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Abstract

Elephant grass (2n = 4x = 28; Cenchrus purpureus Schumach.), also known as Napier
grass, is an important forage grass and potential energy crop in tropical and subtropi-
cal regions of Asia, Africa and America. However, no study has yet reported a genome
assembly for elephant grass at the chromosome scale. Here, we report a high-quality
chromosome-scale genome of elephant grass with a total size of 1.97 Gb and a 1.5%
heterozygosity rate, obtained using short-read sequencing, single-molecule long-read
sequencing and Hi-C chromosome conformation capture. Evolutionary analysis showed
that subgenome A' of elephant grass and pearl millet may have originated from a com-
mon ancestor more than 3.22 million years ago (MYA). Further, allotetraploid formation
occurred at approximately 6.61 MYA. Syntenic analyses within elephant grass and with
other grass species indicated that elephant grass has experienced chromosomal rear-
rangements. We found that some key enzyme-encoding gene families related to the
biosynthesis of anthocyanidins and flavonoids were expanded and highly expressed in
leaves, which probably drives the production of these major anthocyanidin compounds
and explains why this elephant grass cultivar has a high anthocyanidin content. In ad-
dition, we found a high copy number and transcript levels of genes involved in C, pho-
tosynthesis and hormone signal transduction pathways that may contribute to the fast
growth of elephant grass. The availability of elephant grass genome data advances our
knowledge of the genetic evolution of elephant grass and will contribute to further bio-

logical research and breeding as well as for other polyploid plants in the genus Cenchrus.
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1 | INTRODUCTION

Elephant grass (Cenchrus purpureus Schumach. syn. Pennisetum pur-
pureum (Schumach.) Morrone; 2n = 4x = 28) is a perennial C, plant
native to sub-Saharan Africa (Farrelletal.,2002). Elephant grass be-
longs to the subfamily Panicoideae of the family Poaceae and is one
of the most important forage species and potential energy grasses
in tropical and subtropical regions of Asia, Africa and America
(Fang, 2015; Mapato & Wanapat, 2018; Strezov, Evans, & Hayman,
2008). Elephant grass is an excellent fodder crop with a yield of up
to 150 tons green matter per hectare each year and is capable of
withstanding repeated cuttings (four to six cuts per year), resisting
high temperatures, drought stress, low soil fertility and biotic stress
(Kebede et al., 2017; Liu et al., 2008). Its excellent reproductive and
adaptive characteristics have led to its widespread use as a cut-carry
feed. Furthermore, recent studies have demonstrated that elephant
grass, as a lignocellulosic plant, has high potential for bioenergy and
paper production (Daud et al., 2014). For example, the alcohol pro-
duction and calorific value of elephant grass are three and 0.7 times
those of switchgrass and coal, respectively (Cardona et al., 2014). In
addition, elephant grass can act as an ecological grass to improve soil
fertility and protect against soil erosion based on its root and tiller
development (Zhran & Lotfy, 2014).

Elephant grass (A'A'BB) and pearl millet (Cenchrus americanus
Morrone syn. Pennisetum glaucum; 2n = 2x = 14; AA) are econom-
ically important species in the genus Cenchrus serving mainly as
forage grasses or cereals. A close relationship and common origin
between elephant grass and pearl millet was suggested by mito-
chondrial DNA, chloroplast DNA and repetitive DNA sequences
(Reis et al., 2014). The chromosomes in the A' genome of elephant
grass are believed to be homologous to those of the A genome of
pearl millet (Gupta & Mhere, 1997). With the aid of pearl millet
genome sequences, modern molecular genetic techniques such as
whole-genome resequencing and genotyping-by-sequencing have
been used to identify key single nucleotide polymorphisms (SNPs)
and loci associated with economically important traits, which will
undoubtedly enhance the efficiency of molecular breeding (Pucher,
2018; Varshney et al., 2018). However, to our knowledge, no cur-
rently polyploid genomes have been reported in the genus Cenchrus,
which limits comparative genomic studies to some extent. Genome
surveys and high-density genetic maps (Paudel et al., 2018; Wang
et al., 2018), RNA sequencing (RNA-seq) and metabonomic studies
(Zhou et al., 2019; Zhou, et al., 2018), and the application of molecu-
lar markers from simple sequence repeats (SSRs; Zhou, et al., 2018)
to genotyping-by-sequencing (Muktar et al., 2019) across elephant
grass genotypes have enabled rapid progress in elephant grass ge-
nomics and breeding studies (Rocha et al., 2019). However, the lack
of reference genomes and availability of only short-read resequenc-
ing data has led to some limitations in identifying key genes and
characterizing genomic variations that may substantially contribute
to genome evolution and the genetics of economically important
traits in elephant grass such as purple leaves, fast growth and bio-

energy production.
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FIGURE 1 Cenchrus purpureus cultivar Purple

Due to the self-incompatibility and obligate outcrossing nature
of elephant grass, its genotypes exhibit high levels of heterozygosity.
Here, C. purpureus cv. Purple was chosen for the draft genome as-
sembly of elephant grass; this cultivar has several desirable traits, in-
cluding purple leaves, high biomass production, regeneration ability
and easy establishment (Figure 1). It is a large herbaceous plant (2.5-
3.6 m) and can be used for bioethanol production, paper production
and phytoremediation and as an ornamental plant. Anthocyanins
provide multiple benefits to plants, conferring protection against
biotic and abiotic stressors (Mazumder, 2015). Additionally, an-
thocyanin-rich plant material has powerful antioxidant properties,
which is good for both humans and animals that consume it (Kruger
et al., 2014). The leaf anthocyanin content of C. purpureus cv. Purple
(~2.25 mg per 100 g) is higher than that of some types of grape
skins and teas (Yi et al., 2016). In addition, animals that were fed
on C. purpureus cv. Purple were shown to have better growth and
productivity compared with animals fed on a green cultivar (Yao
et al., 2016). Owing to the high heterozygosity and large genome
size of C. purpureus, we used short-read sequencing, single-mole-
cule long-read sequencing of Oxford Nanopore Technologies (ONT)
and high-throughput chromosome conformation capture (Hi-C) ap-
proaches to assemble a high-quality genome. Investigating this ref-
erence genome may provide a foundation for functional genomics to
improve the molecular basis of its economically valuable traits and to

elucidate the evolution of the genus Cenchrus.

2 | MATERIALS AND METHODS
2.1 | DNA and RNA sampling and sequencing

Young leaves from individual plants of the elephant grass cultivar
Cenchrus purpureus cv. Purple, at 12 weeks of age, were collected from
the glasshouse of Lanzhou University and were plucked and frozen in
liquid nitrogen. Genomic DNA was extracted from the leaf tissue using
a DNeasy Plant Maxi kit (Qiagen). The quality of the DNA was checked
using a 2100 Bioanalyzer (Agilent Technologies), and high-integrity
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DNA molecules were measured using 1% agarose gel electrophore-
sis. For genome sequencing, next-generation sequence data were
obtained on the lllumina Navoseq 6000 platform with a 400-bp in-
sert size, and third-generation data were obtained on the Nanopore
PromethlON platform (Leamon, 2018). For the Hi-C data, the Hi-C
library was prepared following a standard procedure and sequenced
using the lllumina HiSeq platform (lllumina) with a 400-bp insert size.
For RNA-seq, 15 samples of C. purpureus cv. Purple (at the flowering
stage) were collected from the field in Nanning (108°33’N, 22°84'E,
Nanning city, Guangxi province, China), including shoot, root, leaf,
flower and stem tip samples. Before their use for sequencing, plants
were regenerated for two generations through cuttings. RNA was
extracted from the samples using TRNzol Universal Reagent (Cat. no.
DP424, Tiangen). The cDNA library was prepared using the TruSeq
Sample Preparation Kit (lllumina), and paired-end sequencing with a
length of 125 bp was conducted on the HiSeq 2500 platform (lllumina).
Clean data were obtained by removing reads containing adapters or

poly-N sequences and low-quality reads from the raw data.

2.2 | Genome assembly and pseudochromosome
construction

Root tips were excised and treated using routine methods for chro-
mosome counting (Yang et al., 2017). The K-mer method was used
to estimate the elephant grass genome size using the quality-filtered
reads, sequenced on the Illlumina X Ten platform (Liu et al., 2012).
Genome size was estimated based on the following formula: genome
size = modified K-mer number/average K-mer depth (total K-mers
were filtered to remove incorrect K-mers to obtain the modified
K-mers) with KmerFreq_AR (Luo et al., 2012). For heterozygosity,
Arabidopsis genomic data were used for the simulation of paired-end
reads, which was carried out by the profile-based lllumina pair-end
Reads Simulator (pIRS), and then fitting curves, constructed accord-
ing to the K-mer distribution curve of elephant grass (Galaxy et al.,
2012). When the two K-mer curves were consistent, the heterozy-
gosity of Arabidopsis was representative of that of elephant grass.
Nanopore reads which passed the quality criteria (those with
a read quality score of less than 7 were discarded) were corrected
using NExTDENovO (version 1.0; https://github.com/Nextomics/
NextDenovo.git) with specific parameters (read_cutoff = 2k, seed_
cutoff = 20k) to obtain consensus sequences, and the initial genome
(G1) was then assembled with smarTDENVO (version 1.0.0; https://
github.com/ruanjue/smartdenovo; wtpre -J 3000, wtzmo -k 21
-z 10 -Z 19 -U -1 -m 0.1 -A 1000) using the consensus sequences.
To acquire more accurate genome sequences, next-generation se-
quencing (NGS) data were mapped to G1 with swa Mem (0.7.17-r1188)
using default parameters, and G1 was then polished using piLoN (ver-
sion 1.22; --fix bases; Walker et al., 2014). The polishing process in-
volved three iterations, and the accurate genome (G2) was finally
assembled. As the elephant grass genome was highly heterozygous
(heterozygosity = 1.5%), the G2 size was larger than the expected

assembly size. Some redundant sequences were removed from

G2 using REDUNDANS (version 0.13c) with specific parameters (iden-
tity = 0.824; coverage = 0.8), and we thereby obtained the nonre-
dundant genome (G3; Pryszcz & Gabalddn, 2016). To evaluate the
completeness of the G3 genome, Benchmarking Universal Single-
Copy Orthologs (Busco, version 4.0.2) and Core Eukaryotic Genes
Mapping Approach (ceema, version 2.5) were applied using default
parameters to search the annotated genes in the assembly (Simao
et al., 2015). Additionally, the RNA-seq data were aligned against the
nonredundant genome using the Hisat2 (version 2.1.0) program with
default parameters (Kim et al., 2015).

To obtain the chromosome-level genome assembly, we
used LAcHEsIs software to cluster, order and orient the con-
tigs by the Hi-C data (Dekker et al., 2002). First, 1,850 con-
tigs were sorted and anchored to 14 chromosomes using
LACHESIS with specific parameters (CLUSTERMINRESITES = 100;
CLUSTERMAXLINKDENSITY = 2; CLUSTERNONINFOR
MATIVERATIO = 1.5;4. ORDERMINNRESINTRUNK = 60;
ORDERMINNRESINSHREDS = 60; Burton et al., 2013). We fur-
ther corrected the misassembled contigs based on the interaction
strength among the contigs and a linkage map of elephant grass
using Juicesox (Figures S3 and S4). The genetic linkage map (Paudel
et al., 2018) of elephant grass was aligned to raw chromosomes using

BLASTN (E-value < 1e-5; Figure S4).

2.3 | Repeat annotation

Repeat sequences can be classified into three types based on repeat
degree: SSRs, moderately repetitive sequences and highly repetitive
sequences. SSRs consist of 1-6 bp of DNA and are widely distributed
in genomes. To identify the SSRs in the elephant grass genome, the
MilcroSAtellite Identification Tool (misa; https://webblast.ipk-gater
sleben.de/misa/) was used to distinguish and locate both simple and
compound (where two or more microsatellites are located directly
adjacent to each other) SSRs (Beier et al., 2017). For other repeat
types, a combination of de novo-based and homology-based strate-
gies was utilized at both the DNA and the protein levels to iden-
tify transposable elements (TEs). First, REPEATMODELER (version 1.0.8),
LTR _ FINDER (version 1.07), LTR _ RETRIVER (version 2.8) and MITE-HUNTER
were used to search the genome for repeat sequences, and the
identified repeat sequences were then used to construct a de novo
repeat library at the DNA level (Han & Wessler, 2010; Saha et al.,
2008; Xu & Wang, 2007). Next, a custom TE library was integrated
with the de novo repeat library and Rebase to produce the final re-
peat library (Jurka et al., 2005). Finally, all potential TE sequences
were searched for in the final repeat library using REPEATMASKER (ver-
sion 4.0.6; Tarailo-Graovac & Chen, 2009).

2.4 | Gene prediction and functional annotation

Gene structure prediction depended on the application of three

methods: ab initio prediction, homology-based prediction and
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RNA-seg-assisted prediction (Yandell & Ence, 2012). For ab initio pre-
diction, augusTus (version 3.3.1) and GLIMMERHMM (version 3.0.4) were
used for de novo-based gene prediction with the default parameters
to predict the genes of the elephant grass genome (Hoff & Stanke,
2018; Nachtweide et al., 2016; Stanke et al., 2008). Additionally, the
filtered proteins (incomplete and wrong) of three species (Sorghum
bicolor GCF_000003195.3, Setaria italica GCF_000263155.2 and Zea
mays GCF_000005005.2) were used for homology-based prediction
with ceMoma (version 1.5.3) and ceNewise (version 2.4.1) using default
settings (Haas et al., 2003; Keilwagen et al., 2016,2018). Then, pasa
(version 2.0.2) was used for RNA-seq-based gene prediction (Haas
et al., 2003). Finally, the results from the three approaches were
integrated using EVIDENCEMODELER (EvM; version.1.1) to obtain the el-
ephant grass raw gene set (Haas et al., 2008). To obtain a precise
gene set, some genes whose sequences included transposable ele-
ments were filtered with TRANsPosonpsi software (http://transposon
psi.sourceforge.net). To assess the completeness of the gene set,
Busco (version 4.0.2) was used to evaluate the gene set based on the
encoded proteins using embryophyta_odb10.

To obtain the functions of the genes, genes were annotated
using two strategies based on protein sequences. First, the pre-
dicted protein sequences were aligned to the SwissProt protein da-
tabases using BLAsTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi) under
the best match parameter (Mercier & Bougueleret, 2007). The gene
pathways of the predicted sequences were extracted from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation
Server (version 2.1; Koech, 2019). Then, the annotation of motifs
and domains was performed using INTERPROSCAN (version 5.32-71.0) to
search against open databases of InterPro, including the member da-
tabases of Pfam, ProDom, PRINTS, PANTHER, SMRT and PROSITE
(Hunter et al., 2008). Gene Ontology (GO) IDs (Harris et al., 2004) for
each gene were determined using the sLAsT2G0 (version 1.44) pipe-
line (Conesa et al., 2005).

Additionally, the annotation of the noncoding RNA gene set was
performed. The data set was aligned to the Rfam (version 11.0) non-
coding database to annotate genes encoding ribosomal RNA (rRNA),
small nuclei RNA (snRNA) and micro RNA (miRNA) first (Griffiths-
Jones et al,, 2005). Then, the transfer RNA (tRNA) sequences were
predicted using TRNAscAN-sE (version 1.3.1; Lowe & Eddy, 1997). rRNA
and its subunits were predicted by rnAMMER (version 1.2; Lagesen
et al., 2007).

2.5 | Phylogenetic analysis and divergence
time estimation

For the phylogenetic analysis of elephant grass, nine additional spe-
cies (Brachypodiumdistachyon [GCF_000005505.3], Dichantheliumol-
igosanthes [GCA_001633215.2], Oryza sativa [phytozome], Cenchrus
americanus [http://cegsb.icrisat.org/ipmgsc/genome.html], Sorghum
bicolor [GCF_000003195.3], Setaria italica [GCF_000263155.2],
Triticum uratu [GCA_000347455.1], Zea mays [GCF_000005005.2],
and one outgroup species, Arabidopsis thaliana [GCA_000001735.2])
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were selected. To identify gene families, the orTHOFINDER (version
2.3.14) pipeline (Emms & Kelly, 2019) was sequentially applied to the
10 genomes with all-to-all sBLasTp (E-value < 1e-5), reciprocity best
hit, pairs connected by orthology and in-paraolgy, normalize the
E-value and cluster pairs by orTHOFINDER. Finally, genes were classi-
fied into orthologues, paralogues and single-copy orthologues (only
one gene in each species). To construct the phylogenetic tree, single-
copy orthologous genes were used; each gene family nucleotide se-
quence was aligned using MarrT (Dm, 2013), and the alignments were
curated with cBLocks (version 0.91b; Castresana, 2000). Then, the
alignment (four-fold degenerate positions) used to compute the tree
and infer the divergence dates with the optimal model and 2,000
bootstrap replicates using iQ-TrRee (version 1.6.12; http://www.igtree.
org/). Finally, MmcMcTREE in paML (version 4.9e) was used to estimate
the divergence times and 95% confidence intervals (Cls) of elephant
grass and other plants (Yang, 1997). Three fossil calibration times
were obtained from the TimeTree database (http://www.timet ree.
org/), including the divergence times of A. thaliana (148-173 million
years ago [MYA]) and O. sativa (40-53 MYA).

cAre version 4.0.1 (http://sourceforge.net/projects/cafehahnla
b/) was used to detect the expanded and contracted gene families
according to the orTHOFINDER gene family results with the default pa-
rameters (Emms & Kelly, 2019).

Synonymous (Ks) and nonsynonymous (Ka) substitution rates
were then estimated using pamL codon substitution models and like-
lihood ratio tests (codeml) based on the branch site model (Kimura,
1980). The likelihood ratio test (LRT) of the p-values was used to

further verify the significant genes under positive selection.

2.6 | Whole-genome duplication and
synteny analysis

The four-fold synonymous third-codon transversion (4DTv) estima-
tion was applied to detect whole-genome duplication (WGD) events
in elephant grass. First, the protein sequences of elephant grass,
C. americanus and S. italica were aligned against seft with BLAsTP
(E-value =< 1e-10; https://blast.ncbi.nlm.nih.gov/Blast.cgi). Then, the
collinear blocks of these plants were identified with mcscanx (Tang
et al., 2008). The WGD events in each plant species were evaluated
based on their 4DTv distribution (Xu et al., 2011). The synteny blocks
between the elephant grass and C. americanus genome were identi-
fied and represented by miNniMAP2 (version 2.17) with the -cx asm5
parameter (Li, 2017).

2.7 | Genome-wide expression dominance
analysis and phylogenetic analyses of genes

Protein-coding genes from the two subgenomes of elephant grass
were clustered by orTHOFINDER with default parameters. On the best
reciprocal BLAsT matches between the A and B subgenomes of el-

ephant grass, we identified 7,809 single-copy genes that had a 1:1
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correspondence across the two homologous subgenomes. To in-
vestigate the expression dominance of these genes from the two
subgenomes, we calculated the FPKM (fragments per kilobase of
transcript per million) values of the homologous genes in leaf, shoot,
stem tip, root and flower. We identified differentially expressed
genes (DEGs) using the peseq2 (version 3.11) software. We filtered
the DEGs with a minimum of two-fold differential expression (|log2
A vs. B FPKM |>1) and a significant Pag; value (padj < 0.05) in DESEQ2.
Then, we performed GO analysis and KEGG enrichment of the
DEGs. The sequence alignment and phylogenetic tree construction
was performed and illustrated in 1q-TRreE (version 1.6.12) with optimal

model (2,000 bootstraps) and FIGTREE (version 1.4.3), respectively.

3 | RESULTS AND DISCUSSION

3.1 | Genome sequencing and assembly

To estimate the elephant grass genome size and heterozygosity,
102.9 Gb of lllumina clean reads were used for K-mer analysis
(Table S1). The results showed that the number of modified 17-
mers and the peak depth were 90,669,357,231 and 46, respectively
(Figure S1; Table S2). The estimated genome size and heterozygosity
rate were calculated to be 1,971,072,983 bp and 1.5%, respectively,
which is consistent with previous studies (Wang et al., 2018).

A total of 290.9 Gb of data were obtained from three ONT flow
cells, among which 203.6 Gb of data were collected after filtering
(~100 x coverage; Table S3). Average read length and N50 length
were 21.3 kb and 28.2 kb, respectively (Table S3). NexTDENOVO and
SMARTDENoOVO dramatically improve the assembly quality and reduce
computing resource usage by combining correction and assem-
bly and were used to correct reads and perform the assembly, re-
spectively. The initial genome (G1) obtained from these Nanopore
data was 2,281,167,711 bp in length, which was larger than the
genome size estimated via K-mer analysis (Table 1). To improve
Nanopore sequencing read-level accuracy, an assembly polish-
ing approach was applied, in which piLon used lllumina short reads

Type G1 G2 G3

Total assembly size  2,281,167,711  2,318,534,166  1,966,924,190
of contigs (bp)

Number of contigs 2,455 2,455 2,059

Contig N50 (bp) 1,997,163 2,031,655 1,829,308

Longest contig (bp) 14,778,734 15,071,384 15,071,384

Total assembly size
of scaffolds (bp)

Chromosome N50
(bp)

Chromosome
numbers

GC content

2Unanchored contig base count is not included.

to correct ONT reads. As shown in Table 1, the polished genome
(G2) was 2,318,534,166 bp in size (Table 2), which was also larger
than the genome size estimated via K-mer analysis. Regarding the
1.5% heterozygosity within the elephant grass genome, there were
some redundant sequences according to the genome assembly. To
obtain the nonredundant genome (G3), these redundant sequences
were removed from G2 using the rRebunDpaNs software. Finally, we
obtained a genome of 1,966,924,190 bp containing 2,059 contigs,
which was close to the genome size estimated via 17-mer analysis
(1,971,072,983 bp), suggesting that the nonredundant genome was
appropriate. The contig N50 length and the longest contig length of
the resulting assembled genome were 1.83 Mb and 15.1 Mb, respec-
tively (Table 1).

Elephant grass has 14 pairs of chromosomes based on cytolog-
ical observations (Figure S2). The 236.8 Gb of data obtained from
the Hi-C library for scaffold extension at the chromosome level
were used for the genome assembly (Table S4). A total of 96.65%
(1,901,035,793 bp) of the total contig bases (1,966,924,190 bp) were
anchored and oriented to the 14 chromosomes, with a contig N50
of 1.97 Mb and a chromosome N50 of 150 Mb (Table 1; Figure S3
and Table S5). To verify the Hi-C assembly, we mapped a composite
genetic linkage map of the elephant grass (Paudel et al., 2018) to
our assembly and found that the genetic map supports chromosomal
assignment and order (Figure S4). Chromosome length ranged from
66.0 Mb to 199.1 Mb (Table S6). The genome exhibited a relatively
high GC content (46.95%; Table 1; Figure S5), which is near the upper
limit of the range reported in monocots (33.6%-48.9%; Smarda et al.,
2014). A high GC content is reported to be associated with plant ad-
aptation to abiotic stress (Costa et al., 2017). Furthermore, the com-
pleteness of the genome assembly was assessed with the BUSCO
and CEGMA databases and RNA-seq data. The CEGMA assessment
revealed that 93.9% of proteins were completely present and 96.7%
of proteins were partially present, while the BUSCO data set indi-
cated 97.8% complete and 12.4% fragmented Viridiplantae BUSCOs,
with only 0.43% missing, which was made up of the nonredundant
genome sequences (Tables S7 and S8). Assembly base accuracy was
also assessed based on Illumina short read mapping. In total, 90.15%

TABLE 1 Genome assembly statistics

(S lalH and postprocessing of elephant grass

1,901,035,793%

150,585,890

14

46.95%
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of the clean reads were mapped to the genome assembly (Table S9).
All of these evaluations indicated the high completeness, high conti-

nuity and high base accuracy of the present genome assembly.

3.2 | Genome annotation

The elephant grass genome contained 66.32% repetitive se-
quences, which was similar to the proportion of repeat elements
found in the 1.58-Gb Cenchrus americanus genome (~77.2%) and

greater than the proportions in the ~400-Mb Setaria italica (~46%)

TABLE 2 Summary statistics of annotated repeats

Percentage of

Type Number Length (bp) genome (%)
Retroelements 1,233,887 1,087,594,215 55.29
LINEs 56,423 38,660,338 1.97
SINEs 6,183 2,039,450 0.1
LTR elements 1,171,281  1,046,894,427  53.22
Gypsy 463,658 513,499,133 2611
Copia 192,858 175,104,557 8.9
DNA transposons 433,671 141,468,364 7.19
Unknown 329,551 74,844,241 3.81
Total 1,997,109  1,303,906,820 66.29

[RESOURCES |

and 466-Mb Oryza sativa (~42%) genomes (Bennetzenetal.,2012;
Varshney et al., 2018; Yu et al., 2001; Table 2). Among these re-
peat sequences, retroelements and DNA transposons accounted
for 55.29% and 7.19% of the genome, respectively. In a similar way
to the pattern in many other plant genomes, long terminal repeats
(LTRs) were the most abundant repeat class and comprised 53.22%
of the elephant grass genome (Figure 2 and Table 2). The Gypsy
and Copia superfamilies were the dominant types (35.01% of the
elephant grass genome).

For genome annotation, a total of 65,927 protein-coding genes
were identified in the elephant grass genome (Table 3). Compared
with other published Poaceae genomes, the number of genes in
elephant grass is greater than that in C. americanus, S. italica, S. bi-
color and Z. mays (Bennetzen et al., 2012; A. Paterson et al., 2009;
Varshney et al., 2018; Yu et al., 2001). The average length and av-
erage intron length of the elephant grass genes were 4.1 kb and
0.65 kb (5.33 exon per gene), respectively (Table 3). For the com-
pleteness of protein-coding genes, 97.1% and 0.9% of the “total
complete BUSCOs” and “fragmented BUSCOs” were identified
by BUSCO annotation, respectively (Table S10). A total of 64,630
(98.03%) protein-coding genes were assigned functions, and 86.65%
and 79.86% of these genes exhibited homology and conserved
protein domains in the Swiss-Prot and InterProScan databases re-
spectively (Table S11). Most of the genes were annotated with
the non-redundant protein sequence database (NR; 84.35%), and
52.15% of the genes were classified according to GO terms, with

FIGURE 2 Genomic landscape

of the 14 assembled elephant grass
chromosomes. (a) Fourteen assembled
elephant grass chromosomes. (b) Gene
(orange) and repeat density (blue;
orientation is inward). (c) LTR density
(1-Mb nonoverlapping windows; blue

represents high-density regions). (d)

Expanded gene locations in chromosomes.

€ Unique gene locations in chromosomes.

(f) Contracted gene locations in Q. *
chromosomes. (g) Positively selected @%‘

gene locations in chromosomes. Central
coloured lines represent syntenic links
between A' and B subgenomes
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TABLE 3 Summary statistics of protein-coding genes in elephant
grass

Cenchrus Cenchrus Setaria
purpureus americanus italica
Number of genes 65,927 38,579 27,422
Average gene length 4,110.44 2,420.19 3,008.75
(bp)
Average CDS length 1,294.61 1,014.71 1,335.69
(bp)
Average exons per 5.33 4.09 5.16
gene
Average exon length 243.09 248.06 259.03
(bp)
Average introns per 4.33 3.09 4.16
gene
Average intron length 650.97 454,77 402.52

(bp)

31.8% being mapped to known plant biological pathways based on
the KEGG pathway database (Table S11). In addition, we predicted
2,058 tRNAs, 349 rRNAs, 5,635 snRNAs and 2,543 miRNAs in the
elephant grass genome (Table S12).

3.3 | Comparative genomics, genome
evolutionary and WGD analysis

We clustered the annotated genes into gene families among el-
ephant grass and eight other Poaceae species with Arabidopsis
as the outgroup using orTHOFINDER. A total of 743 single-copy
genes were identified among the 10 species, which were used
for phylogenetic tree construction (Table S13). The results sug-
gested that elephant grass (Cp) is related to C. americanus (Ca),
Dichanthelium oligosanthes and Setaria italica (Si), which belong to
the tribe Paniceae (Figure 3a). We also found that elephant grass
diverged phylogenetically from Ca ~ 3.22 (1.71-5.66) MYA after
the divergence of Si (genus Setaria) at 10.44 (6.85-16.35) MYA
(Figure 3a). The divergence times were close to the time at which
Ca diverged phylogenetically from Si (~15 MYA; Varshney et al.,
2018). The allotetraploid elephant grass A'A'BB genome originated
~6.61 (4.11-10.92) MYA.

We identified homologous gene pairs in Cp, Ca and Si and esti-
mated species divergence times using the 4DTv distance. The results
indicated that all gene pairs showed a shallow peak at 0.38, probably
reflecting the rho (p) WGD event (Paterson et al., 2004; Figure 3b).
We found that the recent tetraploidization of Cp occurred based on
the 4DTv and Ks results (Figure 3b; Figure Sé).

To determine the chromosome structure in Cp, we performed
an intragenome synteny analysis. A large number of synteny
blocks existed between pairs of Cp chromosomes based on homol-
ogous genes; for example, chromosomes 08 (CpB03), 03 (CpB02),
11 (CpB05) and 09 (CpB04) corresponded closely to chromosomes
04 (CpA02), 13 (CpA07), 10 (CpA06) and 06 (CpA04), respectively

(Figure 2). The results also showed that chromosome 01 (CpA01)
and chromosome 05 (CpA03) shared syntenic regions with chro-
mosome 02 (CpBO01). Likewise, chromosome 12 (CpB06) and
chromosome 14 (CpBO07) shared syntenic regions with chromo-
some 07 (CpAO05). These chromosomes exhibited a higher level
of structural variation which strongly suggests the existence of
subgenomes in Cp. Previous studies have indicated that the chro-
mosomes in the A' genome of Cp (2n = 4x = 28, A'/A'BB) are homol-
ogous to those of the A genome of Ca (2n = 2x = 14, AA; Gupta
& Mhere, 1997). To investigate the relationship between Cp and
Ca, we conducted a phylogenomic study between the genomes.
A total of 34,377 pairs of collinear genes were identified between
Cp and Ca. We found that some Ca chromosomes corresponded
to a pair of Cp chromosomes based on considerable collinearity
(Figure 4a; Figure S7a). For example, chromosomes 03 (CpB02)
and 13 (CpA07) corresponded to chromosome 6 of Ca (Ca06).
However, some Ca genomic regions presented more than two cor-
responding regions in the Cp genome. For example, chromosome 3
of Ca (Ca03) exhibited regions corresponding to chromosomes 07
(CpA05), 12 (CpB06) and 14 (CpB07) of Cp (Figure 4a; Figure S7a).
Chromosome 05 (CpA03) of Cp contained regions corresponding
to chromosomes 1 and 4 of Ca (Ca01 and Ca04). These results in-
dicate that possible chromosomal rearrangements had occurred in
elephant grass, which is consistent with a previous study (Paudel
et al., 2018). Compared to other chromosomes of Cp, chromo-
somes 01, 04, 05, 06, 07 and 10 had a higher number of collinear
genes between Cp and Ca. We further clarified the homologous
genome sequences (synteny blocks) using collinear analysis. Most
of chromosomes 01, 04, 05, 06, 07, 10 and 13 of Cp were collinear
with chromosomes 01, 02, 03, 04, 05, 06 and 07 of Ca respectively
(Figure S8). We thus assigned and denoted the assembled seven
chromosomes as AO1-A07 and other chromosomes as BO1-B07.
The phylogenetic tree suggested that the A' genome of Cp was re-
lated to Ca, which provides further evidence that the A' genome of
Cp is homologous to the A genome of Ca. To verify these results,
we selected Si (2n = 2x = 18), which is closely related to Cp, to
perform a collinearity analysis. We found a total of 36,753 pairs of
collinear genes between Cp and Si (Figure S7b). Based on the re-
sults of the synteny analysis, we also identified the subgenomes of
Cp, which supports the results of the analysis of Cp and between
Cp and Ca.

3.4 | Comparative genomics of gene families

Based on sequence homology among 10 plant species, we assigned
28,520 genes from subgenome A' and 34,360 genes from subge-
nome B of elephant grass to 15,681 and 16,716 families, respec-
tively. A total of 365 gene families (222 in subgenome A'; 143 in
subgenome B) were unique to the A' and B subgenomes of elephant
grass (Table S14), respectively. Furthermore, we selected four other
Paniceae species to identify unique and shared gene families. The

results showed that a total of 10,281 gene clusters were shared by
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the four species, and 405 and 286 elephant grass-specific clusters
were identified in the A' and B subgenomes, respectively (Figure 3c).

The expansion and contraction of gene families is thought to
be important in adaptive phenotypic diversification (Hahn et al.,
2005). Based on sequence homology, we identified 2,663 (1,994
in subgenome A'; 669 in subgenome B) and 2,512 (839 in subge-
nome A'; 1,673 in subgenome B) gene families showing expansion
or contraction, respectively, after divergence from C. americanus
(Figure 2; Table S15; Figure 3a). GO enrichment analysis revealed
that the expanded genes of subgenome A' were significantly en-
riched (p < 0.05) in functions associated with the regulation of organ
growth, cotyledon morphogenesis, wax biosynthesis process and
auxin biosynthesis process (Table $16). However, the GO terms of
the biosynthesis processes associate with auxin, abscisic acid and

other phytohormones were found in expanded genes of subgenome

B (Table S17). KEGG analysis showed that the expanded genes of
subgenome A' were involved in plant hormone signal transduction,
glycolysis/gluconeogenesis, and flavone and flavonol biosynthesis
(Figure S9a). Anthocyanin biosynthesis, plant-pathogen interaction
and nitrogen metabolism were uniquely enriched in the expanded
genes of subgenome A'.

In addition to the expansion and contraction of gene families,
genes showing positive selection commonly contributed to adap-
tive phenotypic evolution and adaptation. A total of 432 (248 in
subgenome A'; 184 in subgenome B) positively selected genes were
identified in the elephant grass genome compared to those of other
species. We performed a KEGG enrichment analysis of these pos-
itively selected genes in subgenome A' and identified some KEGG
pathways that were significantly enriched, which were related to

starch and sucrose metabolism, the phosphatidylinositol signalling
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FIGURE 4 Characterization of expression dominance in subgenomes of elephant grass. (a) Syntenic analysis of the elephant grass (Cp)
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system, and steroid biosynthesis (Figure S%e). Furthermore, glu-
tathione metabolism, nitrogen metabolism, ubiquitin-mediated
proteolysis, and pentose and glucuronate interconversions were
particularly represented in the positively selected genes of subge-
nome B (Figure S9f).

Furthermore, 1,946 and 1,384 elephant grass genes were
found to belong to unique families in subgenome A' and subge-
nome B, respectively. Compared to subgenome B, unique genes
in subgenome A' were involved in flavone and flavonol biosyn-
thesis, oxidative phosphorylation, and phagosome (Figure 2 and
3c; Figure S9c). Genes associated with the ribosome and spli-
ceosome pathways were significantly enriched in subgenome
B (Figure S9d).These positively selected, unique and expanded
genes might contribute to the adaptability of elephant grass. In
addition, 247 genes from contracted gene families of subgenome
A' were enriched in some KEGG pathways, including ribosome and
monoterpenoid biosynthesis (Figure S9g). Interestingly, common
pathways were also identified in subgenome A' of elephant grass

(Figure S9i).
3.5 | Genome-wide expression dominance
To investigate homologous genome dominance, we conducted tran-

scriptional analyses of homologous genes in different tissues of

elephant grass, including the leaf, shoot, stem tip, root and flower

(Table S9). The homologous gene expression levels of the two subge-
nomes were similar in different tissues, which suggested that there
was no significant genome dominance (Figure 4b). To further investi-
gate the potential of homologous genome dominance, we extracted
7,809 single-copy genes from the two elephant grass subgenomes.
We analysed the genes expressed from the two subgenomes and de-
fined the genes with a greater than two-fold difference in expression
within a subgenome as DEGs. Of 7,809 genes, 64.6% were differen-
tially expressed (Table S18). Among them, 2,813 and 2,109 genes
were up-regulated and down-regulated in subgenome A' compared
to subgenome B, respectively (Figure 4c; Table $18). Furthermore,
the numbers of DEGs were similar among the examined tissues
(Table S18).

We further analysed the gene function of DEGs between subge-
nome A' and subgenome B by KEGG analysis. The results indicated
that genes involved in plant hormone signal transduction, homologous
recombination and base excision repair had a higher level of expression
in subgenome B than in subgenome A, whereas the photosynthesis
and mRNA surveillance pathways were more represented in subge-
nome A' (Figure 4d,e). GO annotation showed that those significantly
up-regulated DEGs were mainly enriched in protein phosphorylation,
glutathione metabolic and biosynthesis processes, and ion transport
(Figure 4g). The highly expressed genes from subgenome A' were
mainly associated with development, hormone signalling and response
to stimulus, including the regulation of root meristem growth, regu-

lation of cell morphogenesis, signal transduction, hormone-mediated
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cinnamate 4-hydroxylase, 4Cl, 4-coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase;
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signalling pathway and response to endogenous stimulus (Figure 4f).
These results indicate that the complementary functions of subge-
nomes play an important role in improving the development and ad-
aptation of elephant grass, which was also found in other allopolyploid
plant species (Grover et al., 2012; Yoo et al., 2013).

3.6 | Characterization of putative genes in the
anthocyanidin biosynthesis pathway

To evaluate the potential of elephant grass for the genetic dissection

of agriculturally important traits, we focused on the purple phenotype
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of the leaves, which is associated with increased forage quality and
may improve the growth and productivity of animals (Bariexca et al.,
2019). The phenylpropanoid, flavonoid and anthocyanin biosynthesis
pathways are the three major biosynthetic pathways related to leaf
pigmentation (Jaakola, 2013). The genes encoding the key enzymes
involved in the phenylpropanoid pathway were expanded in the
“Purple” elephant grass genome, including phenylalanine ammonia-
lyase (PAL), cinnamate 4-hydroxylase (C4H) and 4-coumarate CoA
ligase (4Cl; Figure 5a). The number of PAL and 4Cl genes in elephant
grass (Cp) was significantly higher than in C. americanus (Ca), S. italica
(Si), O. sativa (Os) and Arabidopsis (At; Figure 5b). We identified 21
copies of PAL, four copies of C4H and 13 copies of 4Cl in Cp. In ad-
dition, the 4CI family included positively selected genes. In this path-
way, chalcone synthase (CHS) plays a core role in naringenin chalcone
biosynthesis by condensing 4-coumaroyl-CoA, produced via the phe-
nylpropanoid pathway (Gao et al., 2019; Figure 5a). Interestingly, we
found that the CHS gene family was expanded and contained 11 cop-
ies in Cp, the number of which was higher than the four copies identi-
fied in Ca and the one copy in At (Figure 5b). Flavanone 3-hydroxylase
(F3H), flavonoid 3'-hydroxylase (F3'H) and flavonoid 3',5'-hydroxylase
(F3'5'H) can catalyse the production of dihydroflavonols, which are
precursors of leucoanthocyanins (Cao et al., 2018). Dihydroflavonol
4-reductase (DFR) was the first enzyme shown to produce leucoan-
thocyanins (Zhu et al., 2018), and DFR genes have been expanded
and positively selected in Cp (Figure 5a,b). Anthocyanidins are con-
verted from leucoanthocyanins by anthocyanidin synthase (ANS) and
further glycosylated by anthocyanidin 3-O-glucosyltransferase (3GT;
Zhang et al., 2016). In Cp, the 3GT family was also identified as an
expanded family and had two copies (Figure 5b).

We identified candidate genes involved in the anthocyanidin
biosynthesis pathway in elephant grass based on their expression in
different tissues (Figure S10). The result indicated that the transcript
levels of one candidate CHS (CpA0101784) were over 14- and 21-fold
higher in leaf than in root and shoot (Figure 5c). We also found that key
genes involved in anthocyanidin metabolism, such as two DFR genes
(CpB0203538 and CpA0702380) and two 3GT genes (CpA0402271
and CpB0403234), were more highly expressed in leaves and flowers
of elephant grass. PAL, C4H and 4Cl were expressed at similar levels
in tissues of elephant grass (Figure 5c; Figure S11). In addition, the
leaves of the elephant grass “Purple” cultivar are purple, while the
whole plant of the “Mott” cultivar is green. The results of comparative
metabolome analysis indicated that “Purple” exhibits higher malvidin,
peonidin and pelargonidin levels than “Mott.” Expression of the CHS,
ANS, DFR and 4CI genes was also found to be significantly different
between the “Purple” and “Mott” cultivars (Zhou et al., 2019). These
observed results supported our results and suggested that the high
copy number and high expression levels of key genes involved in the
anthocyanidin biosynthesis pathway drive the production of these
major anthocyanidin compounds in the “Purple” cultivar.

Location analysis showed that some gene families were unevenly
represented on the two subgenomes or rearranged chromosomes
of Cp (Figure S11). For example, the number of 4Cl and CHS genes in

subgenome A' was over two-fold higher than in subgenome B and 18

of 21 PAL genes were distributed in the rearranged chromosomes AO5,
BO6 and BO7 (Figure S11). We further performed phylogenetic anal-
yses on these expanded genes using the coding sequences from ele-
phant grass (Figure S10). The results indicated that all of the expanded
genes come from different clades. The PAL elephant grass genes were
divided into two clades, and the most highly expressed genes were
from the first clade (Figure S10). Furthermore, five candidate 4Cl el-
ephant grass genes represented three major lineages. However, all of
the highly expressed genes were found to be in clade 2 (Figure S10).

3.7 | Genesinvolved in C, photosynthesis

C, plants are typically more efficient in carbon fixation and have
higher water-use efficiency, contributing to their ability to survive
in drier environments. C, plants can be divided into three subtypes
based on different decarboxylation enzymes in the bundle sheath
(BS) cells, including nicotinamide adenine dinucleotide-depend-
ent malic enzyme (NAD-ME), nicotinamide adenine dinucleotide
phosphate-dependent malic enzyme (NADP-ME) and phospho-
enolpyruvate carboxykinase (PEPCK; Figure 6a). In the NADP-ME
subtype, malate (Mal), converted from oxaloacetate (OAA) by NADP-
dependent malate dehydrogenase (NADP-MDH) in the chloroplasts
of mesophyll (M) cells, is the main metabolite transported from M
cells to BS cells; in the chloroplast of BS cells, Mal is decarboxylated
by NADP-ME (Rao & Dixon, 2019). However, the main metabolite
which is transported from M cells to BS cells is OAA, which is con-
verted to Mal in the mitochondria of BS cells; Mal is further decar-
boxylated by NADP-ME (Figure 6a). In addition, OAA could also be
directly decarboxylated by PEPCK in the BS cytosol, which is de-
fined as the PEPCK subtype (Rao & Dixon, 2019).

We analysed the nine main gene families involved in C, carbon
fixation, including enzymes and metabolite transporters, and found
that they were expanded in elephant grass and have a higher copy
number in Cp thanin Ca, Siand Os (Figure 6b). For example, the NAD-
MDH gene is strongly expanded and has eight copies in Cp, while
there is only one copy in Ca and three copies in Si. The NADP-ME,
NAD-MDH and NAD-ME genes are also strongly expanded in Cp
compared to the other species (Figure 6b). We further identified
genes coding for candidate enzyme involved in carbon fixation in
elephant grass based on gene expression in five tissues (Figure 6c;
Figure S12). Transcript levels of three candidate NADP-MDH genes
(CpB0102961, CpA0301816 and CpB0301137) were over 74-, 284-
and 1550-fold higher in the leaves than in the roots, respectively
(Figure 6c; Figure S12). Similar results were also reported for the
analysis of C, genes in broomcorn millet (Zou et al., 2019). For the
NADP-ME subtype, four candidate NADP-ME genes (Cp0001672,
CpA0704015, CpB0200469 and Cp0001733) were more highly ex-
pressed in the leaves. Transcript levels of one candidate PEPCK
gene was over 2,000- and 80-fold higher in the leaves than in the
roots and flowers, respectively. We also found that the three can-
didate NAD-MDH genes of the NAD-ME subtypes (CpA0405043,
CpB0400697 and CpB0400712) were more highly expressed in the
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FIGURE 6 A proposed model of C, photosynthesis in elephant grass. (a) Diagram depicting the main proteins and metabolic

fluxes involved in C, photosynthesis. Expanded genes are shown in red. Chloroplast and mitochondria are shown in green and brown,
respectively. Abbreviations for metabolites and enzymes: CO,, carbon dioxide; Ala, alanine; Asp, aspartate; Mal, malate; Pyr, pyruvate;
OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; PPDK, pyruvate/orthophosphate dikinase;
AspAT, aspartate aminotransferase; AlaAT, alanine aminotransferase; NADPMDH, NADP-dependent malate dehydrogenase; NADP-ME,
NADP-dependent malic enzyme; NAD-MDH, NAD-dependent malate dehydrogenase; NAD-ME, NAD-dependent malic enzyme; PEPCK,
phosphoenolpyruvate carboxykinase. Metabolite transporters are presented by a dark circle. (b) Gene copy number of key genes involved

in C, photosynthesis in elephant grass (Cp), Cenchrus americanus (Ca), Setaria italica (Si) and Oryza sativa (Os). Gene copy numbers that are at
least two-fold higher in elephant grass than in other species are labelled in red. (c) Heatmap showing the expression level of candidate genes

involved in C, photosynthesis in different tissues of elephant grass

leaves than in other tissues (Figure 6c; Figure S12). These results
suggest a mixed C, model that contains features from the traditional
subtypes in elephant grass. In broomcorn millet, key candidate genes
of all three C, subtypes were also identified (Zou et al., 2019).
Analysis of gene location and synteny of C, genes showed that
these genes were evenly distributed in homologous chromosomes
of the two subgenomes, which suggests that the expansion was
probably generated by the recent tetraploidization of elephant grass
(Figure S13). We performed phylogenetic analyses on the C,-related
genes using the coding sequences from elephant grass. The results
suggested that all of the C, genes represented different clades. For
example, the NADP-MDH genes in elephant grass were divided into
two clades, and all of the highly expressed genes were from the first
clade (Figure S12). Furthermore, the 11 candidate NADP-ME genes
represented two major lineages. Among them, all of the lowly ex-

pressed genes were from clade 1 (Figure S12).

3.8 | Expansion of genes involved in the plant
hormone signal transduction pathway

Phytohormones are naturally occurring organic substances that gov-
ern every aspect of plant biological process at extremely low con-

centrations, including developmental processes, signalling networks,

and responses to biotic and abiotic stresses (Muday et al., 2012).
Phytohormones are traditionally classified into five major classes:
auxins, cytokinins (CKs), gibberellins (GAs), ethylene and abscisic
acid. In addition, other compounds such as brassinosteroids (BRs)
have also been recognized as plant hormones.

Among the plant hormones, auxin has been shown to mediate
cell enlargement and adventitious root development. The hormone
signal transduction pathway, which included some key genes, plays
animportant role in the process. The auxin influx carrier (AUX1) gene
encodes a component of the auxin influx carrier, which is involved in
auxin transportation (Figure 7). Transport inhibitor response (TIR1)
binds the transported auxin and degrades the auxin/indole-3-ace-
tic acid (Aux/IAA) transcriptional repressor that improves the ac-
tivity of auxin response factor (ARF) transcription factors (Ori,
2019). ARFs bind to the auxin-responsive cis-acting element in
early auxin response genes including Aux/IAA, Small auxin upregu-
lated (SAUR) and Gretchenhagen-3 (GH3; Hage n& Guilfoyle, 2002;
Figure 7). Overexpression SAUR genes is sufficient to induce cell
elongation and growth (Stortenbeker & Bemer, 2018). The gh3 mu-
tants exhibit reduced lateral root number, and auxin-deficient traits
in Arabidopsis (Zhang et al., 2007). We found that these key gene
families of the auxin signal transduction pathway were expanded in
elephant grass. For example, we discovered that the AUX/IAA gene

family was strongly expanded in Cp (six copies), whereas there is
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FIGURE 7 Plant hormone signal transduction pathway in elephant grass. A proposed model of the plant hormone signal transduction
pathway in elephant grass. Expanded genes are shown in red. The heatmaps show the expression level of genes involved in the plant
hormone signal transduction pathway in different elephant grass tissues. Columns and rows correspond to the tissues and gene copies,
respectively (left to right represents leaf, shoot, stem tip, flower and root). Abbreviations: AUX1, auxin influx carrier; TIR1, transport inhibitor
response; ARF, auxin response factor; Aux/IAAs, auxin/indole-3-acetic acid; SAUR, small auxin upregulated; GH3, Gretchenhagen-3;

CREZ1, cytokinin receptor 1; AHP, Arabidopsis histidine phosphotransfer proteins; BRR, B-type Arabidopsis response regulators; ARR,
Arabidopsis response regulators; GID1, GA-insensitive dwarf 1; PIF3, phytochrome-interacting factor 3; BRI1, Brassinosteroid insensitive

1; BSK, Brassinosteroid -signalling kinases; BIN2, Brassinosteroid insensitive 2; BZR1/2, Brassinazole-resistant 1/2; BSU1 bril suppressor1
phosphatase; TCH4, Touch 4; CYCD4, Cyclin D 4. Heatmap showing the expression level of candidate genes involved in plant hormone
signal transduction pathway in tissues of elephant grass (left to right represents leaf, shoot, stem tip, flower and root)

one copy in Ca and two copies in Si (Table S14). We also identified
16 copies of SAUR, 29 copies of G3H and 12 copies of TIR1. The
analysis of transcript levels showed that these genes were highly ex-
pressed in tissues of Cp (Figure 7; Figure S14). In addition, we also
found that some genes, such as AUX1 (CpA0602793, CpA0601023)
and TIR1 (CpA0104594, CpB0700127), were highly expressed in
the stem tip (Figure 7; Figure S14). CKs also play essential roles in
many aspects of plant development through regulation of cell divi-
sion (Artner & Benkova, 2019). The CK signal transduction pathway
contains four signalling gene families, including cytokinin receptor 1
(CRE1s), Arabidopsis histidine phosphotransfer proteins (AHPs), B-type
Arabidopsis response regulators (BRRs) and Arabidopsis response regu-
lators (ARRs; Wybouw & Rybel, 2018). We analysed the copy number
of these genes and found that, with the exception of ARRs, there is

a higher copy number in Cp than in Ca, Si and Os, the ratio of which

was usually over two-fold (Table $19). We also found that most of
these genes had high expression in Cp and some genes were more
highly expressed in the stem tip, such as CpB0400426 (CRE1) and
CpB0602799 (CRE1; Figure 7; Figure S14).

GAs are one of the plant hormones that stimulate plant devel-
opment, including stem elongation and fertility. In GA signalling,
GA-insensitive dwarf1 (GID1) is a GA receptor, which further interacts
with DELLA repressors. DELLA belongs to a subfamily of GRAS tran-
scription factors, which are regulated by the expression of the phy-
tochrome-interacting factor 3 (PIF3; Nelson & Steber, 2016; Figure 7).
In the Cp genome, the DELLA, GID1 and PIF3 families are also ex-
panded and were expressed at similar levels in different tissues
(Figure 7; Table $19). BRs are growth-promoting steroid hormones
that regulate cell division and cell elongation. In the BR signal path-

way, Brassinosteroid insensitive 1 (BRI1), a member of the leucine-rich
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repeat receptor-like kinases (LRR RLKs) gene family, perceives BRs
at the cell surface and regulates the BR-signalling kinases (BSKs;
Clouse, 2011). Brassinosteroid insensitive 2 (BIN2), identified as a
downstream negative regulator of the BR signal pathway, inhibited
the activation of Brassinazole-resistant 1/2 (BZR1/2; Yin et al., 2005).
In this study, copy number determination revealed that BRI1, BSK
and BIN2 have a higher copy number in Cp than in Ca, Si and Os
(Table S19). Expression analysis indicated that some BSKs were more
highly expressed in the stem tip and shoot, such as CpB0400240 and
CpB0402659 (Figure 7; Figure S14).

We further performed phylogenetic analyses on growth-related
genes using the coding sequences from elephant grass. The results
also suggested that these gene families represented different clades,
especially BRI1, ARF and TIR1 (Figure S14). The elephant grass ARF
genes were from two clades, and all of the highly expressed genes in
all tissues were from the second clade (Figure S14). Furthermore, 13
candidate NADP-MEs came from two major lineages. Interestingly,
two highly expressed genes in different tissues were from clade 2
(Figure S14). We also found that expanded genes were evenly dis-
tributed across homologous chromosomes based on location and

synteny analysis in elephant grass (Figure S15).

4 | CONCLUSIONS

In this study, we have assembled a high-quality chromosome-level
genome of elephant grass showing a high rate of heterozygosity;
this is the first published polyploid genome for the genus Cenchrus.
A primary assembly was performed with short reads, long sequence
reads produced by nanopore sequencing technology and Hi-C
chromatin contact maps. Our well-annotated genome allowed us
to identify genes and pathways related to leaf colour. We demon-
strated that the expansion of anthocyanidin biosynthesis pathways
has resulted in anthocyanidin accumulation in the elephant grass
cultivar “Purple.” In addition, our analysis revealed a high copy num-
ber and high transcript levels of genes involved in C, photosynthe-
sis and hormone signal transduction that may contribute to the fast
growth of elephant grass. The assembled elephant grass genome
could provide a system for studying the diversity, speciation and
evolution of this family, and it offers an important resource for un-
derstanding the mechanism of economically important traits and
adaption. It also provides new resources for exploring other species
in the genus Cenchrus, which have great economic, ecological and

research value.
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