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Abstract

Phragmites australis, widely distributed worldwide, has a vast biomass and a strong ability to
adapt to the environment. Its rhizome (known as "Lugen" in Chinese medicine) has been used
as a traditional Chinese medicine for over 2,000 years. In this study, we assembled a
chromosome-level reference genome of Phragmites australis containing one B chromosome.
An explosion of LTR-RTs, centered on the Copia family, occurred during the late Pleistocene,
driving the expansion of reeds genome size and subgenomic differentiation. Comparative
genomic analysis showed that P. australis underwent two whole gene duplication events, was
segregated from Cleistogenes songorica at 34.6 Mya, and that 41.26% of the gene families
underwent expansion. Based on multi-tissue transcriptomic data, we identified structural genes
in the biosynthetic pathway of pharmacologically active Phragmites polysaccharides that have
important roles in rhizome development. The assembly of the P. australis genome contributes
to our understanding of Arundiaceae evolution and polysaccharide biosynthesis in phragmitis
rhizoma.

Introduction

Phragmites australis are widely distributed in rivers, lakes, dunes, alkaline salt flats, and other
habitats worldwide, with strong environmental adaptability and colossal biomass. It has
essential ecological and economic values in ecological protection, animal fodder, and
traditional Chinese medicine. Rhizoma phragmitis (fresh or dried rhizome of P. australis),
which has been used clinically in China for over 2,000 years, is known as Lugen in Chinese
medicine, and its pharmacological effects have been documented in several ancient medical
books, such as the Invaluable Prescriptions for Emergencies (Bei Ji Qian Jin Yao Fang), Yu
Qiu's Exegesis for Materia Medica (Yu Qiu Yao Jie), and so on'. In modern medical research,
Lugen is effective in antimicrobial®, anti-inflammation®*, antioxidative and hepatoprotective’,
and antiviral®. Lugen has been widely used in the novel coronavirus pneumonia (COVID-19)
outbreak with significant efficacy’®. The Lugen polysaccharides have been shown to be the
significant medicinal constituents of Phragmites rhizoma (PR), in which the acidic
polysaccharide PRP-2 has been well characterized in terms of its pharmacological mechanism
and structure®>. PRP-2 consists mainly of galactose (34.70%), fucose (36.15%), and rhamnose
(0.88%) in the form of —3)-B-D-GalpA-(1—, —2, 3)-a-L-Fucp-(1— and a-L-Fucp (4SO3-) -
(1—3. However, due to the complexity genome ploidy and fewer genetic resources of P,
australis, which seriously limits molecular mechanistic studies and germplasm improvement
in P. australis.

Non-essential supernumerary or accessory chromosomes that do not follow the typical
Mendelian rule of equal segregation, also known as B chromosomes (Bs), have been found in
many species™!’. It is commonly believed that Bs do not have any function, but current studies
have shown that Bs have unexpected functions. For example, Bs can preferentially attach to the
spindle on one side of the egg, segregate and produce unequal gametes!!"'%; in some haploid
reproducing species, Bs known as PSR (paternity sex ratio) can eliminate the paternal genome

during embryonic mitosis'*!*; and active genes or non-coding RNAs in Bs can also affect maize

A-chromosome (As) gene transcriptional profiles or phenotypes!®-8,

The rapid asexual reproduction of P. australis utilizing an extensive rhizome network can

provide an absolute advantage in interspecific competition and is a crucial organ for P. australis

19,20

to achieve perenniality in complex habitats'>°. In Oryza longistaminata, Fan et al. found that
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the hydrolyzed monosaccharides of sucrose could affect rhizome elongation and orientation by
increasing the osmotic pressure of rhizome cells; meanwhile, the sucrose could promote the
development of axillary buds into secondary rhizomes and retard the upward growth of axillary

21-23

buds in rhizomes*'*’. In addition, the adequate sucrose supply and increased sucrose

availability in axillary buds can reduce competition for sucrose from the terminal buds and help
rhizome axillary buds break through the inhibition of apical dominance®*®,

With the continuous improvement and development of High fidelity reads sequencing (HiFi)
and high-throughput chromosome conformation capture (Hi-C) technologies, a series of high-
quality medicinal plant genome studies have been promoted, such as Morinda officinalis®,
Rheum tanguticum®, and Isatis indigotica®', etc. The assembly of these complex genomes
provides usable genetic data for identifying biosynthesis pathways of active ingredients in
medicinal plants.

Here, we report a heterotetraploid genome at the telomere-to-telomere chromosome level in
P australis, which was successfully disassembled into two sets of subgenomic haplotypes.
Based on FISH and Hi-C results, we unexpectedly discovered and assembled the B
chromosome in P. australis. With the full-length transcriptome data from multi-tissue hybrid
sequencing, we obtained more accurate genome annotation information. Through phylogenetic
and evolutionary analyses, we determined that P. australis and Cleistogenes songorica shared
a common ancestor approximately 34.6 million years ago and inferred a chromosomal
evolutionary trajectory in P. australis that contained two whole genome duplication (WGD)
events. Combined with tissue-specific transcriptome WGCNA analysis, we identified a series
of genes associated with polysaccharide biosynthesis in Lugen. Our work deepens our
understanding of plant evolution in the Arundiaceae. It provides a vital genetic resource for
exploring tissue-specific Lugen polysaccharide biosynthesis and investigating the regulation of
rhizome development by carbohydrates.

Results

P, australis genome assembly and annotation

We found a reed strain (Phragmites australis subsp. Cuiplus) with an above-ground portion of
stem height > 350 c¢m, basal diameter > 1.5 cm, and highly developed underground rhizomes
(Figure 1a), with a genome size predicted by flow cytometry to be approximately 1.8 Gb*.
Karyotyping and Fluorescence in situ hybridization (FISH) showed that this P. australis had 50
chromosomes, mainly proximal or mid-stranded chromosomes. The hybridization signals of
the 5SrDNA and 18SrDNA repeat sequences probes were characterized by one pair of weak
and one pair of strong hybridization signals (Figure 1a). We used genome survey data (48.31
Gb) for K-mer analysis (k = 17) to further characterize the P. australis genome. The size of this
P australis genome was 1685.39 Mb, the heterozygosity rate was 0.61%, and the proportion of
repetitive sequences was 50.40%, making it a complex genome with high assembly difficulty
(Figure S1a). In addition, the GenomeScope results showed that aaab < aabb and Smudgeplot
showed that this P. australis genome was more inclined to the AB haplotype genome (Figure
S1b). Therefore, we hypothesized that this P. australis is a heterozygous aneuploid tetraploid
strain.

We obtained 482.94 Gb Raw read data and 32.53 Gb HiFi reads data using PacBio Sequel 11
platform genome sequencing. Using hifiasm for the primary assembly of the genome, we
obtained a P. australis genome sketch with a size of 874.62 Mb, containing 312 Contig
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sequences, N50 of 33.94 Mb, and GC content of 44.21% (Table 1). The genome sketch features
were similar to the flow cytometry and genome survey results. Subsequently, we used Hi-C
data (113.26 Gb) to visualize Contig's alignment order and orientation for error correction
(Table S1). Finally, we anchored 99.46% of the contigs sequences to 25 Chromosomes with a
total length of 852.12 Mb, N50 of 34 Mb, and L50 of 10, with only one gap on Chr21 and
Chr25, respectively (Table 1). Next, we searched telomeric canonical repeat units (5-12 bp in
length) in the P. australis genome. Finally, we identified the AAACCCT motif as a P. australis
telomere repeat monomer with a repeat number 40,863 (Table S2). All chromosomal telomeres
were successfully assembled, with 19 chromosomes assembled to telomeres at both ends (Table
S3).

Using various genomics data and tools, we identified three candidate P australis
centromere repeat sequences in the P australis genome with 108 bp, 216 bp, and 324 bp.
Meanwhile, we obtained the genome-wide 5-methylcytosine (5-mC) locus information for P
australis from HiFi data using pb-CpG-tools. We found that regions of reduced gene density
and increased density of repetitive sequences on P. australis chromosomes highly overlapped
with areas of dense 5-mC loci (Figure S2). There is growing evidence that the chromosomal
centromere region contains fewer genes and denser repetitive sequences and that DNA in this
region tends to be highly methylated*-®. Finally, we successfully localized the candidate
regions of centromere in P. australis chromosomes based on the 5-mC distribution (Figure S3).

We combined multiple methods to assess the quality of our assembled P. australis genome
exhaustively. The genome-wide Hi-C interaction mapping showed that our assembly results
conformed to inter- and intra-chromosomal interaction requirements (Figure S4a). The GC
content versus sequencing depth distribution map showed that our genome had no significant
contaminating sequences during sequencing and assembly (Figure S4b). The CEGMA and
BUSCO assessments were 95.97% and 99.30%, respectively (Figure S4c-d). By mapping the
survey and iso-seq data to the genome, the mapping rate and coverage exceeded 98%, indicating
that our assembled genome has high integrity and uniformity of sequencing (Table S4, Figure
S4e). Merqury concordance assessment showed that all chromosomes' consensus quality value
(QV) values exceeded Q40, indicating that the accuracy and confidence of our genome
assembly exceeded 99.99% (Table S3). The LTR Assembly Index (LAI) reached 11.54, which
has reached the reference level genome (Figure S4f). The pure single nucleotide polymorphism
(SNP) and insertion/deletion (InDel) rates in the P. australis genome were 0.97% and 0.06%,
respectively (Table S5). We obtained the P. australis genome assembly (PaCui.No1l) with ultra-
high continuity and integrity from telomere to telomere by Hi-C-assisted assembly, which
provided a genetic basis for subsequent in-depth studies of centromeres and highly repetitive
regions (Figure 1b).

We combined homology-based and ab initio prediction to identify repetitive sequences in the
P. australis genome (Figure S5). 64.98% (553,687,485 bp) of the sequences were annotated as
transposable elements (TEs), of which 394,357,364 bp were identified as long terminal Repeat
transposons (LTRs), which accounted for 46.28% of the P. australis genome (71.22% of TEs);
10.77% of the genome sequences were annotated as DNA transposons (16.58% of TEs); and
3.02% (25,707,169 bp) of the sequences were annotated as Tandem Repeat, wherein, 2,965,766
bp were identified as simple sequence repeats (SSRs) containing si- (56.47%), di- (29.61%),
tri- (11.68%), tetra- (1.63%), penta- (0.37%), and hexa- (0.23%) repeat units.
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We predicted 41,008 protein-coding genes in the P. australis genome, with an average gene
length and coding DNA sequence (CDS) length of 4,758 bp and 1,242 bp, respectively. The
BUSCO assessment of these genes amounted to 98.40% (Table 1). Interestingly, compared to
our selected gramineous relatives, we found that P. australis has a lower percentage of genes
with lengths < 2000 bp but has more genes with lengths > 5000 bp and those containing more
than two exons or intron (Figure S6). Gene function annotation of the protein-coding genes
annotated within the genome of P. australis was performed based on Swiss Prot, KEGG,
InterPro, GO, TrEMBL, and NR gene function databases. The combined results showed that
40.527 (98.83%) of the 41,008 protein-coding genes in P. australis could be annotated in at
least one of the databases (Figure S7). Meanwhile, we identified non-coding RNAs in the P
australis genome, including 229 miRNAs, 836 tRNAs, 1744 rRNAs, and 459 snRNAs. We
identified three miRNAs (Chr7B, Chr7A, and Chr5B), two rRNAs (Chr6B and Chr4B), and
two tRNAs (ChrB and Chrl11A) densely populated regions in the P. australis genome (Figure
S8).
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Figure 1. Genomic characterization of P australis. a Morphology and Fluorescence in situ
hybridization (FISH) of the sequenced plant. Rhizomes of P. australis after removal of fibrous roots,
cleaning, sectioning, and drying. The heading stage of P. australis was grown at the experimental site of
the College of Life Sciences, Capital Normal University. The complete chromosome was identified by
telomere repeat sequence probes (green). The 5SStDNA probe (red arrow) showing purple fluorescence
and the 18SrDNA probe (green arrow) showing green fluorescence. Scale bars 5 um. b Circos plot of the
P australis genome. a. Chromosome length. b. GC content. c. GC skew. d. Gene density. e. LTR-Gypsy
density. f. LTR-Copia density. g. Distribution of the coverage of multi-tissue mixed full-length
transcriptome sequencing data. h - g. Distribution of leaf, stem (aboveground) coverage, and rhizome
RNAseq data, respectively. The inner lines indicate covariate blocks. All densities were calculated in a
100,000 bp window.

Table 1 P. australis genome assembly statistics

Contig PaCui.Nol Draft genome [29] LpPhrAustl.1
Total size (bp) 874,619,212 1,139,927,050 -
Number of contigs 312 13,411 -
Number of contigs > 50,000 bp 152 4,617 -
Largest contig (bp) 54,964,116 3,219,705 -

GC content (%) 44.21 44.04 -
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N50 length (bp) 33,936,801 194,574 -
L50 count 11 1370 -
BUSCO (%) 99.3 933 -
Chromosomes
Number of chromosomes+Unchr 25 +50 - 24+13
Total size (bp) 852,117,256 - 849,281,002
GC content (%) 44.27 - 4417
N50 length (bp) 34,052,747 - 35,123,032
Gaps 2 59
L50 10 - 10
BUSCO (%) 99.3 - -
CEGMA (%) 99.46 - -
LTR Assembly Index (LAI) 11.54 - -
Second-generation Data Mapping  98.62% - -
Third-generation Data Mapping 99.99% - -
Annotation
Number of genes loci 41,008 64,857 -
BUSCO (%) 98.40 - -
Functional annotation (%) 98.83 - -
Percentage of repeat sequences (%) 65.62 56.19% -
Percentage of TEs (%) 64.98 - -
Number of predicted SSRs 160,796 - -
Number of rRNAs 1744 - -
Number of tRNAs 836 - -
Number of miRNAs 229 - -
Number of snRNAs 459 - -

Number of Number of
Subgenome Length (bp)

chromosomes genes
Subgenome A 12 399249732 20290
Subgenome B 12 427051217 20425
B Chromosome 1 21198758 277

Subgenome sorting and B chromosome assembly

Due to the lack of genetic information on the genomes of P. australis parents, subgenome
sorting is highly difficult. By intra-species covariance mapping constructed from 13,788
paralogous homologous gene pairs in P. australis, we found 12 pairs of very strong 1-to-1
covariance between 25 reed chromosomes (Figure 2a). Combining the Oryza sativa and
Panicum virgatum genomes, we extracted homologous chromosome pairs with P. australis,
respectively, and used their single-copy genes to calculate genetic distances (Figure 2b, Figure
S9). We classified the chromosome with closer affinity to the homologous chromosome of O.
sativa into subgenome A (LAI: 12.24), while the other one was categorized into subgenome B
(LAI: 12.47). We successfully sorted out two haplotype subgenomes that reached the reference
genome level (Ordered by chromosome length from largest to smallest) (Table S3). The
subgenomes showed an overall 1:1 covariance but frequent chromosomal structural variations
between some chromosomes, such as chromosomal inversions between Chr 9 and Chr 12, Chr
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19 and Chr 20, and chromosomal translocations between Chr 12 and Chr 13, and Chr 10 and
Chr 11 (Figure S10).

We found no significant colinear blocks of chromosome 25 within P. australis or between
related species (Figure 2a, Figure S9). It has a significantly reduced density and number of
protein-coding genes, with only 277 genes present (only 9.65% of the length of this
chromosome). Homologs of the 268 genes in Chr25 are widely dispersed in the 24 normal
chromosomes of P. australis (E value < le-5) (Figure 2c). Moreover, 85% of the sequences in
the Chr25 chromosome are composed of transposable elements homologous to normal
chromosomes. In addition, we found many rRNA sites, multiple significant tRNA density peaks
widely distributed in this chromosome, and the presence of multiple possible centromere
regions (Figure S8). To investigate whether these retained genes have certain specific functions,
we performed GO enrichment of genes on chromosome 25 (Figure 2¢). We found that these
genes are mainly involved in biological processes related to sister chromatid movement in
meiosis, pollen sperm cell differentiation, and spindle. In the Molecular Function classification,
these gene products are mainly involved in "histone H3-methyl-lysine-4 demethylase activity",
"histone demethylase activity”, "histone H3-methyl-lysine-4 demethylase activity", and
"telomeric DNA binding". Meanwhile, by RNAseq analysis, we found that the genes expressed
on chromosome 25 of P. australis (FPKM mean > 1) were mainly involved in the production
or regulation of germ cells in P. australis and were involved in the molecular functions of
several enzymes related to the activity of the electron transport chain (Figure 2d). In summary,
this unique chromosome 25 is a B chromosome. We finally determined that this P. australis
genome is of type AABB (2n = 4x =48 + 2) and contains two B chromosomes.
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Fig. 2 Subgenomic isolation and B chromosome identification. a Dotplot of co-orthologs genes and
Ks within P, australis genome. The color of the dot indicates the Ks of the gene pair. b Phylogenetic tree
of genetic distances constructed based on single-copy homologous sequences. ¢ Distribution of genes in
the P. australis B chromosome in normal chromosomes. The blue connecting line in the figure indicates
homology between the genes and those in the B chromosome with an E-value < le-10. d GO enrichment
of genes expressed in the P. australis B chromosome. Genes with FPKM mean > 1 in chromosome B
were retained for GO enrichment using clusterProfiler 2.0. e Directed acyclic map of GO enrichment of
genes in the P, australis B chromosome. The more specific the molecular function, the lower the hierarchy.
The ten most significant nodes are indicated by the boxes in the figure. The enrichment significance of
each node is differentiated by color, from highest to lowest: red > orange > yellow.

Two transposon insertion events drive P. australis genome expansion

Many long terminal repeat-retrotransposons (LTR-RTs) exist in plant and animal genomes,
especially in plant genomes. In P. australis, the transposons were mainly LTRs, of which the
Gypsy and Copia families accounted for 34.73% and 21.65% of the total LTR length,
respectively (Figure S5). The distribution density of the Gypsy family on P australis
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chromosomes was strongly negatively correlated with the gene arrangement, and it was mainly
distributed near the centromere. Still, the Copia family was relatively uniformly distributed at
both ends of P. australis chromosomes, which was consistent with the trend of gene distribution
(Figure 1b, Figure S2). By calculating the timing of LTR-RT insertions, we found that, except
for the C. songorica genome, the genomes of P. australis and the other gramineous species
experienced LTR-RT insertion events of varying magnitude between 0.10 and 0.16 Mya and all
of them had higher average chromosome lengths than C. songorica (Figure 3a). The
amplification densities and peak insertion times of LTR-RTs in these genomes differed
considerably, and both P. australis genomes underwent at least two significant transposon rapid
insertion events (Figure 3b, Figure S11).

P australis underwent an insertion event of LTR-RTs centered on Gypsy families 1 to 2
million years ago, and we define the LTR-RTs inserted in this event as ancient LTR-RTs (Figure
3b). We found that these ancient Gypsy families were concentrated near the centromere of
certain chromosomes, e.g., Chr 4, Chr6, Chr9, Chrl6, etc., which not only increased the length
of repetitive sequences within the centromere region, but also drove centromere evolution
(Figure S12a). Subsequently, a more intensive and rapid insertion event of LTR-RTs occurred
0-500,000 years ago, in which the Copia family was significantly dominant, and we define the
LTR-RTs from this event as new LTR-RTs (Figure 3b). These newly inserted Copia family
members accounted for 62.05% of all Copia and were widely distributed in or near gene regions
(Figure S12b). The large number of insertions of these elements may affect gene sequences in
the vicinity of TEs to a certain extent, providing abundant raw material for variation in genome
evolution. Interestingly, we found that the content of Copia family sequences in these genomes
conformed to a linear normal distribution between the genome size and the Copia family
sequences (Figure 3c), and there was a very strong positive correlation (Pearson r = 0.9618, P
<0.001) (Figure 3d).

Meanwhile, we found that LTR-RT insertion events and extant transposon content occurring
between the two sets of subgenes in P. australis showed significant differences (Figure 3b and
e). Compared to subgenome A, the Gypsy family in subgenome B dominated ancient
transposon insertion events and showed a higher density of unknown transposon insertion types
in recent events (Figure 3b). In addition, longer Gypsy family transposon sequences were
identified in subgenome B. The differences between these insertion events led to the differences
in transposon types and lengths in the two sets of subgenomes (Figure 3e). To some extent, the
LTR-RT drove the differentiation of the subgenome in P. australis.
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Fig. 3 Analysis of LTR-RTs in P. australis genomes. a Insertion times of LTR-RTs in eight genomes,
including two P. australis subgenomes. b Insertion times of significant types of P. australis LTR-RTs.
The right panel indicates the significant types of LTR-RT insertion times for subgenome A and
subgenome B, respectively. ¢ Normal QQ plot of Copia family content versus genome size for the P
australis genome. The normal distribution test using the Shapiro-Wilk (SW) method. d Pearson
correlation analysis between Copia family content and genome size in the P. australis genome. e
Differences in transposon content between two sets of subgenes in P. australis.

Analysis of the gene family

To understand the patterns of gene family divergence during P. australis evolution, we analyzed
the P australis genome for gene family clustering with 13 Gramineae species, including
Aegilops tauschii, Brachypodium distachyon, Cleistogenes songorica, Dendrocalamus
latiflorus Munro, Oryza sativa, Panicum hallii, Panicum virgatum, Pennisetum purpureum
Schum, Setaria italica, Setaria viridis, Sorghum bicolor, Triticum aestivum, Zea mays, and
Arabidopsis thaliana as outgroup species. We identified 28,025 gene families in 15 species and
17,494 gene families in P, australis, with multiple-copy ortholog genes accounting for 32.21%
of all gene families (Figure 4a). All species shared 5507 gene families, and 297 unique gene
families were present in P. australis, containing 871 genes (Figure S13a). We found that these
P australis unique family members are mainly involved in biological processes related to
protein or macromolecule depalmitoylation, "protein dephosphorylation”, "lipoprotein
catabolic process" and "phosphatidic acid metabolic process". The molecular functions were
also enriched for the terms "palmitoyl hydrolase activity", "phosphoprotein phosphatase
activity", "protein serine/threonine phosphatase activity" and "phospholipase A2 activity".
Moreover, many genes related to vesicular transport, such as Golgi and vesicles, were enriched
in the Cellular Component category. In addition, some genes were also enriched in Terms
related to oleoresin lactone synthesis and reactive oxygen species biosynthetic process. The GO
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functional enrichment of these P. australis unique genes seems to predict the existence of
special competence in depalmitoylation and dephosphorylation with other species (Figure
S13b).

We were surprised that 41.26% of gene families in P. australis underwent expansion
involving 7217 gene families (20,142 transcripts), a much higher percentage than in the other
14 species. These expanded gene families were mainly associated with genes related to
telomere maintenance (G0O:0032200, GO:0010833, GO:0007004, and GO:0000723), DNA
binding (GO:1990837, GO:0043565, GO:0000976, and GO:0003690), and starch synthesis
(GO. 0004556 and GO:0016160) are functionally related (Figure S13c). Gene family expansion
in P. australis has resulted in a significantly increased proportion of Multiple copy orthologs,
while providing P, australis with more members of genes with potential functions that can help
P. australis to undergo rapid adaptation and evolution in the face of unfavorable environments
and stresses. Meanwhile, we found 288 positively selected genes in 1,039 single-copy direct
homologs in P. australis. Many of these genes are present in genes involved in telomere
maintenance (G0O:0032204, GO:0000723, and GO:0032200) as well as DNA damage checking
(GO:0007095, GO:0031572) (Figure S13d). These genes subjected to positive selection related
to telomere or DNA repair play an essential role in the perennial mechanism of P. australis.

P, australis evolutionary position and whole genome duplication analyses

We have constructed a phylogenetic tree to investigate the evolutionary origins and species-
related relationships of P. australis using 302 single-copy genes identified in 15 species (Figure
4a). The results showed that Arundiaceae is more closely related to Chloridoideae. Their
common ancestor appeared earlier than the ancestor of Panicoideae and later than the ancestor
of Oryzoideae, and separated from the ancestor of Mibiaceae 38.1 million years ago (Figure
4a). The synteny analysis showed strong colinearity between P. australis chromosomes and O.
sativa and C. songorica chromosomes (Figure 4b). Meanwhile, we found 246 syntenic blocks
containing 19,384 collinear gene pairs between P. australis and O. sativa, and 614 syntenic
blocks containing 25,732 collinear gene pairs with C. songorica. Colinear genes with C.
songorica accounted for 62.75% of all genes in P. australis, much higher than the collinear gene
pairs with O. sativa (Table S6). These results suggest that P. australis and C. songorica are
evolutionarily closely related sister groups that diverged about 34.6 million years ago. Colinear
blocks of some chromosomes in P. australis mapped to more than two chromosomes in O.
sativa and C. songorica simultaneously (Figure 4b).

We found in the genome dot plot that each chromosome of P. australis, except Bs, had one
best-matched chromosome and two sub-matched chromosomes where more chromosomal
rearrangement events occurred, suggesting that two WGD events occurred in P. australis
(Figure 2a). The depth of colinearity between the P. australis genome and O. sativa (1: 2) and
C. songorica (2: 2), respectively, predicted that P. australis experienced a shared WGD event
with O. sativa and an independent WGD event with C. songorica (Figure S14, Table S6). Two
significant peaks in the P. australis genome, corresponding to the two WGD events, were
analyzed by synonymous substitution (Figure 4c). Five Gramineae genomes, including two
subgenomes, share an ancient p-WGD event between ~60-80 Mya*-*2. Following this, P,
australis was successively separated from O. sativa (Ks = 0.470) and C. songorica (Ks = 0.305)
and underwent a polyploidy event unique to P. australis at ~23.9 Mya (Ks = 0.211) (Figure 4c).
The four-fold degenerate sites (4DTv) analysis was consistent with the Ks results (Figure S15).
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Meanwhile, we observed significant peaks at both Ks =0.628 and Ks = 0.205 in the comparison
between subgenes A and B, corresponding to the ancient p-WGD event and the polyploidy
event unique to the P. australis genome, respectively. In summary, we hypothesize that the
parental ancestor of this P. australis diverged from successive O. sativa and C. songorica after
undergoing the p-WGD event shared by most gramineous species and formed a heterotetraploid
P australis through interspecific hybridization and an exclusive heterologous tetraploidization
event (WGD-1V).

We used WGDI based on the Ancestral monocot karyotype except for Acoraceae (AMK-A)
to construct a karyotype evolutionary process that includes the major species of Gramineae.
Accompanied by two WGD events, the eight chromosomes of AMK-A underwent at least 356
chromosome breaks, 340 chromosome fusions, and eventual integration into the 24 haplotype
chromosomes now found in P. australis (Figure 4d). Subgenome A, more closely related to O.
sativa, experienced a higher frequency of ancestral chromosome splits and fusions and has more
collinear gene pairs with other species. These results suggest that subgenome A appears to be
the more ancient parental genome. (Figure 4d, Table S6).
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Fig. 4 Evolutionary and comparative genomic analysis. a Phylogenetic analysis, divergence time
estimation, and gene family expansion/contraction analysis. A phylogenetic tree was constructed with
Arabidopsis thaliana as an outgroup using the genomes of 14 Poaceae, including reed. Purple stars
indicate genome-wide replication events, The branch length of a phylogenetic tree represents the amount
of cumulative evolution or cumulative mutation; The blue numbers indicate divergence times; and the
red and green numbers indicate gene families for expanded and contracted gene families, respectively;

Classification of orthologous and lineage-specific gene families in reed and other representative plants
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are shown on the right. b Collinear relationship of two subgenomes of reed, rice, and awnless cryptomeria.
Different color lines connect matched gene pairs between different genomes. ¢ Distribution of Ks
between Reed and the other two species. The lines indicate the distribution of Ks within genomes
(continuous) and between genomes (dashed lines). d Ancestral karyotype evolution in Sorghum bicolor,
Setaria viridis, Panicum hallii, Phragmites australis, Cleistogenes songorica, Oryza sativa, and Triticum
aestivum. Different colors represent chromosome segments of the Ancestral monocot karyotype except
for Acoraceac (AMK-A), and different color combinations represent the chromosomal recombination
events that the modern karyotype of each species underwent.

The WGCNA analysis of the multi-tissue transcriptome of P australis and the
identification of genes involved in the Lugen polysaccharide biosynthesis pathway

To understand the biosynthetic pathway of polysaccharides in P. australis and the transcription
factors (TFs) that play critical regulatory roles, we performed the weighted correlation network
analysis (WGCNA) on the transcriptome data of three tissue samples of P. australis, containing
leaves, aerial stems, and rhizomes (Figure 5f). Principal component analysis revealed high
homogeneity among similar tissue transcriptome data and showed significant differences
overall (Figure 5a). We categorized genes with an average FPKM >1 into 14 co-expression
modules containing 22,285 genes (softpower = 12) (Figure 5b). We also identified three
modules (MEturquoise, MEbrown, and MEblue) that were highly correlated with P. australi's
unique tissues (Pearson cor > 0.95) (Figure 5¢). The GS-MM results showed that these genes
highly correlated with the tissue specificity and were also important in the module (Figure 5d).
GO enrichment analysis showed that the genes in MEturquoise, which is highly associated with
leaf height, are mainly involved in photosynthetic pigment synthesis, electron transport chain,
and light-responsive related biological processes. The MEbrown associated with aboveground
stem tissues contained genes of sucrose or monosaccharide transporter protein families, and the
expression of these genes was specifically increased in aerial stems (Figure Se-g). Interestingly,
the MEblue module significantly associated with underground rhizomes of P. australis was
enriched with a large number of genes related to plant polysaccharide synthesis and cell wall
formation, which play essential roles in polysaccharide synthesis and rhizome development of
P australis.
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Fig. 5 Construction of the reed co-expression network. a Score scatter plots for the PCA model with
nine samples. b Clustering dendrogram of gene based on the topological overlay. WGCNA analysis was
performed after screening based on gene expression FPKM mean > 1. Each branch of the gene
dendrogram corresponds to one module; different colors represent different modules. ¢ Heatmap of gene
co-expression network module-tissue association. Each row corresponds to a module characteristic gene
(eigengene), and each column corresponds to a specific tissue. Each cell contains the corresponding
correlation value and P-value, and indicates the strength of the correlation according to the color. d A
scatterplot of Gene Signifificance (GS) for weight vs. Module Membership (MM) in three module
eigengene. There is a highly significant correlation between GS and MM in this module, illustrating
that genes highly significantly associated with a trait are often also the most critical elements of modules
associated with the trait. The red lines indicate the thresholds for MM| > 0.8 and |GS| > 0.2, respectively.
e Bubble diagram showing the results of GO enrichment of genes contained in the module eigengene. f
Pattern map of reed plants (Created by Biorender, https://www.biorender.com). g The heatmap shows the
changes in FPKM based on log2 in the module eigengene.

Based on our functional annotation information, we identified structural genes in the Lugen
polysaccharide (PRP2) biosynthesis pathway that encompasses the sucrose synthesis (SUS),
sucrose transporters protein (SUC), and Lugen polysaccharide monomer (GDP-Fucose, UDP-
Rhamnose, UDP-Galactose and UDP-Galacturonate) pathways, involving a total of 182
transcripts (69 transcripts with average FPKM expression >1). Most of these gene families
involved in polysaccharide synthesis underwent varying degrees of expansion (Figure 6a). The
significantly high expression of Sucrose-6F-phosphate phosphohydrolase (SPP) and sucrose
phosphate synthase (SPS), two critical enzymes for sucrose synthesis, in leaves increased the
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amount of sucrose produced via photosynthesis. Sucrose transporter proteins (SUC) are not
only related to the mobility and availability of sucrose in plants but also essential for plant-
specific tissue development regulation. We identified nine PaSUC genes involving 12
transcripts in P. australis, among which PaSUCI.1, PaSUCI.2, and PaSUC4.1 were
significantly overexpressed in aerial stem tissues. They may assume the function of a long-
distance sucrose transporter for transporting sucrose synthesized in leaves down through above-
ground stems to rhizomes. Sucrose synthase (SUS), as a key rate-limiting enzyme in the sucrose
synthesis pathway, mediates the reversible conversion of sucrose and ADP (or UDP) to fructose
and ADPG (or UDPG). SUS (rna-Pau33356.1) expression was significantly increased in P
australis rhizomes, which promoted the accumulation of carbohydrates such as sucrose,
fructose, and UDP-glucose in the rhizomes. Significantly increased expression of GDP-
mannose pyrophosphorylase (GMPP), GDP-mannose 4,6-dehydratase (GMD), and dTDP-4-
dehydrorhamnose reductase (UER1) in the polysaccharide monomer synthesis pathway in
aboveground stems or rhizomes also led to the accumulation of GDP-Fucose and UDP-
Rhamnose monomers in these tissues. In addition to the high expression of specific genes that
may be associated with galactose stress response in leaves, most of the UDP-glucose-4-
epimerase (UGE) and UDP-glucose-4-epimerase (GALE) were significantly overexpressed in
rhizomes, and these genes led to the accumulation of UDP-Galactose and UDP-Galacturonate
in rhizomes. The high expression of UDP-D-galactose dehydrogenase (UGD) and UTP-
glucose-1-phosphate uridylyltransferase (UGP2) in rhizomes may also play an essential role in
polysaccharide synthesis in Lugen.

We analyzed cis-acting elements within the 2000 bp region upstream of the SUC gene
identified in P. australis to predict transcription factors regulating sucrose transporter proteins.
We identified multiple cis-acting regulatory elements associated with phytohormone (abscisic
acid and MeJA) or stress response stress (defense and stress, light, and low temperature) as well
as binding sites for the transcription factor MYB (including MYB binding site involved in
drought-inducibility, MYB binding site involved in light responsiveness, and MYBHv1 binding
site, involving a total of nine PaSUC members) within the promoter regions of these SUC genes,
suggesting that the MYB transcription factor may play a crucial role in the regulation of P
australis sucrose transporter proteins (Figure 6b). Since the PaSUC genes with an average
FPKM > 1 in P. australis were all categorized in the brown module, we inferred that the genes
in this module were associated with sucrose transport in stems. These Hub genes are mainly
involved in sucrose transport and response to heat (Figure S16) and contain nine transcription
factors and a sucrose transporter protein (PaSUCI.1) (Figure 6d). Ultimately, combining the
co-expression network and the trend of expression of these genes, we screened for a PAMYB
transcription factor (rna-Pau22479.1) that may regulate the expression of the sucrose
transporter protein PaSUCI. I in stems (Figure 6¢-d, Table S7). Our results provide data support
and a research basis for studies exploring the regulatory mechanisms of multi-tissue
coordinated long-range sucrose transport in P. australis.
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Fig. 6 Lugen polysaccharide biosynthesis pathway and sugar transporter protein transcription
factor identification. a Gene expression analysis of genes involved in polysaccharide biosynthesis in
"Lugen". Different color blocks represent the expression levels of the encoded genes in different tissues,
the squares from left to right correspond to leaves, aerial stems, and rhizomes, and the red font represents
the gene family expansion in Reed. Compound structure diagrams were obtained from EMBL-EBI
(https://www.ebi.ac.uk/). b Prediction of cis-acting elements in the promoter region of the 12 identified
PaSUC genes. A maximum likelihood phylogenetic tree (left) of 12 PaSUC family members was
constructed using IQ-TREE (v 1.6.12) with 1,000 bootstrap replications. ¢ Heatmap of sucrose
transporters protein expression with transcription factors in Hub gene. The expression level of each gene
is represented by log2 (FPKM), with redder colors indicating higher expression levels. d Hub genes co-
expression network in the brown module. The connecting line indicates the co-expression relationship
between TFs and PaSUCI.! in hub genes.
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3 Discussion

Assembly and annotation of the P. australis T2T genome

With the rapid development of genome sequencing and assembly technologies, more and more
complex genomes are being assembled and published, especially the genomes of medicinal
plants, which are essential for identifying biosynthetic pathways of actives and genetic studies
of adversity response in these species®!. The Arundiaceae family is widely distributed
worldwide and has enormous biomass and economic value, but only a few genomic resources
have been published. In this study, we successfully assembled the high-quality chromosome-
level telomere-to-telomere heterozygous tetraploid P australis reference genome that was
successfully disassembled into two sets of reference genome-level haplotype subgenomes
(Figure 1b). The genome contig N50 (33,936,801bp) and BUSCO (99.3%) assessments were
much higher than those of the P. australis draft genome (contig N50: 3,219,705bp, BUSCO:
93.3%). The genome completeness at the chromosome level was far superior to that of the
recently publicized LpPhrAustl.1
(https://www.ncbi.nlm.nih.gov/datasets/genome/GCA 958298935.1), and our genome is the
most complete reference genome among published P. australis genomes (Table 1). The
complexity of heterochromatin regions and repetitive sequences has resulted in centromere and
telomere sequences being the most challenging regions in genome assembly***?. We
successfully identified telomeric and centromere sequences and candidate regions in our P
australis genome through the association of multi-omics data, which provided a genetic basis
for the subsequent in-depth study of centromere and highly repetitive regions (Figure S3).
Meanwhile, we combined multiple strategies to annotate structural genes, repetitive sequences,
non-coding RNAs, and gene functions in the P. australis genome (Table 1, Figure S5). The
high-quality genome assembly of P. australis provides a valuable genetic resource for exploring
the molecular mechanisms underlying P. australis' large biomass, strong environmental
adaptation and Lugen pharmacology.

B chromosome (Bs) analysis

As B chromosomes have been discovered and assembled in more species, their functions have
been more deeply analyzed'!"'®. We assembled and characterized the Bs in P. australis, the first
reported Bs in P. australis. Only 277 genes are present in this Bs, with 85% of the sequence
consisting of transposable elements homologous to the A chromosome and multiple candidate
centromere regions. Functional enrichment revealed that genes in Bs are involved in life
processes related to chromosome segregation in meiosis, spindle formation, pollen sperm cell
differentiation, and modifications related to histone methylation (Figure 2e). A fusion of
chromosomal centromere breaks probably formed this Bs in P. australis. After passing through
frequent gene exchange and gene rearrangement with the A chromosome group, genes related
to the movement of Bs in cytokinesis or to the maintenance of Bs stability were retained. Due
to the lack of genetic data on the P. australis genome, we believe that when more genomes of
P australis strains are assembled, the origin and function of P. australis Bs will be more
accurately characterized.

LTR-RT insertion events have driven P. australis genome evolution and expansion.

It is well known that frequent climatic oscillations and glacial movements during the late
Pleistocene (0.129-0.0117 Mya) brought dramatic changes to the distribution and genetic
structure of plants and animals on a global scale and drove speciation and the creation of new
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species®*, Meanwhile, TE outbursts can bring more evolutionary raw materials for species,
which is one of the important factors driving species evolution and new species divergence*®.
LTR-RTs can move through the genome and insert into new sites by a "copy and paste"
transposition mechanism*’. TEs with a large number of repetitive sequences can lead to gene
inactivation, translocation, pseudogenes, and even chromosomal rearrangements due to their

"active insertion" characteristics*®*

. However, the genome size expansion driven by
transposons counteracts the genome size reduction caused by the deletion of mutated genes to
a certain extent. It maintains the stability of gene size®. The P. australis LTR-RTs were mainly
composed of the Gypsy family, enriched in the P. australis centromere region, and the Copia
family, which is consistent with the trend of gene distribution (Figure 1b, Figure S2). Further
analysis revealed a strong positive correlation between the Copia family sequence content in
the genome and genome size, and the LTR-RTs insertion events were species-specific (Figure
3c-d). This suggests that LTR-RT insertion events are widespread in Gramineae and strongly
suggests that the Copia family plays a vital role in driving the rapid expansion of genome size
and evolution of Gramineae species. Two LTR-RTs insertion events of different magnitude and
type in P. australis during the Pleistocene drove the genome size expansion and subgenomic
differentiation of P. australis on the one hand, and active TEs on the other hand, provided the
raw material for a large number of gene mutations for rapid adaptation to the environment. The
recent high density of LTR-RTs rapid insertion events in P. australis accounted for 55.42% of
the total, and these uneliminated transposons may have contributed to the increase in the
proportion of genes > 5000 bp in length and containing 2-3 introns in P. australis (Figure S6).
To reduce the impact of frequent transposon "jumps" on the genome, plants can not only
directly inhibit the activation and mobilization of TE activity through DNA methylation®!-> but

also indirectly regulate heterochromatin ratios through histone methylation>®>’

. In this study,
we found that the 5-methylcytosine site in P. australis was significantly enriched in the region
around the centromere (Figure S3). Therefore, we hypothesize that after two widespread, high-
density TE insertion events, LTR-RTs may have been modified by DNA methylation (5-mC) of
transposons concentrated in the centromere region. This prevented the expression and
"jumping" of which transposons had not yet been eliminated, thus maintaining the stability of
the centromeric region of the genome.

Gene family expansion and WGD events

As we all know, telomere length and stability are essential in the biological life cycle. As the
most difficult-to-repair, highly repetitive region in the genome, the existence and length
maintenance of the telomere sequence are related to genome stability and cellular lifespan®®6!.
In P. australis, 41.26% of the gene families expanded during long-term evolution, mainly
involving gene families related to telomere maintenance and lengthening or DNA repair, and
these genes were subjected to positive selection simultaneously (Figure S13). This provided for
telomere integrity and stability and played an essential role in the evolution of P. australis'
extreme environmental adaptability and perennial characteristics.

Comparative genomic and phylogenetic analyses showed that P. australis of the Arundiaceae
subfamily is sister to C. songorica of the Chloridoideae, consistent with the same previous
study®. The P. australis genome undergoes two WGD events, a p event shared with most
gramineous species and a heterologous quadruplication event (WGD-IV) that occurs at 23.9

Mya exclusive to P australis. Large-scale chromosome fission and fusion events in the P
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australis genome have resulted in large segments of chromosome alterations and increases in
chromosome number, while contributing to some extent to the evolution of the P. australis
genome (Figure 4d).

Tissue-specific WGCNA analysis and identification of biosynthetic pathways of Lugen
polysaccharides

The phragmitis rhizoma (known as "Lugen" in Chinese medicine) is a medicinal plant used
clinically for more than 2000 years, and Lugen polysaccharides are its main medicinally active
molecule®?. Here, we constructed the Lugen polysaccharide (PRP-2) biosynthesis pathway
involving the 182 transcripts (Figure 6a). By multi-tissue RNAseq analysis, we found that P
australis increased the expression of genes related to sucrose synthesis in the leaves and of
sucrose transporter proteins responsible for the long-distance downward transport of sucrose in
the aerial stems. Sugar content fluctuations resulting from the transport of plant carbohydrates
over long distances to the roots can act as signal-regulating hormones or other signaling fluxes
to induce the activation of apical meristematic tissues (axillary buds) and promote the

development and extension of lateral and branching roots®*®

.The high expression of these
genes not only promoted the accumulation of sucrose and P. australis polysaccharides in
rhizomes but also significantly reduced the apical dominance inhibition of rhizome axillary
buds and facilitated the development of the complex rhizome network of P australis. In
addition, the high expression of genes in the monomer synthesis pathway of Lugen
polysaccharides increased the accumulation of raw materials for cell wall synthesis, laying a
rich energy and material foundation for the rapid differentiation and development of perennial
rhizomes in P. australis.

Meanwhile, we identified multiple action elements related to stress or hormone response and
a MYB transcription factor binding site related to drought response within the promoter region
of PaSUCI.1 (Figure 6b). A candidate MYB transcription factor that can regulate sucrose
transporter protein was identified based on WGCNA analysis (Figure 6¢-d). In conclusion, we
hypothesize that MYB affects sucrose fluctuation signaling and rhizome development by
regulating the expression of sucrose transporter proteins. This regulatory mechanism
contributes to the rapid occupation of ecological niches by P. australis in various harsh
environments and interspecific competition.
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Materials and methods
Plant material
In this study, young leaf tissues of biennial Phragmites australis (Cav.) var. Cuiplus was
collected for genome survey sequencing, HiFi sequencing, and Hi-C sequencing from a sample
plot planted with reeds at Capital Normal University. At the same time, different tissues are
used for full-length transcriptome sequencing (Nine types of tissues including flower, stem
apical meristem, above-ground stems, leaves, above-ground stem buds, rhizome internodal
tissues, rhizome nodal meristem, rhizome buds, and fibrous roots) and transcriptome
sequencing (including mature leaves, above-ground stems, and rhizome tissues, in three
biological replicates) were collected.
FISH
We first subjected root tip meristematic tissues to laughing gas treatment and obtained dispersed
mid-stage chromosome cells using glacial acetic acid fixation and enzymatic digestion with a
mixed enzyme solution (cellulase and pectinase 3:1). Subsequently, DAPI staining was used to
obtain more explicit chromosome images and accurate numbers. Finally, the samples were
subjected to fluorescence in situ hybridization based on a fluorescent probe for telomere-
conserved repeats, SSTDNA, and 18SrDNA universal probes, and photographed under an
Olympus BX70 fluorescence microscope.
DNA extraction and genome sequencing
High-quality genomic DNA was extracted from young leaves of Phragmites australis using a
modified CTAB method. The quality and quantity of the extracted DNA were examined using
a NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), Qubit
dsDNA HS Assay Kit on a Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and
electrophoresis on a 0.8% agarose gel, respectively. This was followed by BGI short reads,
PacBio subreads, and Hi-C interactive reads, which were sequenced. First, we performed
paired-end reads with an insert size of 150 bp sequencing using the BGI T7 sequencing platform
and obtained 47.74Gb clean reads data after filtering and cleaning by SOAPnuke® software.
The basic genomic information such as genome size, heterozygosity, the proportion of
repetitive sequences, and other genomic information was obtained by K-mer frequency
distribution analysis with k = 17 by jellyfish’’' and genomescope software
(https://github.com/tbenavil/genomescope2.0). Subsequently, the SMRTbell library was
constructed using the SMRTbell Express Template Prep kit 2.0 (Pacific Biosciences). Pacbio
High-fidelity (HiFi) reads were performed using SMRT Cell on the Sequel II System with
Sequel II Sequencing Kit by Frasergen Bioinformatics Co., Ltd. (Wuhan, China). Finally, the
Hi-C library was constructed according to previous studies”. The quality of the library was
ensured by using the Q-PCR method. The Hi-C libraries were quantified and sequenced on the
BGISEQ-500 platform (BGI, China). After dejointing the raw sequencing data using
Trimmomatic software and filtering the low-quality Reads, we ended up with 113.26 GB of
clean data for genome-assisted assembly.

The consensus reads they  were generated  using ccs software
(https://github.com/pacificbiosciences/unanimity) with the parameter ‘-minPasses 3’. After
quality control, we obtained 32.53 Gbps of HiFi reads data. These long (~15 kb) and highly
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accurate (>99%) HiFi reads were assembled using hifiasm v0.16.1"> with the parameter ‘-13°,

yielding a total of 312 contigs containing the initial assembled genome. Then, we applied 3D-
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DNA to order and orient the clustered contigs. The Juicer’! was used to filter and cluster the
sequences, and the Juicebox was applied to adjust chromosome construction manually. We
formed a Hi-C-assisted pre-assembly genome sketch sequence containing 79 Contigs after
heterozygous and redundant sequence filtering based on Hi-C interaction signals and NT
comparison results. Next, by examining allelic interactions in the Hi-C heatmap, the order and
orientation of alleles on the pseudochromosomes were evaluated and adjusted. Finally, we
anchored 79 contigs to 25 chromosomes, and the effective mounting rate of Contig was 99.46%.
Identification of telomeres, centromere and S-methylcytosine

We used tidk (0.2.3)™ to search the genome for telomeric repeat sequences from length 5 to
length 12, and the most abundant repeat sequence units were counted and visualized. The
identification of centromere was based on the method described by Shi et al*, where we filtered
the P. australis genome for repetitive sequences contained in the genome (filtered condition:
period >= 50, copies >= 2.0 To obtain 5-methylcytosine information from Pacbio HiFi
sequencing data, we first generated reads with SmC tags from HiFi reads using jasmine (v 2.0.0,
https://github.com/PacificBiosciences/jasmine) and used IGV to find centromere sequences’.
Next, soft clip mapped reads with methylation tags using pbmm2 (v 1.13.1,
https://github.com/PacificBiosciences/pbmm?2). Finally, information on the SmC locus in the P
australis genome was analyzed using pb-CpG-tools (v2.3.2,
https://github.com/PacificBiosciences/pb-CpG-tools) and visualized using IGV.
allopolyploid subgenome phasing
First, we used blast’® (-evalue <le-10, -num alignments = 10) to identify paralogous
homologous genes within the Phragmites australis genome, orthologous homologous genes
between Phragmites australis and Oryza sativa, and orthologous genes between Phragmites
australis and Panicum virgatum. Next, we identified homologous chromosome pairs in the
genomes of different species by JCVI (v0.5.7, https://github.com/tanghaibao/jcvi/)’” and WGDI
(v0.6.1)” and determined the blocks of colinearity between genomes. Based on the colinearity
results, we extracted single-copy genes in the homologous chromosomes between Phragmites
australis-Oryza sativa and Phragmites australis-Panicum virgatum, respectively, for sequence
splicing and genetic distance estimation. Finally, with the Panicum virgatum outgroup, we used
RAXML (v.8.2.X)™ software to construct phylogenetic trees for the chromosomes of the three
species. We classified the Phragmites australis chromosome, which is closer to the homologous
chromosome of Oryza sativa, to subgenome A and the other homologous chromosome to
subgenome B.
Evaluation of assembled genomes
We used multiple software and assembly metrics to assess our assembled genomes'
completeness, accuracy, and consistency. First, we evaluated the assembly quality of our
genome by calculating Length, N50, L50, GC content, and other metrics using QUAST (Quality
Assessment Tool for Genome Assemblies)®. Next, we mapped the genome survey and Iso-seq
sequencing data to the assembled genome using minimap2 software and assessed the genome
integrity®!. The uniformity of sequencing coverage and contamination in the sequencing data
are based on the ratio of reads, coverage, and the distribution of the GC content with the
sequencing depth. Subsequently, we evaluated the accuracy and consistency of the genomes by
calculating the genome consensus quality value (QV) values using Merqury®* software. We
used BWA® to map the second-generation sequencing data onto the assembled reed genome,
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followed by GATK (GATK: https://github.com/broadinstitute/gatk) for SNP calling and
filtering, and evaluated the accuracy of the genome by counting the number of homozygous
and heterozygous SNPs. Finally, we used BUSCO (Benchmarking Universal Single-Copy
Orthologs)®% based on the Embryophyta odb10 gene set and CEGMA (Core eukaryotic genes
mapping approach)®® based on 248 ultra-conserved core eukaryotic genes (CEGs) to assess
genomic accuracy and completeness. To more accurately assess the coherence of our assembled
genomes, we first used the combination of LTR_Finder®’ (-D 15000 -d 1000 -L 7000 -1 100 -p
20 -C -M 0.9) and LTR_harvest®® (-similar 90 -vic 10 -seed 20 -seqids yes -minlenltr 100 -
maxlenltr 7000 -mintsd 4 -maxtsd 6 -motif TGCA -motifmis 1) to identify long terminal repeats
(LTR) sequences in our assembled whole genomes and two sets of subgenomes, respectively,
and then used LTR retreiver® (-u parameter using the evolutionary rate of rice: 1.3e-8) to
integrate the results and to calculate the LTR Assembly Index (LAI)*® and LTR density, and
finally the genomic LAI was visualized by ggplot2°!.

Gene prediction and functional annotation

To identify the repeat contents in the Phragmites australis genome more accurately and
comprehensively, we combined two strategies of homology-based prediction and ab initio
prediction to identify repetitive sequences in the P. australis genome.

92,93

Homolog-based approach: Based on RepBase™”*, a database of known repetitive sequences
(http://www.girinst.org/repbase), we used RepeatMasker (v4.0.7, www.repeatmasker.org) and
RepeatProteinMask software to predict sequences that are similar to known repetitive
sequences. Sequences that are similar to known repeats. Ab initio approach: first, an ab initio
repetitive sequence library (http://www.repeatmasker.org/RepeatModeler/) was constructed
using RepeatModeler software and LTR-FINDER®’, and subsequently, an ab initio repetitive
sequence library was constructed by the RepeatMasker software for repeat sequence prediction.
In addition, we predicted the Tandem Repeat in the reed genome using TRF software® and
identified the SSR sites present in the reed genome by MISA%.

We accurately predicted the gene structure of the P. australis genome by combining three
strategies. Firstly, we compared the coding protein sequence of P. australis related species
(Panicum virgatum, Setaria italica, Setaria viridis, Sorghum bicolor) with the genome sequence,
and obtained the gene structure information of homology-based prediction using Exonerate®®.
Next, we obtained gene structure information for transcriptome-based prediction by mapping
the Iso-Seq data to the genome and using PASA®’ to determine the gene's shear sites and exon
regions. Finally, we performed de novo prediction of gene structures by AUGUSTUS® and
GlimmHMM?” software. Integrating the above prediction results, we used MAKER2!? to
combine the gene structure information predicted by various methods into a non-redundant and
more complete gene set. We used PASA”’ to update the gene structures with the transcriptome
data.

Functional annotation information of the genes was obtained by homologous search of the
predicted gene set in  several databases, including  SwissProt'”!, NR
(ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz), PEFAM'%%1% GO'™ KEGG'®, InterPro',
TrEMBL!?.

Non-coding RNA prediction: based on the structural characteristics of tRNAs, tRNAscan-
SE'® was used to find tRNA sequences in the genome; based on the highly conserved nature
of rRNAs, rRNA sequences of closely related species can therefore be selected as reference
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sequences and rRNAs in the genome can be found by BLASTN comparison; in addition, using
the Rfam'” family of covariance models to predict miRNA and snRNA sequence information
using INFERNAL!?,

Gene family and phylogenetic analysis

We collected and organized protein sequences from Phragmites australis and 14 species,
including Arabidopsis thaliana, Aegilops tauschii, Brachypodium distachyon, Cleistogenes
songorica, Dendrocalamus latiflorus Munro, Oryza sativa, Panicum hallii, Panicum virgatum,
Pennisetum purpureum Schum, Setaria italica, Setaria viridis, sorghum bicolor, Triticum
aestivum, and Zea mays, for gene family identification and evolutionary analysis.

First, we performed a comprehensive protein sequence blastp analysis (E-value < le-5) using
diamond'"!. Subsequently, the blastp results were clustered using OrthoFinder2!'? for
immediate homologous gene finding and Orthogroup construction, and single-copy and
multicopy gene families were obtained. To perform an accurate multi-species phylogenetic
relationship analysis, we filtered the single-copy immediate homologous gene families shared
by all species. We retained only those genes with amino acid lengths >100. Next, multiple
sequence comparisons were performed separately for genes within each single-copy
homologous gene family using MUSCLE'"®. Next, multiple sequence alignment results were
integrated and converted into super-gene alignment in phylip format. Finally, a phylogenetic
tree was constructed by Maximum Likelihood using RAXML with Arabidopsis thaliana as the
outgroup.

Based on obtaining time-corrected points based on fossil evidence at the TimeTree!'* website

115 and the memctree program in the PAML!¢ package (based

and in the literature, we used r8s
on the Bayesianrelaxed molecular clock approach) to estimate divergence times for species.
According to the results of gene families and phylogenetic trees, CAFE"” was used to predict
the expansion or contraction of gene families in different species in each evolutionary branch.
Based on obtaining organisms each sharing a single-copy orthologous homologous gene family
member, we used the Codeml program in the PAML!'® package (using the branch-site model)
to test whether the gene was under positive selection.

Whole genome doubling (WGD) and karyotype evolution analysis

We performed blastp’® comparisons between multiple species genomes to obtain orthologous
pairwise (best comparison results for mutual blastp). Subsequently, The MCscan
(https://github.com/tanghaibao/jcvi/)’” was utilized to search for covariate segments between
species genomes, and 4dTv values and Ks values were calculated for gene pairs contained in
the covariate segments. We used the time of divergence of the evolutionary trees of P. australis
and Cleistogenes songorica (Ks = 0.305, T = 34.6 mya) to infer the evolutionary rate p
according to the formula Ks = 2 pT, after which we calculated the time of divergence between
species and the time of occurrence of the species WGDs based on .

We updated the ancestral genome sequence of the Ancestral monocot karyotype except for
Acoraceae (AMK-A) obtained from WGDI using the genetic information of Sorghum bicolor,
Triticum aestivum, Oryza sativa, Cleistogenes songorica, Phragmites australis, Panicum hallii,
and Setaria viridis by the parameter "-akr", and the genetic information in reed by the parameter
"-km" visualization of genome karyotypes in P. australis.

Transcriptome sequencing and WGCNA analysis
Sequencing libraries were constructed from RNA extracted from different tissues of P. australis
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(mature leaves, aerial stems, and rhizome tissues) and sequenced using the BGI T7 platform for
PE150 short reads. After filtering by fastp (v0.21.0)!'¥, we mapped different tissue clean reads
to the P. australis genome using HISAT2 (v2.2.1)""” and quantified reads by featureCounts
(v2.0.3)!%°. We used FPKM to indicate the expression value of each gene. We used FPKM to
indicate the expression value of each gene. Subsequently, we performed a weighted gene co-
expression network analysis of the average FPKM > 1 gene in all tissues using the WGCNA

package (v1.72-1) in R software'?!

. Tissue-specific gene clusters were identified based on
module-tissue correlations (Pearson |cor| > 0.95). Genes in the obtained tissue-specific modules
were analyzed for GO and KEGG enrichment using the clusterProfiler (v4.0) package'?.
Identification of Lugen polysaccharide biosynthetic pathway genes and prediction of
transcription factors regulating PaSUC genes

We screened the structural genes related to polysaccharide biosynthetic pathways by filtering
them in the functional annotation results of structural genes. Then, we reconfirmed the
screening results by identifying specific structural domains in these structural genes by
HMMER'?, To obtain the Hub genes in the tissue-specific module, the genes with weight >
0.4 were further analyzed by the Radiality algorithm in the CytoHubba plugin. We defined the
Top 100 genes as Hub genes and then visualized the Hub gene co-expression network using
Cytoscape. Transcription factor prediction was performed by submitting the protein sequences
of the genes in the module to the Plant TFDB (v5.0) database'?*. Cis-acting element prediction
was performed by uploading the sequences within 2000 bp upstream of the PaSUC gene into
the PlantCARE database!®. Genomic circos and gene expression and cis-acting elements were
visualized by TBtools (v2.03)'%°.
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Table S1 P. australis genome Hi-C assisted assembly statistics.

Contig Contigs Scaffold  Scaffold N50
Total (bp)
Number N50 (bp) Number (bp)
Primary assembly 874,619,212 312 33,936,801 - -
Hi-C assisted pre-
assembly sketch 852,116,256 79 34,052,747 - -
Chromosomes after
Hi-C-assisted 847,498,707 27 34,052,747 25 34,052,747
assembly
Table S2 Telomere Repeat Unit Finding Statistics.
canonical repeat count canonical count canonical repeat count
unit repeat unit unit
AAACCCT 40863 AACCC 9127 AAACC 1582
AAGAGAAGAG 25960 AAGAG 8398 ACCCT 1116
AAAGAAAG 16600 AGGGG 4796 AAACCTAAACCT 1018
AAAACCCT 16307 ACATCCTG 4752 AAACCT 997
AAAAG 16122 CCCCGGG 4606 AAACCCAACCCT 942
AACTC 13178 AGATAGAT 3734 AGAGCC 844
AACCT 13151 AAGAC 3690 CCGCG 760
AACCCT 11364 AAACCCCT 1929 AGCGG 726
AAAAACCCT 10192 AACCTG 1608




1143  Table S3 Genomic statistics of P. australis at chromosome level.
Num of
Supersc Length Num of Num Telomere Nur.n.of repetitions
Chr . of GC % Qv repetitions
affolds (bp) contigs status on the
genes on the left .
right
1A 20,193,544 1 953  44.45% 48.08 both 1438 1975
1B 7 25,746,373 1 1076  44.02% 48.79 both 709 1291
2A 16 23,702,067 1 1008  43.98% 47.41 both 1889 1106
2B 15 24,664,423 | 1110  44.08% 48.26 right 0 781
3A 2 24,084,666 1 956  4391% 48.99 both 1103 3221
3B 1 33,936,801 1 1159  44.15% 48.2 both 2020 1697
4A 24 25,221,131 1 1132 45.14% 49.34 left 2008 0
4B 23 27,472,612 1 1116 45.12% 48.15 left 1194 0
5A 18 28,937,882 1 1340 44.12% 47.17 left 1571 0
5B 17 31,241,098 1 1431 44.05% 48.33 both 2286 503
6A 22 30,183,679 1 1459 43.99% 47.47 both 543 2419
6B 21 30,499,992 2 1512 44.41% 48.36 both 451 2801
7A 14 31,468,791 1 1815 44.07% 47.98 both 1197 1492
7B 13 37,131,324 1 1849  44.39% 49.03 both 1464 1433
8A 10 33,085,515 1 1649 44.11% 4791 both 801 2315
8B 9 37,281,543 1 1702 44.11% 49.74 both 2879 1689
9A 34,052,747 1 1746  44.20% 48.79 both 1669 1327
9B 35,764,372 1 1590 44.15% 49.59 both 2384 2130
10A 12 43,967,752 1 2434 44.09%  48.58 both 1119 2073
10B 11 44,949,043 1 2304 44.02% 49.77 both 905 469
11A 49,387,842 1 2881  44.19% 49.22 left 1662 0
11B 6 48,350,371 1 2642  43.92% 48.59 both 1604 1041
12A 19 54,964,116 1 2917 44.05% 49.1 both 1703 2128
12B 20 50,013,265 1 2934  44.03% 48.37 both 2228 1509
B 25 21,198,758 2 277  44.73% 57.28 left 3067 0
1144 Note: Length of Contigs: the total length of the contigs that make up the chromosome; Length of Superscaffold: the
1145 total length of the contigs that are linked together with 500 'N' inserted between each two contigs. QV (Quality
1146 Value): the quality value of the bases, for example, Q30 means 99.9% consistency accuracy, Q40 is 99.99%.

1147



1148 Table S4 Survey and full-length transcriptome data mapping statistics.

. Average Coverage Coverage
Mapping ] Coverage Coverage
Data type sequencing = =
rate (%) (%) (>=5X, %)
depth 10X, %) 20X, %)
Survey data 98.62 54.4 99.91 99.78 99.5 97.67
Iso_Seq
99.99 36.65 99.99 99.91 99.62 92.27
data
1149
1150  Table S5 Genomic SNP and Indel detection.
SNP Indel
Percentage Percentage Percentage
Percentage .
Number . of genome  Number of indel of genome
of indel (%)
(%) (%) (%)
All 8,240,383 100 0.967 477,839 100 0.0561
Heterozygosis 8,234,289 99.93 0.9663 475,777 99.57 0.0558
Homology 6,094 0.07 0.0007 2,062 0.43 0.0002
1151
1152  Table S6 Genomic Synteny depth statistics.
Number of syntenic blocks Number of collinear gene
pairs
P. australis vs O. sativa 246 19384
P australis vs C. songorica 614 25732
P australis A vs O. sativa 87 14311
P australis B vs O. sativa 93 13972
P. australis A vs C. songorica 216 19090
P. australis B vs C. songorica 241 18727
1153

1154
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Table S7 Cis-acting element statistics for the promoter of PaSUCI1.1 (rna-Pau34219.1).

GenelD

Name of cis

acting element

Cis acting

element motif

Functional classification of cis acting

elements

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1

rna-Pau34219.1
rma-Pau34219.1

TC-rich repeats

LTR

LTR

LTR

ABRE

ABRE

ABRE

ARE

G-box

G-box

G-box

G-box

CGTCA-motif

CGTCA-motif

CGTCA-motif

TGACG-motif

TGACG-motif

TGACG-motif

Spl
MBS

GTTTTCTTAC

CCGAAA

CCGAAA

CCGAAA

ACGTG

ACGTG

ACGTG

AAACCA

CACGAC

CACGTC

TACGTG

CACGTC

CGTCA

CGTCA

CGTCA

TGACG

TGACG

TGACG

GGGCGG
CAACTG

cis-acting element involved in defense
and stress responsiveness

cis-acting element involved in low-
temperature responsiveness

cis-acting element involved in low-
temperature responsiveness

cis-acting element involved in low-
temperature responsiveness

cis-acting element involved in the
abscisic acid responsiveness

cis-acting element involved in the
abscisic acid responsiveness

cis-acting element involved in the
abscisic acid responsiveness

cis-acting regulatory element essential
for the anaerobic induction

cis-acting regulatory element involved in
light responsiveness

cis-acting regulatory element involved in
light responsiveness

cis-acting regulatory element involved in
light responsiveness

cis-acting regulatory element involved in
light responsiveness

cis-acting regulatory element involved in
the MeJA-responsiveness

cis-acting regulatory element involved in
the MeJA-responsiveness

cis-acting regulatory element involved in
the MeJA-responsiveness

cis-acting regulatory element involved in
the MeJA-responsiveness

cis-acting regulatory element involved in
the MeJA-responsiveness

cis-acting regulatory element involved in
the MeJA-responsiveness

light responsive element

MYB binding site involved in drought-

inducibility
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darker colors showing stronger interactions. The 25 squares on the diagonal of the plot are the 25
chromosomes of P. australis, and there is no obvious clustering error (3C). (B) Density plot of GC content
distribution and sequencing depth distribution in the genome of P. australis, with darker dots representing
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1201 Figure S7. Upset plots of the functional annotation of the P. australis genome. The blue bars in the
1202 figure indicate the number of genes for which the best matches exist in six databases simultaneously.
1203 Visualization was performed using the UpSetR (https://github.com/hms-dbmi/UpSetR) packages in R.
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1234 O. sativa, respectively.
1235



10.01 Group
Cleistogenes songorica vs Oryza sativa

> L Oryza sativa vs Oryza sativa
% 75 |. Cleistogenes songorica vs Cleistogenes songorica
; || Oryza_sativa vs Phragmites australis
'g Cleistogenes ongorica vs Phragmites australis
)
& Phragmites australis vs Phragmites australis
o 5.0
5
o
o
E
=]
=z

2.51

0.0

0.0 05 10 15
1236 4DTV

1237 Figure S15. Distribution of Four-fold synonymous third-codon transversion rate (4Dtv) distances
1238 for gene pairs in the syntenic blocks of P. australis, O. sativa, and C. songorica genomes.
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Figure S16. GO enrichment of Hub genes in the brown module.



