly complex genome of sugarcane. Nat. Commun. 9,
2638 (2018).

Gonzalez, M. L., Chiapella, J. O. & Urdampilleta, J. D. The Antarctic
and South American species of Deschampsia: phylogenetic rela-
tionships and cytogenetic differentiation. Syst. Biodivers. 19,
453-470 (2021).

Zwaenepoel, A. & Van de Peer, Y. Inference of ancient whole-
genome duplications and the evolution of gene duplication and
loss rates. Mol. Biol. Evol. 36, 1384-1404 (2019).

Li, Z. et al. Early genome duplications in conifers and other seed
plants. Sci. Adv. 1, 1501084 (2015).

Wasser, D., Borst, A., Hammelmann, M., Ludt, K. & Soppa, J.
Characterization of non-selected intermolecular gene conversion
in the polyploid haloarchaeon haloferax volcanii. Front. Microbiol.
12, 680854 (2021).

Salmon, A., Flagel, L., Ying, B., Udall, J. A. & Wendel, J. F. Homo-
eologous nonreciprocal recombination in polyploid cotton. N.
Phytol. 186, 123-134 (2010).

Liu, S. et al. The Brassica oleracea genome reveals the asymme-
trical evolution of polyploid genomes. Nat. Commun. 5,

3930 (2014).

Qiao, X. et al. Gene duplication and evolution in recurring
polyploidization-diploidization cycles in plants. Genome Biol. 20,
38 (2019).

Triplett, J. K., Clark, L. G., Fisher, A. E. & Wen, J. Independent
allopolyploidization events preceded speciation in the temperate
and tropical woody bamboos. N. Phytol. 204, 66-73 (2014).
Zheng, Y. et al. Allele-aware chromosome-scale assembly of the
allopolyploid genome of hexaploid Ma bamboo (Dendrocalamus
latiflorus Munro). J. Integr. Plant Biol. 64, 649-670 (2022).

Zhao, H. et al. Analysis of 427 genomes reveals moso bamboo
population structure and genetic basis of property traits. Nat.
Commun. 12, 5466 (2021).

Simion, P. et al. A large and consistent phylogenomic dataset
supports Sponges as the sister group to all other animals. Curr.
Biol. 27, 958-967 (2017).

Wysocki, W. P., Clark, L. G., Attigala, L., Ruiz-Sanchez, E. & Duvall,
M. R. Evolution of the bamboos (Bambusoideae; Poaceae): a full
plastome phylogenomic analysis. BMC Evolut. Biol. 15, 50 (2015).
Makarevitch, 1., Thompson, A., Muehlbauer, G. J. & Springer, N. M.
Brd1 gene in maize encodes a Brassinosteroid C-6 oxidase. PLoS
ONE 7, 30798 (2012).

Mori, M. et al. Isolation and characterization of a rice dwarf mutant
with a defect in brassinosteroid biosynthesis. Plant Physiol. 130,
1152-1161 (2002).

Sengupta, S. & Majumder, A. L. Porteresia coarctata (Roxb.)
Tateoka, a wild rice: a potential model for studying salt-stress
biology in rice. Plant, Cell Environ. 33, 526-542 (2010).

Ge, S., Sang, T., Lu, B.-R. & Hong, D.-Y. Phylogeny of rice genomes
with emphasis on origins of allotetraploid species. Proc. Natl Acad.
Sci. USA 96, 14400-14405 (1999).

Lu, F. et al. Comparative sequence analysis of MONOCULM]-
orthologous regions in 14 Oryza genomes. Proc. Natl Acad. Sci.
USA 106, 2071-2076 (2009).

Xu, K. et al. SublA is an ethylene-response-factor-like gene that
confers submergence tolerance to rice. Nature 442,

705-708 (2006).

64.

65.

66.

67.

68.

69.

70.

n.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Rohini, G. et al. Deep transcriptome sequencing of wild halophyte
rice, Porteresia coarctata, provides novel insights into the salinity
and submergence tolerance factors. DNA Res. 21, 69-84 (2014).
Kellogg, E. A. The evolutionary history of Ehrhartoideae, Oryzeae,
and Oryza. Rice 2, 1-14 (2009).

Hu, Y.-z, Zeng, Y.-l, Guan, B. & Zhang, F.-c Overexpression of a
vacuolar H+-pyrophosphatase and a B subunit of H+-ATPase
cloned from the halophyte Halostachys caspica improves salt
tolerance in Arabidopsis thaliana. Plant Cell Tissue Organ Cult.
108, 63-71 (2012).

Kim, D.-M. et al. Characterization of genes associated with salt
tolerance using transcriptome analysis and quantitative trait loci
mapping in rice. Plant Breed. Biotech. 9, 318-330 (2021).

Meloni, D. A., Oliva, M. A., Martinez, C. A. & Cambraia, J. Photo-
synthesis and activity of superoxide dismutase, peroxidase and
glutathione reductase in cotton under salt stress. Environ. Exp.
Bot. 49, 69-76 (2003).

Plomion, C. et al. Oak genome reveals facets of long lifespan. Nat.
Plants 4, 440-452 (2018).

Guo, H. et al. Gene duplication and genetic innovation in cereal
genomes. Genome Res. 29, 261-269 (2019).

Reynoso, M. A. et al. Evolutionary flexibility in flooding response
circuitry in angiosperms. Science 365, 1291-1295 (2019).

Cosio, C. & Dunand, C. Specific functions of individual class IlI
peroxidase genes. J. Exp. Bot. 60, 391-408 (2009).

Choudhury, F. K., Rivero, R. M., Blumwald, E. & Mittler, R. Reactive
oxygen species, abiotic stress and stress combination. Plant J. 90,
856-867 (2017).

Swigonova, Z. et al. Close split of sorghum and maize genome
progenitors. Genome Res. 14, 1916-1923 (2004).

Malcomber, S. T. & Kellogg, E. A. Evolution of unisexual flowers in
grasses (Poaceae) and the putative sex-determination gene,
TASSELSEED2 (TS2). N. Phytol. 170, 885-899 (2006).

Jiang, L. et al. DWARF 53 acts as a repressor of strigolactone sig-
nalling in rice. Nature 504, 401-405 (2013).

Ma, Y. et al. COLD1 confers chilling tolerance in rice. Cell 160,
1209-1221 (2015).

Yan, P. et al. Biofortification of iron content by regulating a NAC
transcription factor in maize. Science 382, 1159-1165 (2023).
Deinlein, U. et al. Plant salt-tolerance mechanisms. Trends Plant
Sci. 19, 371-379 (2014).

Zhao, Q. et al. Transcriptome comparative analysis of salt stress
responsiveness in Chrysanthemum (Dendranthema grandiflorum)
roots by illumina- and single-molecule real-time-based RNA
sequencing. DNA Cell Biol. 37, 1016-1030 (2018).

Riera, M., Peracchia, G. & Pagés, M. Distinctive features of plant
protein kinase CK2. In Protein Kinase CK2 — From Structure to
Regulation (eds Ahmed, K., Issinger, O.-G. & Allende, J.E.) Ch. 15
(Springer, 2001).

Yao, D. et al. Transcriptomic profiling of wheat stem during
meiosis in response to freezing stress. Front. Plant Sci. 13,
1099677 (2023).

Shou, Y., Zhu, Y. & Ding, Y. Transcriptome analysis of lateral buds
from Phyllostachys edulis rhizome during germination and early
shoot stages. BMC Plant Biol. 20, 229 (2020).

Nakajima, K., Furutani, I., Tachimoto, H., Matsubara, H. & Hashi-
moto, T. SPIRAL1 encodes a plant-specific microtubule-localized
protein required for directional control of rapidly expanding Ara-
bidopsis cells. Plant Cell 16, 1178-1190 (2004).

Wang, Y. et al. Genome-wide profiling of circular RNAs in the
rapidly growing shoots of moso bamboo (Phyllostachys edulis).
Plant Cell Physiol. 60, 1354-1373 (2019).

Varoquaux, N. et al. Transcriptomic analysis of field-droughted
sorghum from seedling to maturity reveals biotic and metabolic
responses. Proc. Natl Acad. Sci. USA 116, 27124-27132 (2019).

Nature Communications | (2024)15:3305

24



Article

https://doi.org/10.1038/s41467-024-47428-9

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Xue, C. et al. Tissue-level transcriptomic responses to local and
distal chilling reveal potential chilling survival mechanisms in
maize. J. Exp. Bot. 72, 7610-7625 (2021).

Duan, P. et al. Regulation of OsGRF4 by OsmiR396 controls grain
size and yield in rice. Nat. Plants 2, 15203 (2015).

Tian, J. et al. Teosinte ligule allele narrows plant architecture and
enhances high-density maize yields. Science 365,

658-664 (2019).

Khong, G. N. et al. OsMADS26 negatively regulates resistance to
pathogens and drought tolerance in rice. Plant Physiol. 169,
2935-2949 (2015).

Ren, R. et al. Widespread whole genome duplications contribute
to genome complexity and species diversity in angiosperms. Mol.
Plant 11, 414-428 (2018).

Van de Peer, Y., Mizrachi, E. & Marchal, K. The evolutionary sig-
nificance of polyploidy. Nat. Rev. Genet. 18, 411 (2017).

Mancera, E., Bourgon, R., Brozzi, A., Huber, W. & Steinmetz, L. M.
High-resolution mapping of meiotic crossovers and non-
crossovers in yeast. Nature 454, 479-485 (2008).

Lu, P. et al. Analysis of Arabidopsis genome-wide variations before
and after meiosis and meiotic recombination by resequencing
Landsberg erecta and all four products of a single meiosis. Gen-
ome Res. 22, 508-518 (2012).

Jia, X. Q. et al. High-resolution insight into recombination events at
the SD1 locus in rice. Plant J. 97, 683-692 (2019).

Zheng, X., Lin, S., Fu, H., Wan, Y. & Ding, Y. The bamboo flowering
cycle sheds light on flowering diversity. Front. Plant Sci. 11,
381(2020).

Stull, G. W., Pham, K. K., Soltis, P. S. & Soltis, D. E. Deep reticula-
tion: the long legacy of hybridization in vascular plant evolution.
Plant J. 114, 723-994 (2023).

Sungkaew, S., Stapleton, C., Salamin, N. & Hodkinson, T. Non-
monophyly of the woody bamboos (Bambuseae; Poaceae): A
multi-gene region phylogenetic analysis of Bambusoideae s.s. J.
Plant Res. 122, 95-108 (2009).

Gallaher, T. J. et al. Grasses through space and time: An overview
of the biogeographical and macroevolutionary history of Poaceae.
J. Syst. Evol. 60, 522-569 (2022).

Girma, D., Cannarozzi, G., Weichert, A. & Tadele, Z. Genotyping
by sequencing reasserts the close relationship between tef
and its putative wild Eragrostis progenitors. Diversity 10,

17 (2018).

Tanaka, H. et al. Sequencing and comparative analyses of the
genomes of zoysiagrasses. DNA Res. 23, 171-180 (2016).

Li, L.-F. et al. Genome sequences of five Sitopsis species of Aegi-
lops and the origin of polyploid wheat B subgenome. Mol. Plant 15,
488-503 (2022).

Bird, K. A., VanBuren, R., Puzey, J. R. & Edger, P. P. The causes and
consequences of subgenome dominance in hybrids and recent
polyploids. N. Phytol. 220, 87-93 (2018).

Zhang, Z. et al. Physiological and transcriptomic analyses of
brassinosteroid function in moso bamboo (Phyllostachys edulis)
seedlings. Planta 252, 27 (2020).

Chalhoub, B. et al. Early allopolyploid evolution in the post-
Neolithic Brassica napus oilseed genome. Science 345,

950-953 (2014).

Edger, P. P. et al. Origin and evolution of the octoploid strawberry
genome. Nat. Genet. 51, 541-547 (2019).

International Wheat Genome Sequencing Consortium. Shifting
the limits in wheat research and breeding using a fully annotated
reference genome. Science 361, eaar7191 (2018).

Wang, S. et al. Control of grain size, shape and quality by OsSPL16
in rice. Nat. Genet. 44, 950-954 (2012).

109.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Wang, T. et al. The genome of a wild Medicago species provides
insights into the tolerant mechanisms of legume forage to envir-
onmental stress. BMC Biol. 19, 96 (2021).

Zhang, T., Liu, C., Huang, X., Zhang, H. & Yuan, Z. Land-plant
phylogenomic and pomegranate transcriptomic analyses reveal
an evolutionary scenario of CYP75 genes subsequent to whole
genome duplications. J. Plant Biol. 62, 48-60 (2019).

Can, M. et al. Genome sequence of Kobresia littledalei, the first
chromosome-level genome in the family Cyperaceae. Sci. Data 7,
175 (2020).

Shi, T. et al. The slow-evolving Acorus tatarinowii genome sheds
light on ancestral monocot evolution. Nat. Plants 8,

764-777 (2022).

Li, W. et al. Draft genome of the herbaceous bamboo Raddia dis-
tichophylla. G3 11, jkaa049 (2021).

Zhang, W. et al. A high-quality genome sequence of alkaligrass
provides insights into halophyte stress tolerance. Sci. China Life
Sci. 63, 1269-1282 (2020).

Wang, T. et al. Comprehensive profiling of rhizome-associated
alternative splicing and alternative polyadenylation in moso
bamboo (Phyllostachys edulis). Plant J. 91, 684-699 (2017).
Zhao, H. et al. Transcriptome and comparative gene expression
analysis of Phyllostachys edulis in response to high light. BMC
Plant Biol. 16, 34 (2016).

Peng, Z. et al. Transcriptome sequencing and analysis of the fast
growing shoots of moso bamboo (Phyllostachys edulis). PLoS ONE
8, 78944 (2013).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30,
2114-2120 (2014).

Grabherr, M. G. et al. Full-length transcriptome assembly from
RNA-Seq data without a reference genome. Nat. Biotechnol. 29,
644-652 (2011).

Yilmaz, P. et al. The SILVA and “All-species Living Tree Project
(LTP)” taxonomic frameworks. Nucleic Acids Res. 42,
D643-D648 (2014).

Camacho, C. et al. BLAST+: architecture and applications. BMC
Bioinform. 10, 421 (2009).

Haas, B. J. et al. De novo transcript sequence reconstruction from
RNA-Seq using the Trinity platform for reference generation and
analysis. Nat. Protoc. 8, 1494-1512 (2013).

Buchfink, B., Xie, C. & Huson, D. H. Fast and sensitive protein
alignment using DIAMOND. Nat. Methods 12, 59-60 (2015).
Birney, E., Clamp, M. & Durbin, R. Genewise and genomewise.
Genome Res. 14, 988-995 (2004).

Ming, R. et al. The pineapple genome and the evolution of CAM
photosynthesis. Nat. Genet. 47, 1435-1442 (2015).

Goff, S. A. et al. A draft sequence of the rice genome (Oryza sativa
L. ssp. japonica). Science 296, 92-100 (2002).

Schnable, P. S. et al. The B73 maize genome: complexity, diversity,
and dynamics. Science 326, 1112-1115 (2009).

Paterson, A. H. et al. The Sorghum bicolor genome and the
diversification of grasses. Nature 457, 551-556 (2009).

Zhang, J. et al. Allele-defined genome of the autopolyploid
sugarcane Saccharum spontaneum L. Nat. Genet. 50,

1565-1573 (2018).

Mascher, M. et al. A chromosome conformation capture ordered
sequence of the barley genome. Nature 544, 427-433 (2017).
Wang, H. et al. Horizontal gene transfer of Fhb7 from fungus
underlies Fusarium head blight resistance in wheat. Science 368,
eaba5435 (2020).

Bennetzen, J. L. et al. Reference genome sequence of the model
plant Setaria. Nat. Biotechnol. 30, 555-561 (2012).

Nature Communications | (2024)15:3305

25



Article

https://doi.org/10.1038/s41467-024-47428-9

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Shen, J., Zhou, S., Chen, Y. &Qi, J. TransMCL enables the assembly
of full-length coding genes for collecting complete hierarchical
orthogroups. Methods Ecol. Evol. 14, 2137-2149 (2023).

Spitzer, M., Lorkowski, S., Cullen, P., Sczyrba, A. & Fuellen, G.
IsoSVM - distinguishing isoforms and paralogs on the protein
level. BMC Bioinform. 7, 110 (2006).

Lamesch, P. et al. The Arabidopsis Information Resource (TAIR):
improved gene annotation and new tools. Nucleic Acids Res. 40,
D1202-D1210 (20M).

Daccord, N. et al. High-quality de novo assembly of the apple
genome and methylome dynamics of early fruit development.
Nat. Genet. 49, 1099 (2017).

Jaillon, O. et al. The grapevine genome sequence suggests
ancestral hexaploidization in major angiosperm phyla. Nature
449, 463-467 (2007).

Tomato Genome Consortium. The tomato genome sequence
provides insights into fleshy fruit evolution. Nature 485,

635-641 (2012).

Gui, S. et al. Improving Nelumbo nucifera genome assemblies
using high-resolution genetic maps and BioNano genome map-
ping reveals ancient chromosome rearrangements. Plant J. 94,
721-734 (2018).

Zhang, L. et al. The water lily genome and the early evolution of
flowering plants. Nature 577, 79-84 (2020).

Albert, V. A. et al. The amborella genome and the evolution of
flowering plants. Science 342, 1241089 (2013).

Kriventseva, E. V. et al. BUSCO applications from quality assess-
ments to gene prediction and phylogenomics. Mol. Biol. Evol. 35,
543-548 (2017).

Minh, B. Q. et al. IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37,
1530-1534 (2020).

Yang, Z. PAML 4: phylogenetic analysis by maximum likelihood.
Mol. Biol. Evol. 24, 1586-1591 (2007).

Zeng, L. et al. Resolution of deep eudicot phylogeny and their
temporal diversification using nuclear genes from transcriptomic
and genomic datasets. N. Phytol. 214, 1338-1354 (2017).

Li, H.-T. et al. Origin of angiosperms and the puzzle of the Jurassic
gap. Nat. Plants 5, 461-470 (2019).

Zachos, J., Pagani, M., Sloan, L., Thomas, E. & Billups, K. Trends,
rhythms, and aberrations in global climate 65 Ma to present.
Science 292, 686-693 (2001).

Prokoph, A., Shields, G. A. & Veizer, J. Compilation and time-series
analysis of a marine carbonate 3180, 813C, 87Sr/86Sr and 34S
database through Earth history. Earth Sci. Rev. 87, 113-133 (2008).
Yu, G., Smith, D. K., Zhu, H., Guan, Y. & Lam, T. T.-Y. ggtree: an R
package for visualization and annotation of phylogenetic trees
with their covariates and other associated data. Methods Ecol.
Evol. 8, 28-36 (2017).

Zhou, S., Chen, Y., Guo, C. & Qi, J. PhyloMCL: accurate clustering
of hierarchical orthogroups guided by phylogenetic relationship
and inference of polyploidy events. Methods Ecol. Evol. 11,
943-954 (2020).

Mirarab, S., Nguyen, N. & Warnow, T. PASTA: ultra-large multiple
sequence alignment. Res. Comput. Mol. Biol. 8394, 177-191(2014).
Katoh, K. & Standley, D. M. A simple method to control over-
alignment in the MAFFT multiple sequence alignment program.
Bioinformatics 32, 1933-1942 (2016).

Edgar, R. C. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res. 32,

1792-1797 (2004).

Suyama, M., Torrents, D. & Bork, P. PAL2NAL: robust conversion of
protein sequence alignments into the corresponding codon
alignments. Nucleic Acids Res. 34, W609-W612 (2006).

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q. & Vinh,
L. S. UFBoot2: improving the ultrafast bootstrap approximation.
Mol. Biol. Evol. 35, 518-522 (2018).

Rabier, C.-E., Ta, T. & Ané, C. Detecting and locating whole gen-
ome duplications on a phylogeny: a probabilistic approach. Mol.
Biol. Evol. 31, 750-762 (2013).

Sjostrand, J., Arvestad, L., Lagergren, J. & Sennblad, B. GenPhy-
loData: realistic simulation of gene family evolution. BMC Bioin-
form. 14, 209 (2013).

Goldman, N. & Yang, Z. A codon-based model of nucleotide
substitution for protein-coding DNA sequences. Mol. Biol. Evol. 11,
725-736 (1994).

Hernandez-Salmerdn, J. E. & Moreno-Hagelsieb, G. Progress

in quickly finding orthologs as reciprocal best hits: comparing
blast, last, diamond and MMseqgs2. BMC Genomics 21, 741
(2020).

Tang, H. et al. Synteny and collinearity in plant genomes. Science
320, 486-488 (2008).

Tria, F. D. K., Landan, G. & Dagan, T. Phylogenetic rooting using
minimal ancestor deviation. Nat. Ecol. Evol. 1, 0193 (2017).

Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal
probabilistic RNA-Seq quantification. Nat. Biotechnol. 34,
525-527 (2016).

Eddy, S. R. Accelerated profile HMM searches. PLoS Comput. Biol.
7, €1002195 (2011).

Jones, P. et al. InterProScan 5: genome-scale protein function
classification. Bioinformatics 30, 1236-1240 (2014).

Burge, S. et al. Manual GO annotation of predictive protein sig-
natures: the InterPro approach to GO curation. Database 2012,
bar068 (2012).

Blum, M. et al. The InterPro protein families and domains database:
20 years on. Nucleic Acids Res. 49, D344-D354 (2020).
Ashburner, M. et al. Gene ontology: tool for the unification of
biology. Nat. Genet. 25, 25-29 (2000).

The Gene Ontology Consortium. The Gene Ontology resource:
Enriching a GOld mine. Nucleic Acids Res. 49, D325-D334 (2020).
Vesztrocy, A. W. & Dessimoz, C. in The Gene Ontology Handbook
(eds Dessimoz C. & Skunca N.) (Springer, 2017).

Klopfenstein, D. V. et al. GOATOOLS: a Python library for gene
ontology analyses. Sci. Rep. 8, 10872 (2018).

Van Bel, M. et al. PLAZA 5.0: extending the scope and power of
comparative and functional genomics in plants. Nucleic Acids Res.
50, D1468-D1474 (2021).

Yu, G., Wang, L.-G., Han, Y. & He, Q.-Y. ClusterProfiler: an R
package for comparing biological themes among gene clusters.
OMICS 16, 284-287 (2012).

Zhang, T. Data for: phylogenomic profiles of whole-genome
duplications in Poaceae and landscape of differential duplicate
retention and losses among major Poaceae lineages. figshare.
https://doi.org/10.6084/m9.figshare.25377439.v1 (2024).

Peng, J. et al. Green revolution’ genes encode mutant gibberellin
response modulators. Nature 400, 256-261 (1999).

Zhang, H. et al. A genetic module at one locus in rice protects
chloroplasts to enhance thermotolerance. Science 376,
1293-1300 (2022).

Danilevskaya, O. N. et al. Duplicated fie genes in maize: expression
pattern and imprinting suggest distinct functions. Plant Cell 15,
425-438 (2003).

Li, S. et al. Genome-edited powdery mildew resistance in wheat
without growth penalties. Nature 602, 455-460 (2022).

Tan, L. et al. Control of a key transition from prostrate to erect
growth in rice domestication. Nat. Genet. 40, 1360-1364 (2008).
Lee, Y. et al. Sugary endosperm is modulated by starch branching
enzyme lla in rice (Oryza sativa L.). Rice 10, 33 (2017).

Nature Communications | (2024)15:3305

26


https://doi.org/10.6084/m9.figshare.25377439.v1

Article

https://doi.org/10.1038/s41467-024-47428-9

180. Chen, W. et al. Convergent selection of a WD40 protein that
enhances grain yield in maize and rice. Science 375,

eabg7985 (2022).

181. Wei, S. et al. A transcriptional regulator that boosts grain yields
and shortens the growth duration of rice. Science 377,

eabi8455 (2022).

Miyamoto, K. et al. Overexpression of the bZIP transcription factor
OsbZIP79 suppresses the production of diterpenoid phytoalexin
in rice cells. J. Plant Physiol. 173, 19-27 (2015).

Kim, D. Y. et al. Expression analysis of rice VQ genes in response to
biotic and abiotic stresses. Gene 529, 208-214 (2013).

Chu, C. et al. RNA-seq analysis reveals different drought tolerance
mechanisms in two broadly adapted wheat cultivars ‘TAM 111" and
‘TAM 112'. Sci. Rep. 11, 4301 (2021).

He, Y. & Li, J. Differential expression of triplicate phosphor-
ibosylanthranilate isomerase isogenes in the tryptophan biosyn-
thetic pathway of Arabidopsis thaliana (L.) Heynh. Planta 212,
641-647 (2001).

Gu, R. et al. Comparative expression and phylogenetic analysis of
maize cytokinin dehydrogenase/oxidase (CKX) gene family. J.
Plant Growth Regul. 29, 428-440 (2010).

Tong, H. et al. Brassinosteroid regulates cell eelongation by
modulating gibberellin metabolism in rice. Plant Cell 26,
4376-4393 (2014).

Liu, Q. et al. SHORT ROQOT and INDETERMINATE DOMAIN family
members govern PIN-FORMED expression to regulate minor vein
differentiation in rice. Plant Cell 35, 2848-2870 (2023).

Xue, G.-P. et al. Overexpression of TaNAC69 leads to enhanced
transcript levels of stress up-regulated genes and dehydration
tolerance in bread wheat. Mol. Plant 4, 697-712 (2011).

182.

183.

184.

185.

186.

187.

188.

189.

Acknowledgements

We thank Drs. Guojin Zhang, Jun Wang, Pengfei Ma, Yunlong Liu, and
Cuiyu Liu for valuable discussions; Drs. Shengyu Zhou and Jingting
Shen for providing the TransMCL software; and Yaning Shi for the plant
drawings in Figs. 2 and 8. We thank Dr. Junpeng Shi and two anonymous
reviewers for very helpful comments on the manuscript. Computations
for this research were performed on the Pennsylvania State University’s
Institute for Computational and Data Sciences’ Roar supercomputer
(USA), the National Supercomputing Center in Shenzhen (China), and the
Computing Center of Beijing Institutes of Life Science (China). This work
was supported by funds from Eberly College of Science and the Huck
Institutes of the Life Sciences at the Pennsylvania State University (H.M.),
the National Natural Science Foundation of China (32070247 t0J.Q.), and
the China Postdoctoral Science Foundation (2019M661344 to T.Z.).

Author contributions

H.M., J.Q., and T.Z. designed the research. H.M. and J.Q. supervised
research. W.H. and L.Z. contributed grass transcriptome datasets. T.Z.
performed analyses and wrote the draft manuscript. H.M., J.Q., D.-Z.L.,
L.Z., and W.H. commented on the results. H.M., D.-Z.L., and L.Z. revised
the manuscript. H.M., J.Q., and T.Z. provided funds.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47428-9.

Correspondence and requests for materials should be addressed to
Ji Qi or Hong Ma.

Peer review information Nature Communications thanks Junpeng Shi
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:3305

27


https://doi.org/10.1038/s41467-024-47428-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phylogenomic profiles of whole-genome duplications in Poaceae and landscape of differential duplicate retention and losses among major Poaceae lineages
	Results
	WGDs identified in Poaceae and other Poales lineages
	Syntenic analyses of successive GD bursts after rho and evidence for gene conversion
	A proposed paleo-polyploidization of woody bamboo ancestor
	Possible origin of Kappa and the Kappa-derived genes retained at�tribes
	Ancient hybridization contributing to the diverse adaptation of a tetraploid wild�rice
	Retention of ancestral tandem duplications in Oryzoideae
	Differential retention and loss of rho-derived duplicates and potential functional consequences

	Discussion
	Methods
	Data�source
	Transcript assembly
	Bayesian divergence time estimation
	WGD identification through Tree2GD analyses
	WGD identification through MAPS analyses
	WGD inference using divergence time of paralogous gene duplications
	Chromosomal collinearity analyses
	Estimation of the rho-derived duplicates in subfamilies
	Bamboo genome analyses
	Oryza genome analyses
	GO analyses
	Statistical analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




