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Short Summary

We generated high quality genome sequences of lmdapchinochloa crus-galli
and its progenitolE. oryzicola (tetraploid) and a diploid speciek. (haploclada).
Gene family expansion, subgenome evolution andstrgstomic changes during
hexaploidization were compared betwedercrus-galli and bread wheat. The results
illustrate different patterns of genome evolutiooridg polyploidization of the

agricultural weed and a crop.
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Abstract

The hexaploid specidschinochloa crus-galli is one of the most detrimental weeds in
crop fields, especially in rice paddies. Its evionary history is similar to that of
bread wheat, arising through polyploidization aftgbridization between a tetraploid
and a diploid species. Here we generated and athlyigh quality genome
sequences of diploide( haploclada), tetraploid E. oryzicola) and hexaploid K.
crus-galli) Echinochloa species. Gene family analysis showed that disessstance
genes such as those containing the NB-ARC domawe lh@en significantly lost
during Echinochloa polyploidization, which is contrary to significaeipansion of
those genes during wheat polyploidization. The Itesuggests that natural selection
might favor reduced investment in resistance invieed to maximize its growth and
reproduction. In contrast to the asymmetric pateshgenome evolution shown in
wheat and other crops, no significant differencesalection pressure were detected
between the subgenomeskn oryzicola andE. crus-galli. Additionally, distinctive
differences of transcriptomic dynamics in subgenonegpression during
hexaploidization were observed betwedencrus-galli and bread wheat. This study
documents genomic mechanisms for adaptation dyrotgploidization in a major

agricultural weed and provides insights for cropdaling.

Key words: Echinochloa weeds; genome polyploidization; wheat; fithesd cos
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Introduction

The genusEchinochloa (Poaceae) includes numerous problematic weedscthese
reductions in crop yields (Aoki and Yamaguchi, 200Bchael, 2001; Yabuno, 1966).
Among Echinochloa species,E. crus-galli is the most prevalent weed, occurring
widely in both rice paddies and other agricultdrelds; its intense competition can
reduce tillering in rice up to 50% (Guo et al., 80duraimi et al., 2006)chinochloa
crus-galli is hexaploid (2n=6x=54) and is assumed to hawse@rirom hybridization
between the tetraploi. oryzicola (2n=4x=36) and an unknown diploid species
(2n=2x%=18) (Aoki and Yamaguchi, 2008; Yabuno, 19&&)mpared td. crus-galli,
which occurs worldwide, the inferred progenitor @pe ofE. crus-galli have limited
geographical distributions. So far, the tetrapldd oryzicola (also called E.
phyllopogon, E. crus-galli var. oryzicola) has only been found in paddy fields, and

diploid Echinochloa species are only found in Africa (Yabuno, 1983).

Polyploidy is very common in plants, with documehtmstances preceding the
diversification of seed plants and the origin ofiasperms (Amborella Genome
Project, 2013; Jiao et al., 2011), and whole gendomication (WGD) events have
occurred continuously in plants (Soltis et al., 20Polyploidy can be a major driver
of plant species diversification and may play arpamant role in plant genome
evolution (Soltis et al., 2015; Soltis and Sol2909; Van de Peer et al., 2017). In
addition, polyploidy may have increased the genegigability of plant species and
their adaptive plasticity (Chao et al., 2013; Hreglet al., 2015; Meimberg et al.,
2009; Salman-Minkov et al., 2016; Soltis et al.120te Beest et al., 2012; Wendel,
2015).

Some of our most important crop species are poigplPaterson and Wendel, 2015),
such as cotton (tetraploid), oilseed rape (tetidpland bread wheat (hexaploid). In
the case of bread whealriticum aestivum), the crop is hexaploid with three
subgenomes (i.e. A, B and D; genome formula AABBDWhich originated from
hybridization between cultivated tetraploid emméeat (AABB, T. dicoccoides) and
diploid goat grass (DDAegilops tauschii) approximately 8,000 years ago (Brenchley

3
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et al.,, 2012). The allohexaploid genome of breagatrcould, in part, underly its
ability to grow in diverse climates (IWGSC, 201¥ith the availability of genome
sequences of hexaploid and tetraploid wheat and dwltwid progenitors, genome
evolution and its contribution to agronomy traitsridg polyploidization have been
partly revealed (Avni et al., 2017; Brenchley et @a012; IWGSC, 2014; IWGSC,
2018; Ling et al., 2018; Luo et al., 2017; Maccafet al., 2019; Zhao et al., 2017).

Currently, few polyploid agricultural weeds haveebexamined at the whole genome
sequence level. The draft genome sequence of leddplcrus-galli was previously
reported by us (Guo et al., 2017). As a dominargdvgpecies, its wide distribution
and adaptation to a wide range of environments bwattributable in part to its
polyploid genome. Like bread wheat and other akapéoids, E. crus-galli is the
result of hybridization of an allotetraploid withd@loid species. Comparison of tke
crus-galli and wheat genomes could help to elucidate theuggohry consequences
of hexaploidization, including genetic mechanismsaderlying environmental
adaptation. However, the extent to which such meishas are shared in the genomes

of these two hexaploid grass species is unknown.

To examine the mechanisms of adaptatioreircrus-galli and patterns of genome
evolution during polyploidization, we generated gee sequences of its progenikor
oryzicola (tetraploid) and a diploid specieis. haploclada), which we have analyzed
along with a significantly improve#&. crus-galli genome sequence assembled from
third-generation long reads. Gene family and subgen evolution were further
investigated, and the genomic and transcriptomi@nghs during hexaploidization
were compared betweén crus-galli and bread wheat. The results illustrate different
patterns of genome evolution during polyploidizatiof the agricultural weed and a

crop.
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Results

Sequencing, assembly and annotation of di-, tetra- and hexaploid Echinochloa

genomes

We sequenced the genomegobryzicola (accession ZJU2), the tetraploid progenitor
of hexaploidE. crus-galli, and a diploid specieR. haploclada (accession Pasquet
1083) and generated new data to improve the prevassembly oE. crus-galli
(accession STBO08) (Figure 1A; Table 1). HexaplBidcrus-galli and tetraploicE.
oryzicola have genome sizes of 1.4 and 1.0 Gb, respect{@lyp et al., 2017); the
genome size oE. haploclada was estimated to be approximately 420 Mb based on
K-mer analysis and flow cytometry (Supplementaryufegl). These genome size

estimates are consistent with their ploidy.

For theE. haploclada genome, we generated 92x PacBio long reads andld@#na
paired-end reads and assembled these reads inBocb®4igs, producing a ~440b
genome with a contig N50 length of 0.93 Mb (TableThe assembled genome size is
slightly larger than the estimated size; this maydbe to its high heterozygosity rate
of ~1.8% and cases where allelic SNPs were misddedmas different loci
(Supplementary Figure 1). Additionally, ~68 millioralid Hi-C interacting unique
pairs were generated successfully. With the aitie€ sequence data, we anchored
the assembly onto nine pseudochromosomes and eBitainearly chromosome-level
reference genome (scaffold N50 size = 48.75 Mbbl@4a; Supplementary Figure 2).
The percentage of conserved genes retrieved basbembly (BUSCO score, v. 2) is
97.1%, which is comparable to that of other segeéngrass species. The
Echinochloa genome shows high synteny wiktaria italica, a member of the same
tribe asEchinochloa (Paniceae), further supporting our good assemindyity (Figure
1B). After genome annotation, 36,949 genes wereligherl in theE. haploclada
genome. Putative orthologs and paralogs were aslgwmongE. haploclada and
four other grass family members, includi@gyza sativa, Sorghum bicolor, S. italica
andZea mays. We found 20 gene families containing 113 genas &ppear to bE.

haploclada—specific (Supplementary Figure 3).
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For the genome of tetraploi. oryzicola, we generated 63x PacBio and 120x
lllumina reads.De novo assembly yielded a draft genome of 950 Mb, repritass
92.8% of theE. oryzicola genome, with contig and scaffold N50 length of71\b
and 2.93 Mb, respectively (Table 1). A total of B8], protein-coding genes were
predicted in thé. oryzicola genome (Table 1). Additionally, to improve our\aoeis
genome assembly of hexapldid crus-galli (Guo et al., 2017) we generated PacBio
long reads representing ~86x coverage of the gendrhe new assembly was
dramatically improved, and its contig and scaffbilO sizes were increased from 26
Kb and 1.80 Mb, respectively, in the previous vamnsio 1.57 Mb and 4.09 Mb (Table
1). A total of 103,853 protein-coding genes weraaated in the neV. crus-galli

genome assembly.

To further assess the assembly quality of the tR®nochloa species, we firstly
mapped lllumina reads from paired-end librarieshv00 bp insertion size to each
assembly. The results showed that very high pesgent93.5%, 98.5% and 98.0% in
diploid, tetraploid and hexaploiBichinochloa genomes, respectively) of sequencing
reads could be successfully mapped and observextiors size is very close to
expected size (Supplementary Table 1). Second, aloratios of RNA-seq reads
matching our assemblies were observed (87.6%Efaryzicola and 84.6% forE.
crus-galli), with a relatively lower value (72.2%) fdt. haploclada, which was
expected due to its high heterozygosity rate (Sampphtary Tables 2-4). Third, LAI
(LTR Assembly Index) was used to evaluate asserobhtinuity using LTR (long
terminal repeat) elements (Ou et al., 2018). Thsulte showed 24.38, 19.80 and
18.60 of LAI scores foE. haploclada, E. oryzicola andE. crus-galli, respectively,
which are comparable to those Of sativa (MSUv7) and Arabidopsis (TAIR10)
(Supplementary Figure 4). Additionally, five puljiavailable sequences of fosmid
clones generated by our previous study (Guo et28l17) were aligned td.
crus-galli assembly and the results showed high consist&hgyplementary Table 5).
Taken together the results demonstrated high-gquagsemblies of the three

Echinochloa species.
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When contigs from the tetraploid and hexaploid gee® were aligned to the nine
pseudochromosomes & haploclada, two and three copies were evident for most
genes, respectively, consistent with their ploiéj§ggre 1C). Distribution of gene
length also showed that the numbers of annotatedsggenerally have a ratio of 3:2:1
in the threeEchinochloa genomes (Supplementary Figure 5). Repeat elemests
identified in the three genomes, with relativelyghi levels in E. oryzicola
(approximately 52% of the genome) and lower leuels. haploclada (approximately
41% of the genome) (Table 1). Among the repetitbeguences, long terminal
retrotransposons (LTRs) were the most abundarit theathreeEchinochloa genomes,

which is similar to other cereals (Supplementaryld®).

Evolution of the Echinochloa genomes

We calculated th&s value of orthologous gene pairs between dipkithapl oclada

and five other grass species to estimate theirrgitree times. Th&s peak ofE.
haploclada andS. italica orthologous gene pairs has a value of 0.193, sporading

to an estimated divergence time of approximatelyd ldillion years ago (mya)
(Figure 2; Supplementary Figure 6) , which is samilb our previous result based on
single copy genies ii&. crus-galli and other grasses using a phylogenetic approach

(Guo et al., 2017).

To estimate thdechinochloa speciation and subgenome divergence times, we firs
performed subgenome separation in tetrapl&d oryzicola and hexaploidE.
crus-galli. Based on genomic synteny and genome similarityth® diploid E.
haploclada (see details in Methods), we divided teoryzicola genome into its two
component subgenomes; fAwhere “A” indicates the Achinochloa subgenome and
the subscript “T” indicates tetraploid specieshtaming 430.2 Mb genomic regions,
and B, containing 378.7 Mb; together these cover 77.8Ptthe E. oryzicola
assembly (Supplementary Figure 7). Theshibgenome showed substantially lower
genomic similarity with thé&. haploclada genome than B(Supplementary Figure 8);

this difference suggests an allopolyploid originEoforyzicola. In the same way, the

7



193 hexaploidE. crus-galli genome was divided into three subgenomes(399.8 Mb),
194 By (367.9 Mb) and ¢ (395.5 Mb), which together cover 83.1% of its geeo
195 assembly (Supplementary Figure 7). The subgenomeh&3 significantly lower
196 similarity with the tetraploid progenitoE. oryzicola genome than the other two

197 subgenomes (Supplementary Figure 9).

198 To further examine divergence dates Exdhinochloa subgenomesKs values for
199 homeologous gene pairs between subgenomes werallatatt (Figure 2;
200 Supplementary Figure 10). According to e peak, we dated the divergence time of
201 the two subgenomes {Aand B) of E. oryzicola at 4.5 mya (Figure 2Jchinochloa
202 oryzicola speciation time (i.e., the timing of tetraploidrrifaation) was further
203 estimated based on the distribution of sequencergince rates of transposable
204 elements (TE) in the two subgenomes following thethod suggested by Xu et al.
205 (2019) (for details see Methods). The “bubble” pe&akhe TE divergence profile
206 suggested th&. oryzicola speciation time at 1.9 mya (Supplementary Figure 1
207  Further, the divergence time of-Arom tetraploidE. oryzicola and A, from hexaploid
208 E. crus-galli was estimated at 0.31 mya, as well as that ofBheand By; this
209 indicates a recent formation &. crus-galli (Figure 2; Supplementary Figure 10).
210 Additionally, we found that our sequenced dipl&ichaploclada genome is similar to
211 the unknown diploid progenitor genomepj®f E. crus-galli with their divergence
212 time estimated at 1.2 mya (Figure 2). The readm fabploid E. haploclada and
213 tetraploid E. oryzicola aligned well to the hexaploi@. crus-galli genome, and
214 appeared to match complementary subgenomes (Supmigm Figure 12).
215 Accordingly, based on this similarity, diplokl haploclada was used as a proxy for
216 the progenitor genome in the analyses describexhbel

217

218 Masslossof disease-resistance genesin Echinochloa genomes

219 Gene loss and gain are common during polyploidipatiGene family sizes were
220 determined by protein domains in diploid, tetragland hexaploidechinochloa and

221 other grass genomes. We first compared gene fasilgs between hexaploid.
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crus-galli and O. sativa / S italica genomes using a dot matrix (Figure 3A,;
Supplementary Figure 13). The results showed thrathie majority of gene families
in E. crus-galli, gene family sizes are almost three times thos®.dfativa and S
italica, consistent withE. crus-galli being a hexaploid an@®. sativa and S. italica
being diploids (Figure 3A; Supplementary Figure.I3)is analysis also revealed that
sizes of several gene familiestncrus-galli are much less than three times those in
O. sativa and S italica; these exceptions are predominantly genes withepro
domains associated with disease resistance, e.ARB genes (471 ik. crus-galli
versus 469 and 400 iD. sativa andS italica, respectively), D-mannose lectin genes
(122 versus 129 and 122, respectively) and legeaienlgenes (50 versus 91 and 61,
respectively) (Lannoo and Van Damme, 2014; Meyeéral.e 2005) (Figure 3A and
3B). Phylogenetic trees of NB-ARC geneshohinochloa and S. italica genomes
confirmed the occurrence of maigy italica-specific genes (Supplementary Figure

14).

Comparison ofyene family sizes among the thifeehinochloa species revealed that
the sizes of most gene families in the hexapkidrus-galli are almost the same as
the sum of the gene families in the diploid andatgbid speciegFigure 3A). This
close correlation suggests that little gene lossdwurred for most gene families in
tetraploid E. oryzicola and hexaploidE. crus-galli after polyploidization. Gene
families showing this additive pattern include ABBd GRAS domain proteins
involved in abiotic stresses and cytochrome P45@ glutathione S-transferases
associated with detoxification or non-target-sésistance to synthetic herbicides (Yu
and Powles, 2014) (Figure 3B; Supplementary Figlsg In contrast, NB-ARC
disease-resistance genes were significantly loghéntetraploidE. oryzicola after
polyploidization (277 inE. oryzicola versus 240 inE. haploclada; P < 0.0001,
Fisher’s exact test) (Figure 3B). Similarly, &b crus-galli, numbers of NB-ARC
disease-resistance genes (471) are still less tiarsum of those present B

oryzicola andE. haploclada (517).

To further confirm this loss, we calculated synteeyention ratios of diploicE.

9
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haploclada genes in tetraploié. oryzicola and hexaploid. crus-galli (i.e., within a
gene family, the percentage of gene members keefpifiyl):(1:1:1) syntenic
relationship among six genomes/subgenomes inclubingaploclada, Ar and B
from tetraploid E. oryzicola, and Ay, By and G from hexaploidE. crus-galli)
(Supplementary Figure 16). Across the genome, 4@#&enes fit the 1:(1:1):(1:1:1)
synteny retention ratio. In contrast, the synteetemtion ratio for NB-ARC family
genes (12.9%) is significantly lowdp & 0.0001, Fisher’s exact test); this is also true
for another well-known disease-resistance genelyathie wall-associated receptor
kinases (18.3%P < 0.0001) (Hurni et al.,, 2015) (Figure 3C). An exde of a
NB-ARC gene that deviates from the 1:(1:1):(1:1sintenty retention ratio is
illustrated in Figure 3d; in relation to tlie haploclada gene, only one homeologous
copy is retained ift. oryzicola (within subgenome A, and in hexaploid. crus-galli
only the copy in subgenomey@s retained (Figure 3D). In contrast, a GRAS gene
the same chromosomal region as the NB-ARC geneonosfto the 1:(1:1):(1:1:1)

synteny retention ratio (Figure 3D).

To compare the patterns of gene family retentioth lass betweeikchinochloa and
wheat, we examined the wheat genomes using the $songformatic pipeline.
Abiotic stress-related gene families such as AP@ &RAS in the bread wheat
genome have almost the same number of members asuth of its two progenitor
genomes. This pattern is similar to thosé&imrus-galli, suggesting no obvious gene
loss in both hexaploid species after hexaploidiraijFigure 3B). Interestingly, for
biotic stress related gene families, we found esgmm in bread wheat after
hexaploidization, e.g. many more NB-ARC domain girtt in bread wheat (a total of
2,210 genes) than the sum of members in tetramoitivated wheat (1,222) and
diploid goat grass (501P(< 0.0001, Fisher’s exact test). This pattern dsffeom
that of E. crus-galli where there has been gene loss in this familyr afte
polyploidization (Figure 3B). Additionally, we aldound a significant expansioR €
0.05, Fisher’s exact test) of the NB-ARC gene fgmml cultivated tetraploid wheat

relative to wild tetraploid wheat (Supplementargutie 17).
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Symmetric selection on subgenomes during Echinochloa polyploidization

To assess the selective pressure on subgenomeg Bahinochloa polyploidization,
we calculatedKaKs ratios of homeologous gene pairs. The ratio wasignificantly
different between the two subgenomes @kd B) in E. oryzicola (Figure 4A and
4B), and those two subgenomesy(And By) were still not different after
hexaploidization (Figure 4A and 4B). To further fion this observation, we
calculated the pN/pS ratio based on SNP&.icrus-galli populations collected in our
previous work (Ye et al., 2019) (details in Methpdand also found no significant
differences between the two subgenomes (Figure #@en together, these results
suggest symmetric evolution of subgenomes undeitasiselection pressure during

Echinochloa polyploidization.

The bread wheat genome evolved through a similypfmdization process tdc.
crus-galli (Figure 4C). Therefore, th€a/Ksratio for subgenomes A and B in wild and
cultivated tetraploid and hexaploid wheat were alsamined using the same methods
as forEchinochloa. These results showed that wheat subgenome A baphidicantly
higher ratio than subgenome B in both cultivatechpdoid and hexaploid whea®
0.0001, Kruskal-Wallis test). However, no signifitadifference of KaKs ratio
between subgenomes A and B in wild tetraploid wiveas observed, showing the
same lack of differentiation as ikBchinochloa (Figure 4D). The results clearly
demonstrated an asymmetric evolutionary patternsobgenome evolution in

hexaploid cultivated wheat but nBthinochloa.

Subgenome expression changes during Echinochloa hexaploidization

Homeologous triads (4 By and G, homoeologs) irfk. crus-galli were identified, and
deviations from balanced expression characteriste® further analyzed following
the approach used in bread wheat by Ramirez-Ganadlal. (2018) (Figure 5A).
Genes with homeolog-specific dominant and suppdesgpression accounted for 8.9

- 19.1% and 27.6 - 33.7% of all examined loci, esspely, inE. crus-galli (Figure
11
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5A; Supplementary Table 7). For genes with exposssiominance, no significant
differences in frequency were found among threegenbmes inE. crus-galli,
consistent with findings in bread wheat (Figure SBipplementary Figure 18). For
suppressed genes, a significantly higher proportameurred in E. crus-galli
subgenome A (donated by the tetraploid progenitor) than ijpddd G (P < 0.0001,
paired t-test). Similarly, in bread wheat we observed thappressed genes were
significantly underrepresented in subgenome D (thmhéy the diploid progenitor)
relative to subgenomes R E 0.017, paired-test) and BR = 0.0002, paired-test)
(Figure 5B; Supplementary Figure 18). Significantipre Echinochloa genes with
dominant and suppressed expression were found avese than in roots,
demonstrating tissue differences for subgenomeesspn patternd?(< 0.01,t test;
Supplementary Table 7). This pattern is consistefth that of bread wheat
(Supplementary Table 8). When investigating punifyselection on genes based on
KaKs ratios, we found that, for a given subgenome,idant genes are under greater
functional constraint whereas their homoeologousnterparts show evidence of

relaxed selection (Supplementary Figure 19).

The transcriptomic profiles &. crus-galli under biotic stress (infection with the blast
Pyricularia oryzae and allelopathy by co-cultivation with rice) an8iatic stress
(drought) were investigated. After stress treatmetitree homeologous genes from
each of approximately 50% of the triadsEncrus-galli showed balanced expression
changes (either up-regulation or down-regulation dib the three genes in a triad,
termed "consistent" expression change) (Supplemeii&ble 9). The ratio of genes
with consistent expression change from subgenomesmB G (i.e. B4/Cy consistent
genes) was significantly higher than/By and Ay/Cy consistent genes under three
stress conditionsP( < 0.05; paired-test) (Supplementary Table 9). In comparison,
bread wheat showed no significant differences amtmg three subgenomes’
consistent genes (Supplementary Table 10). Mastdrexhibited the same dominance
status after stress treatments (79.6% - 86.9%)ahda few triads (0.66% - 1.10%)

changed to the opposite status after treatmentiftéreht stresses (Figure 5A;
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Supplementary Figures 20 and 21). To further eséntlae influence of stress on
subgenome expression i crus-galli, we calculated the relative contribution of a
subgenome responsive to stress (termed responsieadma of subgenome), which
indicated that expression change of a gene inubgesxome is more dramatic than its
homeologous genes in other subgenomes after stezgments (details in Methods).
Our results showed no significant differences fesponse dominance among
subgenomes under all three kinds of stress treasmehich is similar to bread wheat

(Supplementary Tables 11 and 12).

Discussion

In this study, we present high-quality genome segee of diploid, tetraploid and
hexaploidEchinochloa species and explore the genomic and transcripterotution
during polyploidization of the notorious agriculilirweed E. crus-galli. The
analogous hexaploidization processes betvieenus-galli and bread wheat led us to
compare their genomic and transcriptomic respotsg®lyploidization. Our results
show thatEchinochloa weeds apparently acquired only a limited numbediséase
resistance genes and maintained largely symmeglectson on subgenomes.

Additionally, we found a number of distinctive s@ngme expression patterns.

Significant expansion of one set of disease resistggenes (NB-ARC genes) was
found in cultivated wheat (IWGSC, 2018) and alsoftcmed in our reanalysis of the
wheat genome (Figure 3B; Supplementary Figure Ti7is was expected and may be
the result of artificial selection, as disease stasice is a major crop breeding
objective. However, disease resistance has wellvknitness costs for energetic
investment in growth and reproduction (Brown anatRa013; Karasov et al., 2017,
Kliebenstein, 2016; Nelson et al.,, 2018). The pesimg research on costs of
resistance was related to resistance of potatatéotlight Phytophthora infestans)

(Vanderplank, 1963). More research indeed reveifledosts of resistance for many
genes in different plants; for example, the widdployedmlo powdery mildew

resistance gene in barley is associated with nedtetking and yield loss (Bergelson
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and Purrington, 1996; Brown and Rant, 2013). Inlaiib E. haploclada, we

unexpectedly found that resistance genes are nasshthan irS italica and even

through hexaploidization, the number of these gépagicularly NB-ARC genes) in
E. crus-galli are close to or less than diplo@ sativa (Figure 3B). This pattern
suggests that natural selection might favor redungdstment in resistance in the
weed, which is then beneficial for maximizing growand reproduction. Unlike a
crop with strong resistance as a necessary agranwaii, rapid growth and massive
reproduction may be necessary for weediness. Thaét rieirther implies that we may
need to re-think our strategies for crop breedimggmms (Weiner, 2019). For
example, weed-like crop cultivars with stronger @e#don ability may be able to

balance yield and environmental cost (input of cicais).

Subgenome dominance is common in allopolyploidswinich one of the parental
subgenomes often exhibits stronger purifying selactand significantly higher
expression than those of the other subgenomes (Gitaal., 2018; Edger et al., 2018;
Yang et al., 2016; Zhang et al., 2015). We inddsd und significant differences in
selection pressures between subgenomes A and Btintétraploid and hexaploid
cultivated wheat (Figure 4). However, this phenoomerwas not observed in
Echinochloa weeds and wild tetraploid wheat. Different selactiorces (i.e. artificial
and natural selection) might be one of the reasmmssing the differences. The
artificial selection may have imposed stronger gues on target traits than previously
thought, resulting in asymmetric evolution on suimgaes in a short time, similar to
asymmetric domestication selection for fiber lenghiserved in cotton (Wang et al.,

2017).

Analysis of subgenome expression showed some comcharacteristics during
polyploidization between the two hexaploids, such (&) similar percentages of
dominant and suppressed genes; (2) tissue diffesefor dominance expression; (3)
more and less relaxed selection on dominant andresged genes, respectively; (4)
no significant differences for response dominanc®ray subgenomes under stress

treatments; (5) changes of dominance status oflstriander stress conditions.
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Meanwhile, several findings of this study show ri@aigbgenome expression patterns
in the Echinochloa weeds. First, we found JBCy consistent genes (with consistent
expression change trend between genes in two sobgen after stress) are
significantly more common than those ofy/8y and By/Cy in E. crus-galli
(Supplementary Table 9); this is expected becatideabB, and G, are more recently
diverged (Figure 2). However, no significant difieces were found among A/B, A/D
and B/D consistent genes, although B and D divergetk recently in bread wheat
(Supplementary Table 10). Second Encrus-galli, a significantly higher proportion
of suppressed genes occurred in subgenom@adnated by the tetraploid progenitor)
than in By and Gy (Figure 5B). In hexaploid bread wheat, however, abserved
significantly fewer suppressed genes in subgenomé¢ddnhated by the diploid
progenitor). One possible reason is that subgenDPms critical for formation of
important traits of bread wheat such as quality disgtase resistance (Luo et al.,
2017). Additionally, we found that expression patse of the subgenomes &.
crus-galli are still similar to their ancestor progenitor geres (i.e. A/By together
with the tetraploid genome andyQogether with the diploid genome) based on
clustering of the expression patterns of each sutilge (Supplementary file). In
contrast, expression patterns of the subgenomesimitar to each other within a
species in wheat after hexaploidization procesgpgeumentary file). We cannot
provide the exact reasons currently, but artifigalection might be one possible
factor shaping transcriptomic pattern in wheat hot in the weed and causing the

differences between them.

Methods

Genome sequencing and assembly

The voucher specimens for the three sequenced espeoere deposited in the
Herbarium of Zhejiang University (HZU), with herlpan accession No.
HZU60206925 foiE. crus-galli (STB08), HZU60206923 foE. oryzicola (ZJU2) and
HZU60206921 foiE. haploclada (Pasquet 1083).
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Genomic DNA of E. crus-galli (STB08) was extracted from young leaves for
sequencing library construction using CTAB meth@NA libraries for single
molecule real-time (SMRT) PacBio genome sequenaate constructed following
the standard protocols of the Pacific Bioscienaaamany and sequenced on PacBio
Sequel platforms (Pacific Biosciences). Raw reddbh@E. crus-galli genome were
corrected by using an error correction module erdbddn Canu (version 1.8), and
high-quality sub-reads were used for assembly bygu€anu with parameter
‘-pacbio-raw minReadLength=2000" (Koren et al., 2ZD1Clean PabBio sub-reads
were mapped to assembled contigs with minimap22Q1,8). Consensus sequences
were constructed and assembled contigs were cedesing racon (v1.4.0) (Vaser et
al., 2017). Assembly was improved according thiowaihg steps for three rounds: (1)
Assembled contigs were corrected by Illumina paged and mate-pair reads
generated previously using Pilon (version 1.23)d®ual., 2017; Walker et al., 2014).
(2) Corrected contigs were scaffolded with OPERA-(M&rsion 2.0.5) (Gao et al.,
2016). (3) Gaps within scaffolds were filled withuimina pair-end reads by using
GapFiller (version 1.10) and clean PacBio sub-réndssing PBjelly incorporated in

PBSuite (version 15.8.24) (Boetzer and Pirovand22&nglish et al., 2014).

Genomic DNA of E. oryzicola (ZJU2) was extracted from young leaves for
sequencing library construction in the CTAB methdehr lllumina sequencing,

paired-end and mate-pair libraries (insertion saeges from 300 bp to 20 kb) were
constructed following the manufacturer’s instrunsdlllumina, USA). PacBio long

reads were generated, corrected and assemblecointigs using the same procedures
for STBO8 mentioned above. Corrected PacBio lorgreads were further aligned to
assembled contigs to generate consensus sequencsig pbalign (release 0.4.1)
(https://github.com/PacificBiosciences/pbalign). sésibled contigs were improved
by consensus sequences using arrow incorporateBMRT Link (version 5.1)

(www.pacb.com). Assembly was further improved fao trounds using the same

procedure as for STB08 assembly improvement mesdiabove.

The diploid E. haploclada (Pasquet 1083) was collected on 05 July 2011 hyyRé
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Pasquet in coastal forest in Kenya, near Muhak&2®201 S 39°28.137 E.
Taxonomic determination was performed by ElizabéthKellogg; the voucher
specimen is housed at the Missouri Botanical Ga(tD), and details are available
at the following Tropicos URL: http://legacy.trop&org/Specimen/100668610.
Genomic DNA extraction ofE. haploclada and PacBio sequencing library
construction followed procedures described preWjou®\ Hi-C library was
constructed using fresh young leaves Bf haploclada for pseudomolecule
construction. The Hi-C experiments and sequenciogguures were similar to those
described previously in cotton (Wang et al., 20lFacBio long sub-reads were
corrected and assembled into contigs using Camel§ip-raw minReadlLength=2000)
and improved by corrected PacBio sub-reads by usirmv incorporated in SMRT
Link and Illlumina paired-end reads with Pilon. Iraped contigs were further rebuilt
into two sub-assemblies (ref and alt) with Haploy#e® (Huang et al., 2017). Based
on ref sub-assembly, clean Hi-C reads were anallggeasing Juicer (version 1.6.2)
and then 3D-DNA was used to scaffold contigs inteygiomolecule (Dudchenko et
al., 2017; Durand et al., 2016). Additionally, tmethodoptimize in AllHIC was also
used to order and orientate contigs in each psebdmmosme cluster (Zhang et al.,
2019). Based on the consistency between 3D-DNA AMdiC assemblies and
synteny toS italica, we manually corrected some errors with discréteormatin
interaction patterns. BUSCO (version 2) was used@ualuate the completeness of
assembledEchinochloa genomes (Simao et al., 2015).

Genome annotation

Repeat sequences of the thisshinochloa genomes were annotated using methods
described previously (Guo et al., 2017).

For annotation of protein coding genes, the pigetiescribed previously (Guo et al.,
2017) was adopted except for filtration for finang sets. Briefly, a hybrid strategy
combining ab initio predictions (i.e. GeneMark.hnm(irukashin and Borodovsky,
1998), Fgenesh (Salamov and Solovyev, 2000) andigtug (version 3.2.2) (Stanke
et al., 2006)), homologous gene evidence and trgtsmic support (RNA-seq) was
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applied in gene prediction. All gene structuresdmied were integrated into
consensus gene models by EVidenceModeler (versibri)l(Haas et al., 2008).
Based on EVidenceModeler integrated results, highfidence gene models were
identified as those supported by homologous gendsanpscript evidences or by at
least two ab initio methods, and the remaining geneéels were categorized as low
confidence. High confidence gene models were fuffiltered to remove short gene
models (less than 50 amino acids) and gene modgidamology to sequence in the

Repbase (E-valug 1le-5, identity> 30%, coverage 25%).
Subgenome construction

We employed a reference-guided method based oresabge homology to construct
subgenomes k. oryzicola andE. crus-galli. For separation of two subgenomes in
tetraploidE. oryzicola, the genes in contigs were used as markers andgcprbteins
were aligned mutually by BlastP with E-value cutofffle-10 and DAGchainer (Haas
et al.,, 2004) was used to identify syntenic blobketween contigs with at least 3
homologous gene pairs within 10 gene models. Twiig® whose marginal regions
showed synteny to the left and right end of anotfwertig would be linked and then
formed homeologous scaffold pairs (Supplementaguié 22B). Each homeologous
scaffold pair was mapped to the dipl&dhaploclada genome to place and orient on
chromosomes (Supplementary Figure 22C). Subsegudhntlhaploclada genome
sequences were split into 100-mers, and these swads were mapped to
homeologous scaffold pairs of tetrapldid oryzicola. Distinctly higher coverage
depth was observed for one scaffold versus the athe in each of the homeologous
pairs (Supplementary Figure 8). We then linked halogous pairs according to depth
and classified these scaffolds with higher and lwlepth to two different
subgenomes, respectively (Supplementary Figure 880 22E). For subgenome
separation in hexaploil. crus-galli, a similar approach was adopted. First, syntenic
contig triads were identified and linked accorditeg synteny toE. haploclada
(Supplementary Figure 23B). Then tetrapl&doryzicola genome sequences were

split into 100-mers, and these reads were mappédtbmeeologous scaffold triads.
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Distinctly higher coverage depth was found for tseaffolds of each homeologous
triad asE. oryzicola is the progenitor oE. crus-galli (Aoki and Yamaguchi, 2008).
Another scaffold of the triads with much lower cvge depth was then linked and
designated as the subgenome & E. crus-galli (Supplementary Figure 23C). The
scaffolds with high coverage depth were mapped h® two above identified
subgenomes d&. oryzicola according to gene similarity and then these stddfarere
linked and divided into two subgenomes; And By of hexaploidE. crus-galli

(Supplementary Figure 23D).
Diver gence time estimation

Phylogenetic trees amorify haploclada and five other species.(italica, Z. mays,
Sorghum bicolor, Brachypodium distachyon and O. sativa) were built with RAXxmL
(Stamatakis, 2014) using 3,142 shared single-camesg identified by OrthoFinder
(Emms and Kelly, 2015) and visualized in iTOL (iewhbl.de) (Letunic and Bork,
2016). Protein sequences were aligned in MAFFT s{oar 7.310) (Katoh and
Standley, 2013) under default parameters. We fatsgned protein sequences
manually among species or subgenomes by using BPASIAGchainer was
employed to determine syntenic blocks with at I@Isbmologous gene pairs within a
region of 10 gene models based on best-hit BlaetBIts. Estimation of divergence
times was based on the non-synonymous substiti®mrcalculation of syntenic
homologous gene pairs with the formila Ks/2r, wherer is the rate of substitution.
We used the nucleotide substitution rate of 6.5xaWitationsxbpxgeneratioit as a
molecular clock (Molina et al., 2011). Kaks_cald¢atavas used to calculakes with

the model of NG (Zhang et al., 2006). Transposal@ments divergence was assessed
by PercDivs (Percentage of substitutions in thechiayy region compared to the
consensus) calculated in RepeatMasker. TE sequdhegence between two
subgenomes of tetraplokl oryzicola displaying a high degree of overlap suggested
the consistency of TE evolutionary rate in two srogmes (Supplementary Figure
11). The non-overlapped segregation region indsc#ite time frame from diploid

progenitor divergence to genomes merging as tetihgenome (Xu et al., 2019).
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Gene family identification

Gene families were identified based on Pfam proti@mains, which were identified
by InterProScan (version 5.24-63.0) (Zdobnov andwéifer, 2001). Besides
Echinochloa genes annotated in this study, the others inchetees fromS. italica
(v2.0) (Bennetzen et al., 20123, bicolor (v3.1.1) (Paterson et al., 2009), sativa
(MSU v7.0) (Matsumoto et al., 2005, distachyon (v3.0) (Mogel et al., 2010).
tauschii (Aet_v4.0) (Jia et al., 2013}, turgidum (WEWSeq_v1.0 for wild emmer and
Svevo.vl for durum wheat) (Avni et al., 2017; Mdeca et al.,, 2019) andr.
aestivum (iwgsc_refseqvl.0) (IWGSC, 2014). Phylogenetic e tréMaximum
likelihood) of NB-ARC genes was constructed usiagtfree (Price et al., 2009).

Selection pressure analysis

KaKs ratio of homologous gene pairs with thoseKsf < 0.001 excluded was
calculated by Kaks_calculator. To assess the s$efeqiressure of genes in a
population level sample, pN/pS ratio was calculdtaded on whole-genome SNPs
(Hao et al., 2018). pN is the number of nonsynonysnpositions in each gene
showing polymorphism divided by the total number rfnsynonymous changes
possible in the gene. pS is the number of polymorpynonymous positions divided
by the number of possible synonymous sites.E3@rus-galli lines with genome

re-sequencing data were selected for pN/pS calonléYe et al., 2019). SNP calling
was performed using the method described previouslyan exception that the new

STB08 genome assembly was used (Ye et al., 2019).
Transcriptome sequencing and analysis

For drought stress treatment, the seedlings okthohinochloa species at tillering
stage were hydroponically cultivated and treateth wi0% PEG6000 for 24 hours.
The blast Pyricularia oryzae) infection treatment on detached leaves of three
Echinochloa species was similar to that described previouSlyd( et al., 2017). Total
RNA from roots and/or leaves was extracted for Rddfuencing. A total of three

biological replicates for each treatment or contvete performed. The transcriptomic
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data ofE. crus-galli co-cultured with rice (i.e. allelopathy treatmengre generated

previously (Guo et al., 2017).

lllumina RNA-Seq libraries were prepared and segadmon a HiSeq 4000 system
following the manufacturer’s instructions. Cleantadavere obtained by using
NGSQCtoolkit (v2.3.3) to filter out low quality rda under default parameters. Reads
were aligned to thE&chinochloa genomes using Tophat (v2.0.9) (Trapnell et al0930
Expression values of genes were quantified by FREKMyments per kilobase of exon
per million fragments mapped for each predictechdcapt) using the Cufflinks
toolkit (v2.2.1) and Cuffdiff was employed to doffdrential expression analysis

(Trapnell et al., 2010).

Gene triads in hexaploift. crus-galli were identified according to synteny among
three homeologous subgenomes. Only triads withnamsed expression of all three
homeologs > 0.5 FPKM were kept for downstream aesy Subgenome expression
bias was determined following a method implementediread wheat RNA-seq
analyses (Ramirez-Gonzalez et al., 2018). Brietly, normalized the expression for
each gene within the triad by calculating relatespression (relative expression
equals to FPKM of each homeolog divided by summe#dMN of its corresponding
triad). The relative expression of each homeolothiwieach triad determined the
triad’s position in the ternary plot for the globahalysis. Seven expression bias
categories (a balanced category with similar neteibundance of transcripts from the
three homeologs, 3 dominant and 3 suppressed cmggolassified on the basis of
the higher and lower abundance of transcripts feosingle homeolog with respect to
those from the other two) were defined. We theowtated the Euclidean distance of
the observed expression status of each triad aal ekpression status (see details in
Supplementary Figure 24) of seven categories ammtesgion bias category was

assigned by the shortest distance for each triagpl®mentary Figure 24).

To further explore expression bias changes undessstwe measured the expression
level changes of three homeologs within a triatads with the same expression level

change (up-regulated or down-regulated) of threendwogs were defined as
21



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

consistent response triad, and when response ipatétwo homeologs were similar
but different from the other homeolog, then we wiedi it as AB consistent, BC
consistent or AC consistent response triads. Fesethriads with the same trends of
response to stress, we calculated relative conimib{RC) of stress response as the

following formula.

changef geneexpressionn onesubgenome
sumof geneexpressiorthangen allsubgenomes

RC(RelativeContributbn) =

Similar to determining expression bias (Supplemgntgure 24), response bias

categories were also assigned for each convergspomse triad.
Wheat genomic data analysis

The same analysis pipelines fechinochloa species were used in wheat omic data.
These analyses including gene family identificatisgntenic gene pair and triad
identification, KaKs calculation, gene expression quantification antgenome
expression pattern analyses. Genome sequencés tauschii (Aet_v4.0) andT.
turgidum (WEWSeq_v1.0 for wild and Svevo.vl for domestidaemmer) were
obtained from Ensembl Plants release 46 (httpritplansembl.org). Genome
sequence of. aestivum (iwgsc_refseqvl.0) was obtained from Wheat@URGtgbo
(https://wheat-urgi.versailles.inra.fr/). Wheatnsariptomic data were obtained from

previous studies (Supplementary Table 13).

Data availability

The genomic sequence and RNA-seq data includedisrstudy were deposited into
the BIG data centre (https://bigd.big.ac.cn/) unaleression number PRICA002334.
The Echinochloa genome assemblies and the annotations are adeessib

http://ibi.zju.edu.cn/RiceWeedomes/Echinochloa/.
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Table 1. Summary
Echinocloa species

of genome sequencing, assembly and aiomotaf three

Species E. haploclada E. oryzicola E. crus-galli
Ploidy 2n=2X=18 2n=4X=36 2n=6X=54
Estimated genome 1.00 1.40

size, Gb
Sequencing

platform and
coverage

Assembly size, Gb
Contig N50, Mb
Scaffold N50, Mb

Genes annotated

BUSCO
assessment (%)

Per centage of
repeat element (%)

GC content (%)

Pacbio (92x)
+lllumina (79x)
+HiC (276x%)
0.44

0.93

48.75

36 946

97.1

41.09

46.05

Pachio (63x)

Pachio (86x)

+lllumina (120x) +lllumina (148x)

0.95

1.87

2.93

66 521

97.7

52.19

46.05

1.34

1.57

4.09

103 853

97.5

46.26

45.91
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Figurelegends

Figure 1. Genomes and phenotypes of diploid Echinochloa haploclada, tetraploid

E. oryzicola and hexaploid E. crus-galli. (A) Phenotypes of three sequenced
Echinochloa species. From left to righE. haploclada (Pasquet 1083k. oryzcola
(ZJU2) andE. crus-galli (STBO08).(B) circos plot ofE. haploclada genome showing
different genomic features including synteny&tatalica (only blocks with at least 20
syntenic genes were shown; different colors reptesbromosomes o&. italica ),
repeat element, gene density, GC content and tiptisa landscapgC) Alignments

of E. oryzicola (gray-blue) ancE. crus-galli (red) contigs tde. haploclada genome.

Black histograms in nine chromosome bars repragam density of. haploclada.

Figure 2. Divergence times of Echinochloa genomes. (A) The synonymous
substitution ratesK(s) distribution of homologous genes betw&ehaploclada andS.
italica, and between subgenomes from tiachinochloa weeds. The subscript “T”
and “H” indicate subgenomes from tetraploidt(@nd B in E. oryzicola) and
hexaploid (Ay, By and Gy in E. crus-galli), respectively. Individual peak was
separately shown in Supplementary Figure (B) Brief diagram showing the
evolution ofEchinochloa species and estimation of polyploidization tin@say lines
with square nodes represent three unknown ancedtiploid progenitors. Numbers
beside each branch point show divergence or hyatidin time. mya, million years

ago.

Figure 3. Changes of gene family size during Echinochloa polyploidization. (A)
Dot matrix and distribution of fold changes (loweght) of gene family sizes dt.
crus-galli with O. sativa and the sum of tetraploid and dipldtdhinochloa species. In
the distribution of fold changes of gene familyesimajority of gene families ik.
crus-galli is about three times those ©f sativa (left) and the same as the sum of the
diploid and tetraploidechinochloa species (right) in siz€B) Comparison of abiotic
and biotic stress-related gene family sizes ambBdgnochloa species and other
grassesT. turgidum refers to durum wheat. Topological relationshiglésived from

the Timetree database (http://timetree.org/). Hoidg, one, two and three circles
33
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represent diploid, tetraploid and hexaploid, retipely. +/-, increase/decrease in size
relative to corresponding outgroup speciesP<0.01; **, P<0.001; ***, P<0.0001,
Fisher's exact tes{C) Synteny retention ratio of seven gene familieduiding
disease-resistance gene families NB-ARC and walb@ated receptor kinase (WAK).
Across the genome, 46.4% (indicated by the red ethdme) of genes fit the
1:(1:1):(1:1:1) synteny retention ratio. **#<0.0001, Fisher's exact tegD) An
example of loss for a NB-ARC domain encoding geme r@tention for a GRAS gene
during Echinochloa polyploidization. Shades between two segments septesynteny.
At and B represent two subgenomes in tetrapBiaryzicola genome, and A By

and G, represent three subgenomes in hexaomus-galli genome, respectively.

Figure 4. Comparison of selection pressure on subgenomes of Echinochloa weed
and wheat during polyploidization. (A) The model oEchinochloa polyploidization
process.”, E. haploclda was used as a proxy for the; @rogenitor genome(B)
Comparison oKaKs ratio between subgenomes @nd B in E. oryzicola (left) and
Ay and By in E. crus-galli (middle) and comparison of pN/pS ratio of And B, in E.
crus-galli populationgright). (C) The model of bread wheat polyploidization process.
(D) Comparison oKa/Ks ratio between subgenomes A and B in domesticated
wild tetraploid wheat (left) and hexaploid breadeah (right) . In the box plots, the
horizontal line shows the median value, and theskérs show the 25% and 75%
quartile values ofKaKs or Pn/Ps. Nonparametric Wilcoxon rank-sum tesi an
Kruskal-Wallis pairwise comparison test were perfed to evaluate significant
differences for two and four samples, respectivelys., not significant; ***,

P<0.0001.

Figure 5. Subgenome expression profiling during Echinochloa hexaploidization.

(A) Subgenome expression changeskofcrus-galli under drought stress by PEG
(polyethylene glycol) treatmentExpression bias status for 13,619 triads of
homeologous genes in roots under drought treat(t@mér right triangle and bottom
half of the middle circle) and control (upper lafangle and upper half of the middle

circle) were shown. Summary of bias category changas shown by the middle
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chord diagram(B) Relative expression of three subgenomes (i.e.essn value of
one homoeolog divided by sum of expression valddhree homoeologs in a triad)
in E. crus-galli and bread wheat. Black verticle line marks the eswmtrly average
status with relative expression value of 0.33;, By and G; represent three
subgenomes in hexaploi. crus-galli, respectively. A, B and D represent three

subgenomes in hexaploid wheat, respectively.
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