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Summary

Achnatherum splendens Trin. (Gramineae) is a constructive species of the arid grassland
ecosystem in Northwest China and is a major forage grass. It has good tolerance of salt and
drought stress in alkaline habitats. Here, we report its chromosome-level genome, determined
through a combination of Illumina HiSeq sequencing, PacBio sequencing and Hi-C technology.
The final assembly of the ~1.17 Gb genome sequence had a super-scaffold N50 of 40.3 Mb. A
total of 57 374 protein-coding genes were annotated, of which 54 426 (94.5%) genes have
functional protein annotations. Approximately 735 Mb (62.37%) of the assembly were
identified as repetitive elements, and among these, LTRs (40.53%) constitute the highest
proportion, having made a major contribution to the expansion of genome size in A. splendens.
Phylogenetic analysis revealed that A. splendens diverged from the Brachypodium distachyon—
Hordeum vulgare-Aegilops tauschii subclade around 37 million years ago (Ma) and that a clade
comprising these four species diverged from the Phyllostachys edulis clade ~47 Ma. Genomic
synteny indicates that A. splendens underwent an additional species-specific whole-genome
duplication (WGD) 18-20 Ma, which further promoted an increase in copies of numerous
saline-alkali-related gene families in the A. splendens genome. By transcriptomic analysis, we
further found that many of these duplicated genes from this extra WGD exhibited distinct
functional divergence in response to salt stress. This WGD, therefore, contributed to the strong
resistance to salt stress and widespread arid adaptation of A. splendens.

Introduction

Soil salinity, which is one of the major environmental stresses,
limits plant growth (Mahajan and Tuteja, 2005; Zhu, 2001). It has
been reported that ~20% of global land plants are seriously
affected by salinity (Morton et al., 2019; Qadir et al., 2014). High
concentrations of salt trigger ion imbalance and hyperosmotic
stress in plants, and possibly cause secondary stresses such as
oxidative damage (Mgller and Tester, 2007; Shabala and Cuin,
2008; Zhu, 2001). These stresses eventually lead to poor growth
or plant death. Based on their responses to soil salinity, plants can
be divided into glycophytes and halophytes. While glycophytes
are highly sensitive to salinity, halophytes can survive in saline—
alkali habitats (Flowers and Colmer, 2008; Flowers et al., 2010;
Gong et al., 2020). It is, therefore, necessary to understand the
genomic make-up of halophytes, which may be helpful in the
management and usage of these special wild resources (Wu
et al., 2012).

Achnatherum splendens Trin. (Gramineae) (2n = 48; Guo
et al., 2003) is a perennial halophyte, which is a constructive
species of the alkaline grassland in northwest China (e.g.

Figure 1a; Huai et al., 2008; Jiang et al., 2017). Through long-
term adaptation to the extremely alkaline environment, this
species has developed a considerable level of resistance to salt
and drought stress (e.g. Figure 1b; Haixia et al., 2008; Irfan et al.,
2016). In addition, the highly developed underground roots of
this species help to improve sand fixation and water conservation
in saline areas (Zhang et al., 2010). This constructive species also
provides a major forage resource with good palatability and high
nutritive value for local livestock in the arid alkaline regions, and
its stalks have also been used as superior raw material for paper
making for a long time (You et al., 2020).

In this study, we assembled de novo a chromosome-scale
genome for A. splendens through a combination of various
sequencing strategies, involving lllumina HiSeq sequencing,
single-molecule real-time (SMRT) sequencing and chromosome
conformation capture (Hi-C) technology. RNA-seg-based tran-
scriptomics were used to identify differential expressions of the
paralogous genes under salt treatments. Using gene annotation,
phylogenetic analysis and transcriptomic analysis, we aimed to
clarify the genomic basis of how this species adapts to alkaline
habitats.
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Figure 1 (a) and (b) Photographs of A. splendens as a constructive species of the alkaline grassland. (c) The landscape of assembly and annotation of the
A. splendens genome. Tracks from outside to the inside correspond to |, pseudochromosomes; Il, repeat density; Ill, gene density; IV, depth density and V,

GC density.

Results
Genome sequencing, size estimation and assembly

We estimated the genome size based on K-mer distribution. In
total, 57 879 333 379 k-mers (size 17) were identified. The
major peak was around a k-mer depth of 52, and another clear
peak was detected as being located at half of the expected depth,
and inferred to be a heterozygous peak. The genome size of
A. splendens was estimated to be 1113 Mb (Figure S1 and
Table S1).

A total of 83.81 Gb of subreads (75x genome coverage) from
the PacBio Sequel platform and 142.82 Gb of short reads (128x
genome coverage) from the lllumina HiSeq platform were
generated, representing almost 200-fold coverage of the
A. splendens genome (Table S2). Contigs were first self-
corrected and initially assembled with high-quality PacBio sub-
reads, and then polished using the lllumina reads. The improved
contigs were further assembled into scaffolds with a scaffold N50
of 1.08 Mb. To assign scaffolds to the correct chromosomal
positions, a total of 123.42 Gb Hi-C reads were produced based
on genomic proximity. 94.85% of the whole-genome assembly
was successfully anchored into 24 pseudochromosomes and
92.28% was ordered (Figure S2 and Table S3). The final assem-
bled genome size was 1178 Mb with a super-scaffold N50 length
of 40.3 Mb (Table 1). This is little larger than the predicated
genome size, probably as a result of the comparatively high
heterozygosity of the genome.

The completeness and accuracy of the assembled genome
were assessed by BUSCO and RNA sequencing. We found that
1401 of 1440 (97.2%) conserved protein genes were completely
captured in the genome (Table S4). Moreover, 74 546 isoforms

Table 1 Features of the A. splendens genome assembly

Genome assembly Value
Estimated genome size (Gb) 1.13
Total length of scaffolds (Gb) 1.17
Number of scaffolds 2297
N50 of scaffolds (Mb) 1.08
N90 of scaffolds (kb) 271.02
Longest scaffolds (Mb) 6.08
Average scaffold length (kb) 513.07
Anchored to chromosome (Gb) 1.12
N50 of super-scaffold (Mb) 40.3
GC content (%) 45.5
Undetermined bases (%) 0.66
Genome annotation
Repetitive sequences (Mb) 731.95
Number of protein-coding genes 57 374
Genes in pseudochromosomes 50 069 (87.30%)
Number of non-coding RNAs 289 938

were generated by 1.37 Gb of PacBio full-length cDNA sequenc-
ing data (Table S5), approximately 98.9% (73 770) of which
could be well aligned to the genome (Table S6). These assess-
ments indicate that the genome of A. splendens was well
assembled, with high quality, completeness and accuracy.

Genome annotation

A total of ~732 Mb (62.56%) of the A. splendens genome
assembly was identified as repetitive elements based on de novo
and homology-based methods (Figure 1c and Table S7). As in
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most plant genomes, long terminal repeat retrotransposons (LTR-
RTs), accounting for 40.53% of the genome, are the most
abundant elements. Among the LTR-RTs, Gypsy and Copia are the
most common super-families, representing 27.4% and 12.4% of
the total assembly respectively (Table S7). The ratio of Gypsy
elements to Copia elements is 2.23, similar to that in other species
in the Gramineae, except for O. sativa which has a ratio of 5.06
(Table S8).

For gene annotation, a high-confidence set of 57 374 protein-
coding genes was predicted by integrating results from de novo,
homology-based and transcript-based approaches (Table S9), and
of these, 87.3% (50 069) genes were anchored into 24
pseudochromosomes. On average, protein-coding genes in the
A. splendens genome are 3250 bp long and cover 4.85 exons,
and these features are similar to those in other species in the
Gramineae (Figure S3; Table S9). The predicted genes were then
annotated for functional proteins they encode by a consensus
method, applying InterPro (Hunter et al., 2009), Gene Ontology
(GO; Ashburner et al., 2000), Kyoto Encyclopedia of Genes and
Genomes (KEGG; Kanehisa and Goto, 2000) and Swiss-Prot
(Boeckmann et al.,, 2003). In the aggregate, 54 426 genes
(94.8% of the predicted genes) were identified as having known
homologs in protein databases (Table S10). In addition, we
detected 644 microRNA (miRNA), 898 transfer RNA (tRNA), 885
ribosomal RNA (rRNA) and 447 small nuclear (snRNA) genes in the
genome sequence (Table S11).

Comparative genomic analysis

Based on sequence homology, a total of 310 214 genes were
clustered into 177 606 families, of which 7129 families were
shared by all 10 species and 1116 were specific to the
A. splendens genome (Figure 2¢,d and Table S$12). These unique
gene families were predicted to have functions involved in
‘response to oxidative stress’ (GO:0006979) and ‘oxidoreductase
activity, acting on peroxide as acceptor’ (GO:0016684)
(Table S13).

To infer the phylogeny of A. splendens, 963 single-copy
orthologous genes from 10 species were identified and used to
construct a phylogenetic tree. The resulted phylogeny indicated
that within the monocot lineage comprising six species (O. sativa,
P. edulis, A. splendens,  B. distachyon, H. vulgare and
A. tauschii), the subclade containing only A. splendens diverged
from the other one comprising the other three species (B. dis-
tachyon, H. vulgare and A. tauschii), which together diverged
from P. edulis and further from O. sativa. Based on the
MCMCtree and fossil calibration, the estimated divergence times
were around 54.16 million years ago (Ma) between O. sativa and
the other five monocots, 47.36 Ma between P. edulis and the
remaining four species and 37.35 Ma between A. splendens and
the other three species (Figure 2a). These divergences were in
agreement with estimates from previous reports (Varshney et al.,
2017).

We identified 7451 gene families that had expanded while
5093 had contracted in the A. splendens genome compared to
the other plant species (Figure 2b). GO analysis revealed that the
expanded orthogroups were significantly enriched in the func-
tional terms ‘transmembrane transport’, ‘transmembrane trans-
porter activity’ and ‘adenyl ribonucleotide binding’ (Figure S4 and
Table S14). Several markedly expanded gene families were
functionally associated with maintenance of intracellular osmo-
lality and pH homeostasis.

Whole-genome duplication and chromosome
composition

Whole-genome duplication (WGD) events, which have happened
frequently in most plants, are commonly regarded as a major
evolutionary force (De Peer et al., 2009; Lynch and Conery, 2000;
Salmanminkov et al., 2016). The additional genetic material
provided by WGD enhances the adaptive plasticity of plants and
contribute to species diversification and functional innovations
(Paterson et al., 2004; Tang et al., 2008). By revealing preserved
ancestral gene order, gene collinearity analysis is crucial in
uncovering changes in and evolution of a plant genome (Wang
et al., 2006). We examined gene collinearity among the
A. splendens, B. distachyon and O. sativa genomes. B. dis-
tachyon and O. sativa were chosen as references because both
have relatively simple genome structures, with only one WGD,
common to all grass species (c(WGD), found in them (Paterson
et al., 2009; Wang et al., 2015).

In order to infer intra-genomic gene collinearity, we identified a
total of 15 371 gene pairs in 677 homologous blocks of the
A. splendens genome. Using the same criteria, we detected 324
and 657 homologous blocks from the O. sativa and B. distachyon
genomes, which contained 3770 and 5602 collinear gene pairs
respectively. The largest homologous block in A. splendens, with
1211 gene pairs, was located in chromosomes 2 and 3
(Figure S5), while the largest in O. sativa and B. distachyon
had, respectively, 280 and 265 gene pairs (Table S15). Thus,
considerably more homologous gene pairs and more complete
homologous regions were found in the A. splendens genome
than in O. sativa or B. distachyon, suggesting that one or more
additional WGD events had occurred in the A. splendens
genome. For inter-genomic gene collinearity, there were 1553
homologous blocks involving 35 753 collinear gene pairs
between the A. splendens and O. sativa genomes and 1664
homologous blocks involving 35 923 collinear gene pairs
between the A. splendens and B. distachyon genomes, revealing
well-preserved syntenic features between the A. splendens
genome and the two reference genomes (Table S15).

Through mapping the O. sativa genome sequence onto the
A. splendens genome, we generated a homologous gene dotplot
(Figure 3), which was helpful in locating homologous correspon-
dence and determining orthologs (established from the
O. sativa—A. splendens split) and outparalogs (established after
the c(WGD). Without taking into account any gene loss, if there
was no additional WGD in A. splendens after the cWGD, we
would expect to find each O. sativa gene (or chromosomal
region) having one best matched orthologous A. splendens gene
(or chromosomal region), and one outparalogous A. splendens
gene (or chromosomal region). If there had been an
A. splendens-specific WGD, we would expect to find each
O. sativa gene (or chromosomal region) having two best matched
orthologous A. splendens genes (or chromosomal regions), and
two outparalogous A. splendens genes (or chromosomal
regions). In the dotplots and genomic synteny between O. sativa
and A. splendens (Figure 3), we found that almost every rice
chromosome had two best matched chromosomal regions in
A. splendens. For instance, O. sativa chromosomes 1 and 5 are
homologous (paralogous) after the c(WGD event (Figure 4) and
we could identify two more orthologs and two more outparalogs
in A. splendens (Figure 3b). O. sativa chromosome 1 is best
matched with (or orthologous to) regions in the A. splendens
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chromosomes 2 and 3, and each orthologous region is outpar-
alogous to O. sativa chromosome 5. Using the same strategy, we
drew homologous dotplots between A. splendens and B. dis-
tachyon, which exhibited a pattern analogous to that for
O. sativa (ortholog ratio 1 : 2), further supporting an additional
WGD in A. splendens (Figure S6).

Furthermore, the synonymous substitution divergence (Ks) of
each collinear gene pair within a genome or between genomes
was characterized. The Ks distribution of paralogs within
O. sativa and B. distachyon suggested only one peak at Ks
~0.6. In contrast, the paralogous peaks in A. splendens showed a
clear bimodal feature, having one peak at Ks ~0.15 and another
at ~0.5 (Figure 2e), implying at least two WGD events. The
paralogous peak at ~0.6 corresponds to the cWGD event, which
has been dated to ~96 Ma (Wang et al., 2015). Based on this
calibrated time, the A. splendens-specific WGD event was
inferred to have occurred ~18-20 Ma. The orthologous peaks
for A. splendens-O. sativa and -B. distachyon, corresponding to
Ks values of ~0.45 and ~0.3, were dated to 50 and 35 Ma,
respectively, consistent with phylogenetic results.

Genomes often underwent massive gene loss and chromoso-
mal reorganization after WGD events (Wang et al., 2005, 2009).
Previous studies have suggested that Gramineae genomes

evolved from a pre-p ancestral grass karyotype (AGK) with 7
protochromosomes to a post-p AGK with 12 protochromosomes
(Murat etal., 2010, 2017). To unmask the details of chromosomal
reorganizations in A. splendens, the AGK genes were down-
loaded and mapped onto the chromosomes of five Gramineae
species (A. splendens, O. sativa, B. distachyon, P. edulis and
H. vulgare) (Figure 4). It is obvious that O. sativa is most similar
to the ancestral chromosomal composition; ancestral chromo-
somes 1, 6 and 7 were well conserved and duplicated to generate
chromosomes 1 and 5, 8 and 9, and 11 and 12 respectively. In
A. splendens, apart from six chromosomes (1, 4, 5, 6, 7 and 9)
that had experienced chromosome fusions, each chromosome
originated from only one ancestral chromosome, suggesting that
there was little chromosomal rearrangement after the additional
WGD event in A. splendens. In addition, each species examined
here inherited one relatively conserved chromosome (AGK 1); for
example, it was present as chromosomes 1 and 5 in O. sativa,
chromosomes 7, 9, 14 and 16 in H. vulgare, chromosomes 2, 3, 5
and 15 in A. splendens, chromosome 2 in B. distachyon and
chromosome 3 in H. vulgare. It is likely that genes on this
conserved chromosome may have played a significant role in
major aspects of development and regulation and have therefore
avoided recursive chromosomal fusion and fission.
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Figure 3 (a) Dotplots showing genes homologous between the A. splendens and O. sativa genomes. (b) Example of homologous gene dotplots for
A. splendens and O. sativa. Chromosome numbers and regions (in Mbp) are shown. Best hit (orthologous) genes are red dots, secondary hits
(outparalogous) are blue dots and the others are shown in grey. Highlights show the best matched chromosomal regions. Arrows show correspondence
produced by chromosome breakages during evolution. (c) Gene synteny between the A. splendens and O. sativa genomes.

WGD contributed to adaptation to the saline-alkali
environment

In addition to a common WGD event shared by all monocots and
another common WGD event shared by Gramineae species
(Paterson et al., 2004), A. splendens experienced an additional
species-specific WGD event after its divergence from other
Gramineae species (see above results). Although massive gene
loss may have occurred after these WGD events, we still found
that more than 55% of the annotated 57 374 genes were
duplicate genes in the WGD regions (Table S16). Especially, most
of these duplicate genes resulted mainly from the species-specific
WGD event (Figure 3 and Figure S6). To investigate whether this
extra WGD event had contributed to the adaptation of A. splen-
dens to a saline-alkali environment, we first, based on the
functional annotations in the A. thaliana genome, identified gene
families that are closely related to resistance to salt stress and
transcription factor (TF) families in the A. splendens, O. sativa and
B. distachyon genomes. We found that copy numbers of the salt-
tolerant-related gene families and TF families in A. splendens

were, respectively, 1.77 and 1.73 times more than those in
O. sativa, and 1.77 and 1.67 times more than those in
B. distachyon (Table S17 and Table $18). The increase in copy
number of these gene families may have played a role in the
evolution of salt tolerance in A. splendens.

Hierarchical cluster analysis of transcriptomic data showed
clustering of the four repeats for the shoot or root at each time
point (Figure S7), except for one shoot sample at 24 h, which
was discarded for downstream analysis. Differentially expressed
genes (DEGs) were identified under salt treatment by comparing
each time point (6 and 24 h) with 0 h. A total of 2866, 2517, 571
and 2587 DEGs were identified in the 6 h root, 24 h root, 6 h
shoot and 24 h shoot respectively (Figure 5a). Only 571 DEGs
were detected under salt treatment of 6 h shoot, while more
than four times DEGs were identified in 24 h shoot compared to
6 h shoot, indicating that the early stage of salt stress does not
considerably affect the shoot of A. splendens. Of the total 5917
DEGs, majority of them were specific to each of the four samples
and only 170 DEGs were shared by all samples (Figure 5a,b). Co-
expression analysis showed that the DEGs formed eight major
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Figure 4 Construction of ancestral chromosomes for A. splendens, O. sativa, B. distachyon, H. vulgare and P. edulis. AGK indicates the ancestral grass

karyotype. The red star indicates a whole-genome duplication event.

clusters in root and shoot respectively (Figure 6). The patterns of
some clusters may be correlated with the adaptation to a saline—
alkali environment of this species.

In root, cluster 4 (844 DEGs) and cluster 6 (830 DEGs;
Figure 6a) are the two biggest modules containing up-regulated
and down-regulated genes respectively. DEGs of both clusters
were induced only at 6 h after salt treatment and are mainly
enriched in metabolism of carbohydrate, terpenoids, polyketides
and nitrogen, environmental information processing, signal
transduction and plant hormone signal transduction. Therefore,
phytohormone signals and metabolism processes were turned on
or off at the early phase of salt stress. Pathways that play an
important role in response to abiotic stresses, such as cytochrome
P450, metabolism of amino acid, starch and sucrose and
phenylpropanoid biosynthesis, were also enriched by other
clusters (Figure 6¢). In shoot, the biggest cluster 1, containing
1630 DEGs, was up-regulated in the late phase (24 h). It contains
genes for ribosome, translation and biosynthesis of other
secondary metabolites and phenylpropanoid biosynthesis. The
second biggest cluster (cluster 2: 542 DEGs) was also induced in
the late phase, comprising genes enriched in metabolism of
carbohydrate and amino acid, environmental adaptation and
plant-pathogen interaction (Figure 6b,d). Therefore, the major
clusters and DEGs revealed in root and shoot were different
(Figures 5a and 6b,d), probably in relation to diverse adaptive
mechanisms in different tissues.

We then investigated expression patterns of paralogous genes
in A. splendens under salt treatment. We focused on the
paralogous genes that have two copies in A. splendens with
one synteny copy in O. sativa. A total of 6796 paralogous gene
pairs were identified. Among them, 5347 (78.68%) pairs of
genes had contrasted differential expressions and 1047 (15.41%)
pairs had one DEG between different tissues in each pair. A total
of 402 pairs of genes with differential expression (Table S19) are

enriched in many functional categories that are related to salt
stress, such as ‘oxidoreductase activity’, ‘antioxidant activity’,
‘transcription regulator activity’ and ‘response to oxidative stress’
(Figure S8). Within these 402 gene pairs, we further detected the
differential expression pattern of two paralogous copies in each
pair. We did not consider the expression changes in different time
points in order to reduce the number of patterns. We recognized
four patterns: pattern I, gene functional redundancy; pattern Il
one copy was DEG in a tissue, while the other copy was DEG in a
different tissue; pattern Ill, the two copies were differentially
expressed in the same tissue, but in different way (i.e. up- vs.
down-regulation) and pattern IV: a combination of patterns Il and
Ill. We found that 258 (64.18%) gene pairs showed pattern |, 108
gene pairs (26.86%) for pattern I, 10 pairs for (2.49%) pattern lli
and 26 pairs (6.47%) for pattern IV (Table S20). These results
indicated that many duplicated paralogous genes from the extra
WGD in A. splendens had evolved the new functions during its
saline-alkali adaptation. Finally, we examined the expression of
the duplicated genes, especially in the TF families related to the
salt stress response pathway of this species. We found that many
duplicate genes of these families, for examples, bZIP, NAC and
WRKY, important TFs in the regulation of gene expression in
response to abiotic stress and the key genes controlling ion
homeostasis (e.g. NHX and ACA) were extensively up-regulated in
the salt-stressed samples (Figure 5c and Table S21). However, the
SOS (salt overly sensitive) genes with relative high expression level
(Table S21) that are critical for salt tolerance (Gong et al., 2020)
were not differentially expressed in A. splendens, which is
consistent with previous result (Liu et al., 2016).

Discussion

Abiotic stress, especially salinity and alkali, severely limits plant
growth and biomass productivity worldwide, and this is becoming
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an enormous threat because of increases in climatic changes and
human activities (Yamaguchi and Blumwald, 2005; Zhu, 2001).
Previously researchers have conducted genomic analyses of salt-
tolerant plants, but our current knowledge remains limited in the
case of constructive forage species of alkaline grassland (Huang
et al., 2020; Ma et al., 2013; Zhu et al., 2007). Such key species
are likely to have developed more adaptive features than other
halophytes. In this study, we assembled a high-quality genome
for A. splendens, a constructive species of the alkaline grassland
in Northwest China.

We combined lllumina HiSeq sequencing, PacBio sequencing
and Hi-C technology to generate a high-quality chromosome-
scale genome assembly for A. splendens. The final assembled
genome size was around 1.17 Gb with a super-scaffold N50 of
40.3 Mb, and more than 94% of the genome sequences could
be located on 24 pseudochromosomes. Frequent activation of
repetitive elements is one of the main driving forces that act to
increase genome sizes (Flavell et al., 1974; Levin and Moran,
2011). A total of 731 Mb was identified as repetitive elements,
representing 62.11% of the total genome. LTR-RTs dominated
primarily, as in other plants (Vicient et al., 1999). Most LTR-RTs
had expanded and accumulated recently in the A. splendens
genome. It should be noted that TE activity may also contribute
to plant stress responses and, thus, strengthen the adaptation of
A. splendens to harsh environments (Wendel, 2000). We
identified a total of 57 374 protein-coding genes from the
assembled genome of A. splendens. This number is greater than
those in O. sativa (39 049) and B. distachyon (34 310), which

have not undergone an additional WGD, and other Gramineae
species.

whole-genome duplications or polyploidizations play critical
roles in plant adaptations to stressful habitats (Adams and Wendel,
2005; Chen et al., 2020; Li et al., 2021; Soltis et al., 2014, Wang
et al., 2021). They provide functional innovations through gene
duplication, chromosome rearrangements and genome repattern-
ing events (Murat et al., 2010). WGDs are, therefore, closely linked
to species evolution and diversification. Recent research has
revealed that all monocots experienced a common WGD event
and that Gramineae species shared another common WGD event
(Paterson et al., 2004). Genomic analyses indicated that A.
splendens experienced an additional WGD event after its diver-
gence from other monocots, which was estimated to happen at
18-22 Ma. We also established lists of orthologous and paralo-
gous genes resulting from this recent WGD event, which may be
useful for comparative genomics analyses in future research. This
WGD may have resulted in the evolution of salt and drought
tolerance in A. splendens through increasing the copy numbers of
gene families followed by functional redundancy or innovations
related to the regulation of ionic and osmotic equilibrium and the
ABA pathway. For example, we identified numerous pairs of
paralogous genes (i.e. two copies in A. splendens vs. one copy in
O. sativa) in A. splendens, which arose from this species-specific
WGD. We focused on the duplicate genes that both are identified
as DEGs in each pair. We identified a total of 402 pairs of such
duplicate genes, some of which are enriched in response to
oxidative stress and cell wall organization or biogenesis,
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suggesting that these duplicated genes should have played an
important role in response to salt stress of this species. Of these
402 paralogous gene pairs, more than 35% gene pairs exhibit
functional divergence by differential expression in different tissues
or in different ways. Such an increase in gene family members and
their functional redundancy or innovations may have enhanced the
adaptation of this constructive species to large-scale alkaline
environments. The WGD-driven salt resistance mechanisms
revealed for this species differ from those in other genome-
sequenced halophytes, in which tandem copy increases in gene
family members and positive mutations in genes involved in salt
stress have enhanced their salt tolerance (Huang et al., 2020; Ma
et al., 2013; Zhu et al., 2007). In summary, the availability of a
high-quality genome and transcriptomic data under salt treatment
for A. splendens provides genomic insights into salt adaptation in
this species and new genetic resources for evolutionary and
comparative genomics analyses with other monocots in the future.

Methods
Plant material and growth conditions

One live A. splendens plant was collected from Xining, Qinghai
Province, China, and then transferred to a greenhouse at the

State Key Laboratory of Grassland and Agro-ecosystems, School
of Life Sciences, Lanzhou University. This plant was grown under
controlled temperature (24 £+ 1 °C) and humidity (45%-55%)
conditions with a 14 h—10 h day—night cycle and used for
genomic sequencing. Seeds of A. splendens from the same
population were collected and used for karyotype analysis and
RNA-seq analysis under salt treatment. Seeds were first treated
with a 4% sodium hypochlorite solution for 15 min, then rinsed
thoroughly with sterile water. After chilled at 4 °C for 2 days,
seeds were put in moist Petri dishes to germinate at 25 °C until
the radicals were approximately 2 cm. Then, the seedlings were
transferred into plant cultivation boxes (96 holes, aperture
5 mm) with 1 litre of MS (Murashige and Skoog Basal Medium
with Vitamins, Phyto Technology Laboratories, Usage: 4.43
grams per litre) fluid nutrient medium, and grown in green-
house under the same controlled conditions as the live
A. splendens plant. The 4-week-old seedlings were treated with
300 mm NaCl (Liu et al., 2016). Roots and shoots with salt
treatment for 0, 6 and 24 h were collected, immediately frozen
in liquid nitrogen and stored at —80 °C. For each time point,
ten seedlings from one cultivation box were pooled and used as
a single sample. There were four biological replicates for each
sample.
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DNA extraction, genome and Hi-C sequencing

To overcome the difficulty caused by the high heterozygosity and
repetitive sequence content of the A. splendens genome (see
Results), a combination of three different sequencing strategies
(short read from lllumina, subread from PacBio and interaction
read from Hi-C) was employed to obtain a high-quality reference
genome. Genomic DNA was extracted by a standard CTAB
method (Porebski et al., 1997) from fresh leaves which were
harvested and frozen immediately in liquid nitrogen. Selected
high-quality DNA samples were sent to BGI for both Illumina and
PacBio sequencing. For the Illumina sequencing, a library with an
insert size of 270 bp was constructed and sequenced using an
lllumina HiSeq 4000 platform (lllumina, San Diego, CA) to
produce a short-read sequencing library. The 20-kb PacBio SMRT
libraries were prepared according to the manufacturer’s standard
protocol and sequenced on a PacBio-sequel platform (PacBio,
Menlo Park, CA) with 18 cells. Through mapping interactions
between chromatin regions, the Hi-C approach has been proved
to be more effective than traditional genetic mapping for genome
assembly, especially in terms of specificity, coverage and cost. A
Hi-C experiment was conducted according to a published
procedure that briefly included cell cross-linking, endonuclease
digestion, terminal repair, cyclization, DNA purification and
capture. We generated a total of 120 Gb of clean Hi-C data
(Table S2) from the Illumina HiSeq instrument, accounting for
100x coverage of the estimated A. splendens genome size. All
sequencing reads were trimmed to remove adaptors and enhance
quality.

Transcriptome sequencing

Fresh tissues of the same plant of A. splendens (leaf, stem,
flower, seed and root) were mixed and sampled for PacBio full-
length cDNA sequencing. Two ISO-Seq libraries were constructed
for the mixed sample from these tissues and sequenced in two
cells with a Pacific Bioscience RS Il platform, generating
1 371202 253 raw data (475 753 reads) and details are
summarized in Table S3. For salt-treated samples, total RNA
extraction, library construction and sequencing were performed
by BGI-Shenzhen Company (Wuhan, China) on the MGI2000
platform by 2 x 150 bp pair-end mode.

Genome size estimation

Genome size was estimated by K-mer frequency distribution
analysis (Genome Size = K-mer_num/Peak_depth) (Li et al.,
2010). In order to calculate and plot the K-mer frequency
distribution, a total of 67.28 Gb lllumina short reads were used to
determine the total number of k-mers of length 17 by means of
jellyfish (Marcais and Kingsford, 2011). The selection of 17 mers
to plot the frequency distribution was based on genome
characteristics and the pattern of the Poisson distribution
(Figure S1).

Genome assembly

The PacBio reads, corrected by CANU v1.8 (Koren et al., 2017),
were first applied to generate the primary contigs via FALCON
v3.1 (Chin et al., 2016) with the parameters length_cut-
off = 15kb,  length_cutoff_pr = 15kb,  pa_HPCdaligner_op-
tion = -v -B128 -t16 -w8 -M32 -e0.75 -k16 -T32 -h320 -13200
-s1000" and ovlp_HPCdaligner_option = -v -B128 -k16 -T32 -
h480 -e0.96 -11600 -s1000'. Subsequently, contigs were
enhanced by mapping all filtered PacBio reads through QUIVER

(Chin et al., 2013) and were further corrected by Pilon v1.22 (Sun
et al., 2021; Walker et al., 2014) with default parameters to
obtain the consensus sequences. These improved contigs were
then assembled into scaffolds by SSPACE-LongRead v1.1 (Boetzer
and Pirovano, 2014). Finally, potential duplicate haplotypes were
removed based on PURGE HAPLOTIGS v1.1.0 with the option "-a
80’ (Roach et al., 2018).

Chromosome assembly using Hi-C data

For chromosome-level assembly, the Hi-C data were first aligned
to the scaffolds by BWA v0.7.17 (Li and Durbin, 2009). They were
classified as valid interaction pairs or invalid interaction pairs using
HiC-Pro v2.11.1 (Servant et al., 2015), and only valid interaction
pairs were retained for subsequent assembly (Sun et al., 2021).
Any two segments that presented connections inconsistent
with the information from the raw contig were corrected
manually. Furthermore, scaffolds were divided into subgroups
and sorted and oriented into 24 pseudochromosomes using
LACHESIS (Burton et al., 2013) with parameters CLUSTER_MIN_
RE_SITES = 22, CLUSTER_MAX_LINK_DENSITY =2, CLUSTER_
NONINFORMATIVE_RATIO = 2, ORDER_MIN_N_RES_IN_TRUN
= 10 and ORDER_MIN_N_RES_IN_SHREDS = 10.

Assessment of genome assembly

The completeness of the genome assembly was evaluated by
both transcriptome data and Benchmarking Universal Single-
Copy Orthologs (BUSCO). Isoforms generated by PacBio full-
length ¢cDNA sequencing were remapped to the final genome
assembly by GMAP with default parameters (Wu and Watanabe,
2005). In addition, 1440 conserved single-copy orthologs in the
BUSCO embryophyta odb9 dataset were searched against the
genome sequences through BUSCO with the default parameters.

Repeat annotation

Repetitive elements, including tandem repeats and transpos-
able elements (TEs), were predicted in the A. splendens genome.
For tandem repeats, Tandem Repeats Finder v4.09 (Benson,
1999) was implemented with the settings Match = 2, Mis-
match = 7, Delta =7, PM =80, Pl =10, Minscore = 50 and
MaxPeriod = 2000. For identification of TEs, a combination of
homology-based and de novo approaches was mainly used. We
first used RepeatMasker v4.0.5 (Tarailo-Graovac and Chen, 2009)
with the Repbase TE library (Jurka et al., 2005) and RepeatPro-
teinMasker (Tarailo-Graovac and Chen, 2009) with the TE protein
database to search for homologous repeat sequences in the
genome. Then, de novo-based identification was performed by
RepeatModeler v5.8.8 (Tarailo-Graovac and Chen, 2009) and
LTR_FINDER (Xu and Wang, 2007) to predict the repeat element
boundaries and family relationships from genome data. Finally, all
repeat identification results from the different software packages
were integrated and redundancy was eliminated to produce the
final repeat annotation.

Gene annotation

Three complementary methods were employed to predict
protein-coding  genes:  homology-based, de novo and
transcriptome-based predictions. For homology-based predic-
tions, protein sequences from seven different species (A. thaliana,
O. sativa, S. bicolor, S. italica, Z. mays, B. distachyon and H. vul-
gare) were downloaded and aligned with the repeat-masked
A. splendens genome by TBALSTN with an E-value cut-off of 1e-
5. The aligned sequences and candidate genomic regions were
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corrected and optimized by GeneWise v2.4.1 (Birney et al., 2004)
for further prediction of exact protein coding gene structures. For
de novo prediction, 3000 full-length genes were selected
randomly from the homology-based predictions to train gene
models of A. splendens. Four de novo prediction programs
(Augustus v2.5.5, Stanke et al., 2008; Geneid v1.4, Blanco et al.,
2007; GeneMark v3.54, Lukashin and Borodovsky, 1998; SNAP
v2006-07-28, Korf, 2004) were utilized with A. splendens gene
models for de novo prediction. Genes with coding sequences of
<150 bp were discarded. For transcriptome-based predictions, all
RNA-seq data from mixed samples (flower, leaf, stem, root and
seed) were mapped to the A. splendens genome by PASA v2.3.3
(Haas et al.,, 2003), then TransDecoder (http://transdecoder.
sourceforge.net/) was used to produce the annotation file.
Finally, all predictions of gene models yielded by the above
approaches were integrated using EVidenceModeler (EVM) v1.1.1
(Haas et al., 2008) to generate a consensus gene set.

Functional annotations of the predicted protein-coding genes
were applied by carrying out BLASTP (E-value 1e-5) against
publicly available protein databases including KEGG (Kanehisa
and Goto, 2000), SwissProt (Boeckmann et al, 2003) and
InterProScan v5.36 (Zdobnov and Apweiler, 2001). GO annota-
tions were accomplished using the Blast2GO pipeline v3.1.3
(Conesa et al., 2005).

Annotation of non-coding RNAs (ncRNAs)

Transfer RNAs (tRNAs) were predicted by tRNAscan-SE v1.3.1
(Lowe and Eddy, 1997) with eukaryote parameters. Four types of
ncRNA (microRNA, ribosomal RNA, small nuclear RNA and small
nucleolar RNA) were identified by Infernal cmscan v1.1.1
(Nawrocki and Eddy, 2013) against the Rfam database v12.0
(Kozomara and Griffiths-Jones, 2013).

Gene family clusters and phylogenetic tree
reconstruction

To examine evolution and divergence of the A. splendens
genome, protein-coding gene sequences from eight species of
Gramineae (Oryza sativa, Sorghum bicolor, Setaria italica, Zea
mays, Brachypodium distachyon, Hordeum vulgare, Aegilops
tauschii and Phyllostachys edulis) and one eudicot (Arabidopsis
thaliana) were downloaded from Phytozome v12 (https:/
phytozome.jgi.doe.gov/pz/portal.ntml) and the NCBI website
(https://www.ncbi.nim.nih.gov/) for comparative analyses.
When one gene had multiple transcripts, only the longest
transcript in the coding region was kept for further analysis.
An all-against-all BLASTP search (Camacho et al.,, 2009) was
applied to calculate pairwise sequence similarities with the
default settings (E-value <1e-5 and a minimum match length
of 50%). BLASTP results were then clustered into paralogs and
orthologs using the OrthoMCL v2.0.9 method (Li et al., 2003).
A Venn diagram was drawn to show the numbers of shared
and species-specific gene families among five species of
Gramineae (A. splendens, O. sativa, B. distachyon, P. edulis
and A. tauschii).

Single-copy orthologous genes were extracted from the
OrthoMCL clustering results and MUSCLE v3.8.31 (Edgar, 2004)
was used to align the protein sequences. Guided by these
alignments, protein sequences were transformed into coding
DNA sequences (CDS). Fourfold degenerate sites were extracted
from CDS alignments and concatenated to give a super-gene
matrix. RAXML v8.1.17 (Stamatakis, 2014) was used to recon-
struct a phylogenetic tree with the GTR+G+l model and a
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bootstrap value of 100. The resulting phylogeny was visualized by
iTOL (https://itol.embl.de/).

Estimation of divergence time

Species divergence time was inferred by MCMCtree in the PAML
program v4.5 (Yang, 2007) with the ‘relaxed-clock (clock = 2)’
model and ‘F84' model. The divergence times for A. thaliana—
O. sativa (mean: 150.0 Mya, std dev: 4.0) and for O. sativa—
Z. mays (mean: 50.0 Mya, std dev: 4.0) obtained from the
TimeTree database (http://www.timetree.org) were applied to
calibrate the divergence times.

Expansion and contraction of gene families

To analyse the expansion and contraction of gene families, the
Computational Analysis of gene Family Evolution (CAFE) program
v3.1 (De Bie et al., 2006) was run to compute changes in gene
families along each lineage of the phylogenetic tree under a
random birth-and-death model. The clustering results and the
information from the estimated divergence times were used.
Using conditional likelihood as the test statistic, the correspond-
ing P-values of each lineage were calculated and a P-value of 0.01
was regarded significant. Additionally, the expanded and con-
tracted gene families were subjected to GO enrichment to
determine their functions.

Genome synteny and whole-genome duplication

Protein sequences within and between genomes were searched
against one another to detect putative homologous genes (E-
value < 1e-5) by BLASTP. With information about homologous
genes as input, CollinearScan (Wang et al., 2006) and MCscanX
(Wang et al., 2012) were implemented to infer homologous
blocks involving collinear genes within and between genomes.
The maximal gap length between collinear genes along a
chromosome region was set to 50 genes (Wang et al., 2017,
2018). Then, homology dotplots were constructed by a per! script
to reveal genomic correspondence. Non-synonymous (Ka) and
synonymous (Ks) substitution rates for gene pairs were calculated
with KaKs Calculator v2.0 (Wang et al., 2010) under a YN model
after converting protein alignments into codon alignments by
PAL2NAL v14 (Suyama et al., 2006).

Identification of genes related to saline-alkali tolerance

Gene families related to the regulation of stress tolerance were
collected manually from published A. thaliana papers. Transcrip-
tion factor families from A. thaliana were further downloaded
from PlantTFDB v5.0 (Jin et al., 2016). All genes of the genomes
of A. splendens and related species were first searched against
A. thaliana by BLASTP with an E-value cut-off of 1e-5, then
domains of candidate genes were identified by HMMER v3.2.1
(Finn et al., 2011) by searching the Pfam database (Punta et al.,
2011). Only genes having protein domains identical to those of
A. thaliana genes were selected as orthologs.

Differential expression analysis

To examine genome-wide responses to salt stress of A. splen-
dens, we performed transcriptomic analysis under 300 mm NaCl
treatment for 6 and 24 h (h) for both shoot and root tissues. For
raw sequencing reads, adapters, reads containing poly-N and
lower-quality reads (<Q30) were removed to obtain clean reads,
which were then mapped to the A. splendens genome using
HISAT2 (Daehwan et al., 2015). StringTie v1.3.1 (Mihaela et al.,
2015) was used to calculate transcripts per million (TPM) of
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mRNAs in each sample. TPM of genes was computed by summing
the TPMs of transcripts in each gene group. We used DESeq R
package v1.10.1 (negative binomial distribution) to perform
differential expression analysis. DEGs were defined as those
having at least twofold change in expression compared with
those in 0 h (false discovery rate, FDR < 0.05). K-cluster analysis
of DEGs was performed using the OmicShare tools (http:/www.
omicshare.com/tools). Genes in each cluster were subjected to
KEGG enrichment analysis.
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