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Typha angustifolia L., known as narrowleaf cattail, is widely distributed in Eurasia but has been introduced to North America. Typha angustifolia is a semi-aquatic, wetland obligate plant that is widely distributed in Eurasia and North America. It is ecologically important for nutrient cycling in wetlands where it occurs and is used in phytoremediation and traditional medicine. In order to construct a high-quality genome for Typha angustifolia and investigate genes in response to high nitrogen stress, we carried out complete genome sequencing and high-nitrogen-stress experiments. We generated a chromosomal-level genome of T. angustifolia, which had 15 pseudochromosomes, a size of 207 Mb, and a contig N50 length of 13.57 Mb. Genome duplication analyses detected no recent whole-genome duplication (WGD) event for T. angustifolia. An analysis of gene family expansion and contraction showed that T. angustifolia gained 1,310 genes and lost 1,426 genes. High-nitrogen-stress experiments showed that a high nitrogen level had a significant inhibitory effect on root growth and differential gene expression analyses using 24 samples found 128 differentially expressed genes (DEGs) between the nitrogen-treated and control groups. DEGs in the roots and leaves were enriched in alanines, aspartate, and glutamate metabolism, nitrogen metabolism, photosynthesis, phenylpropanoid biosynthesis, plant-pathogen interaction, and mitogen−activated protein kinase pathways, among others. This study provides genomic data for a medicinal and ecologically important herb and lays a theoretical foundation for plant-assisted water pollution remediation.
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1 Introduction

 More than 80% of the wastewater produced by human activities such as industry, agriculture, animal husbandry and daily life is directly discharged into rivers and oceans without treatment, causing serious water pollution (Wang et al., 2021; Lin et al., 2022). The main types of water pollutants include aerobic pollutants, heavy metals, pathogenic microorganisms, plant nutrients, etc. (Chang, 2006). Among these pollutants, nitrogen is one of the most common pollutants and has gained much attention (Byrnes et al., 2020). The increase of active nitrogen in the world not only pollutes the atmospheric environment, but also damages the aquatic ecosystem (Camargo and Alonso, 2006). Excessive nitrogen in soil and surface water increases the emission of greenhouse gas and aggravates global warming (Syakila and Kroeze, 2011). An overabundance of nitrogen in water leads to eutrophication and harmful algal blooms (Harding et al., 2019). Moreover, excessive nitrogen is harmful to humans. For example, a nitrate level of >10 mg/L in drinking water may cause diseases such as cancer and birth defects (Ward et al., 2018). Phytoremediation is a bioremediation technique that uses plants to remove pollutants from water by sorption, sedimentation, and decomposition (Ajibade et al., 2013). It is favored because of its many advantages, including low cost, low energy consumption, easy operation, purification of water, and stabilization of ecosystem structure (He et al., 2018).

Typha angustifolia L. (Typhaceae) is a large, perennial wetland plant with great adaptability that is native to Eurasia but has been introduced to North America (Sun and Simpson, 2011). T. angustifolia is also a famous medicinal herb. Its dried pollen, known as ‘Pollen Typhae’, is included in the ‘Chinese Pharmacopoeia’ (Chinese Pharmacopoeia Commission, 2020). Flavonoids are one of the main kinds of active components of Pollen Typhae. Pollen Typhae mainly includes flavonols (such as Typha neoglycoside, isorhamnetin-3-O-neohesperidin, isorhamnetin), flavanones (such as naringin), flavones and flavans (Chen P. et al., 2017; Ke et al., 2022). In leaves and pollens, quercetin-3, 3’-dimethyl ether, 3’-dimethyl eher-4’-O-β-D-glucoside can be also detected (Ghezal et al., 2017). No flavonoids was detected from the stem (Jamshaid et al., 2022). Whether the root contains flavonoids remain unknown. As far as we know, no study had reported the biological role of flavonoids in Typha. According to other studies, flavonoids take part in plant defense against pathogens, herbivores, and environmental stress (Treutter, 2005). As one of the most popular plants for the remediation of water pollution, T. angustifolia has shown great potential in the removal of heavy metals (Rai, 2008), mercury (Gomes et al., 2014), chromium, cadmium, lead, nickel, zinc, and copper (Bonanno and Cirelli, 2017; Sricoth et al., 2018) and was shown to improve water quality. Typha angustifolia was also the most effective in purifying water from septic effluents among 20 aquatic plants (Neralla et al., 1999). Its congeneric species, such as T. domingensis, are also used for treating wastewater (Di Luca et al., 2019).

Molecular biology techniques and transcriptomic strategies are important to explore for improving the effectiveness of phytoremediation (Kang, 2014). Understanding the genomic pathways and genes involved in uptake of contaminants will make it possible to make informed choices of plants and potential genomic modifications for phytoremediation. For example, the simultaneous overexpression of the glutathione 1 gene and the phytochelatin synthase 1 gene increased the tolerance of Arabidopsis to heavy metals, such as cadmium and arsenic (Guo et al., 2008). Likewise, overexpression of the tryptophan synthase beta 1 gene in Arabidopsis and tomato plants enhanced their tolerance to excessive cadmium stress (Sanjaya et al., 2008). For aquatic plants to function in phytoremediation in eutrophic conditions they need to tolerate high nitrogen stress. Tolerance to low nitrogen stress has been well studied in crop plants, for example, Yan et al. (2021) investigated the gene expression patterns of two wheat cultivars under low nitrogen stress and found that the differences in their ability to tolerate low N stress were caused by different roles of calcium-related pathways. Leveraging transcriptomes to investigate excess nitrogen stress remains understudied, but some recent discoveries are providing insight. For example, Li et al. (2022) identified four transcription factors associated with excessive nitrogen stress in ryegrass. However, the genetic mechanisms of plant responses to high nitrogen stress remain poorly investigated.

With the development of DNA-sequencing technologies, de novo assembled transcriptomes have been widely used in differential gene expression (DGE) analyses to investigate new genes or genes associated with certain environmental stress responses or other external stimuli. For example, using DGE analyses, Zheng et al. (2022) investigated the molecular regulatory mechanism underlying the response to excess nitrogen in Azolla. Compared to a DGE analysis using a reference genome, a DGE analysis using a de novo assembled transcriptome without a reference genome can only identify a portion of the true differentially expressed genes (DEGs), which can result in a large number of false positives (Chen et al., 2019). Therefore, complete sequencing to assemble a reference genome is preferred when studying genetic mechanisms associated with environments or metabolites.

To provide a high-quality genome of T. angustifolia and to investigate genes in response to high nitrogen stress, we (1) carry out complete genome sequencing, assembly, and annotation for T. angustifolia and (2) examine growth patterns and DEGs when T. angustifolia is treated with excessive NH4Cl. Growth indicators, such as fresh weight, root length, and leaf length, are measured, and the differentially expressed genes in the roots and leaves are analyzed.




2 Materials and methods



2.1 Plant materials and sequencing

 Typha angustifolia was collected from Minghu, a natural lake on the campus of China Pharmaceutical University (CPU), Nanjing, China (Figure 1A). A voucher (no. LY220831211100CPU) was deposited in the herbarium of CPU. Leaves were used for genomic DNA extraction, while leaves and roots were used for total RNA extraction. Tissues used for PacBio HiFi sequencing and Illumina HiC sequencing were from the same seedling. Libraries were constructed according to the manufacturer’s standard protocol (Novogene, China). A HiFi SMRTbell library with a 20 kb insert size was sequenced using the PacBio Sequel II platform (Pacific Biosciences, USA). Illumina Novaseq sequencing, Hi-C sequencing and Transcriptome sequencing were performed using the Novaseq 6000 platform (Tianjin, China) with 150 bp paired-end reads.




Figure 1 | Genome evolutionary history of T. angustifolia. (A) Photos of T. angustifolia captured at the campus of China Pharmaceutical University in 2022. (B) Hi-C interaction heatmap for T. angustifolia. The diagonal lines of the rectangle indicate interactions within each chromosome. The color from light to dark indicates the intensity of interactions. (C) Scatter plot of T. angustifolia intraspecific synteny. (D) Ks distribution of Arabidopsis thaliana, Triticum aestivum, T. angustifolia, Vitis vinifera, and Zea mays. (E) Gene family expansion (+) and contraction (–) among 15 plant species.






2.2 Genome survey and genome assembly

 The genome size, heterozygosity, and repeat content of T. angustifolia were estimated using GenomeScope v2.0 with the following parameters: a k-mer length of 21 and a read length of 150 bp (Ranallo-Benavidez, 2020). The genomic information was also estimated with GCE v1.0.2 (Liu et al., 2013) using k-mer frequency distribution (k-mer = 21). De novo genome assembly was carried out using Nextdenovo v2.5.0 (https://github.com/Nextomics/NextDenovo ; accessed May 2022) with PacBio reads. Then, Hi-C sequencing reads were mapped to the assembly using ALLHiC v0.9.8 (Zhang et al., 2019). Next, JuiceBox v1.11.08 (Durand et al., 2016) was used to correct assembly errors, including the orientation, order, and internal mis-assembly of contigs. Finally, Benchmarking Universal Single-Copy Orthologs (BUSCO) v5.2.1 (Simao et al., 2015) and long terminal repeat (LTR) Assembly Index (LAI) v2.9.0 (Ou et al., 2018) were used to assess genome completeness and continuity.




2.3 Repeat annotation, gene prediction, and gene function annotation

 For repeat annotation, both homology-based and de novo approaches were used to search for TEs. EDTA v1.8.4 (Ou et al., 2019) and RepeatModeler v2.0.3 (Flynn et al., 2020) were used for de novo prediction. RepeatMasker v4.1.2-p1 (Tarailo-Graovac and Chen, 2009) with the Repbase database (updated: 20181026) (Bao et al., 2015) of known repeat sequences was used for homology-based prediction.

De-novo-based, homology-based, and RNA-seq-based approaches were used to identify coding genes (CDSs) in the genome assembly. De novo gene prediction was conducted using Augustus v3.3.3 (Stanke and Waack, 2003). Homology-based gene prediction was conducted using Genewise v2.4.1 (Birney et al., 2004), with protein sequences of five published genomes (Oryza sativa, Zea mays, Ananas comosus, Elaeis guineensis, and Zingiber officinale) as references. For the RNA-seq-based approach, Trimmomatic v0.39 (Bolger et al., 2014) was used for quality control of the RNA-seq raw data; then, HISAT2 v2.1.0 (Kim et al., 2019) was used to map reads to the T. angustifolia genome. Next, reliable intron information and optimal transcripts were obtained. Finally, TransDecoder v5.5.0 (Haas et al., 2013) was used to predict open reading frames (ORF) and gene models. The results from the three approaches were integrated using GETA v2.4.14 (https://github.com/chenlianfu/geta; accessed May 2022) to obtain the final protein-coding genes.

Protein-coding genes were annotated by aligning them with public databases using BLASTP (Camacho et al., 2009). The databases included the Gene Ontology (GO) (Blake et al., 2015), InterPro (Mitchell et al., 2019), NCBI non-redundant (NR) protein, Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000), Swiss-Prot (Bairoch and Apweiler, 1996), and Pfam (Mistry et al., 2021) databases. Non-coding RNAs (ncRNAs) were annotated using Rfam v14.8 (Kalvari et al., 2021).




2.4 Whole-genome duplication

 Whole-genome duplication (WGD) has an important influence on plant evolution (Van de Peer et al., 2017). To identify WGD events in the T. angustifolia genome, WGDI v0.6.1 (Sun et al., 2022) was used. First, protein-coding genes of T. angustifolia were compared against themselves using BLASTP; second, synteny blocks were extracted; next, a synonymous substitutions per synonymous site (Ks) analysis was performed; and finally, the Ks distribution was plotted.

We also compared the WGD events among T. angustifolia, three monocotyledons (Oryza sativa, Zea mays, and Triticum aestivum), and one dicotyledon (Arabidopsis thaliana). The WGD events for each species were estimated using a Ks-based pipeline from Wang et al. (2019). In the pipeline, paralogous genes for each species were inferred using BLASTP; then, codeml in PAML (Yang, 2007) was used to infer the Ks value of each paralogous pair. Finally, the Ks distribution was plotted.




2.5 Gene family expansion and contraction

 Gene family expansion and contraction is an important factor affecting plant evolution. Coding sequences from 14 species (T. angustifolia, Acanthochlamys bracteata, Acorus americanus, Ananas comosus, Asparagus officinalis, Dioscorea alata, Panicum virgatum, Joinvillea ascendens, Musa acuminata, Oryza sativa, Spirodela polyrhiza, Triticum aestivum, Zea mays, and Zostera marina) of 11 families in 7 orders of monocotyledons, as well as Amborella trichopoda (outgroup), were used to assess gene family expansion and contraction. All data were accessed from Phytozome, except for that of T. angustifolia and Acanthochlamys bracteata (Table S1). First, OrthoFinder v2.5.4 (Emms and Kelly, 2019) was used to infer orthologous genes of the 15 species. Second, single-copy orthologous genes were extracted and aligned. A phylogenetic tree was constructed using a concatenated dataset formed from these genes with RAxML v8.2.12 (Stamatakis, 2014). Finally, CAFE4 v4.2.1 (Han et al., 2013) was used to infer gene family expansion and contraction.




2.6 Genome size and transposable elements

 Variation in plant genome size is mainly because of differing amounts of repeated sequences (Biémont, 2008). Transposable elements (TEs), a class of repeated sequences, comprise the majority of many eukaryotic genomes (Ou et al., 2019). TEs include two classes. Class I elements use RNA as an intermediate and move from one place to another via a “copy and paste” mechanism, while class II elements use DNA as an intermediate and moves from one place to another via a “cut and paste” mechanism (Ramakrishnan et al., 2022). Class I includes LTR retrotransposons (such as Copia and Gypsy), as well as those that lack LTRs (non-LTRs, such as the LINE element). Class II includes terminal inverted repeat (TIR) retrotransposons (such as CACTA and PIF Harbinger), and those that lack TIRs (non TIRs) (Ou et al., 2019). Limited evidence was provided to support the existence of an approximately linear relationship between TEs and genome size (Lee and Kim, 2014). Typha species have a small genome size, they are ideal models to study genome size variation and TE content.

To investigate the relationship between genome size and the types of TEs, genome sequences of 39 species were accessed from public databases (Table S2). The 39 species contained 26 monocotyledons and 13 dicotyledons. The largest genome was that of Nicotiana tabacum (3,584 Mb), and the smallest genome was that of Genlisea aurea (43 Mb). TEs in each genome were estimated using EDTA v1.8.4 (Ou et al., 2019). The correlation between genome size and the proportions of TEs was analyzed and plotted using Origin v2021.




2.7 Nitrogen stress experiments and differential gene expression analysis

 To investigate genes in response to high nitrogen stress, wet lab experiments were carried out. Healthy seedlings of T. angustifolia with similar heights were collected in March 2022 from Minghu (CPU campus) and grown in the greenhouse of the Medicinal Botanical Garden at CPU. Seedlings were washed and precultured in tap water for one month. Then, seedlings were precultured in modified Hoagland nutrient solution (Table S3; Tocquin et al., 2003; Zhu et al., 2022) for another month. Next, seedlings with similar heights and root lengths were divided into a control group (16 seedlings), treatment group 1 (500 mg/L NH4Cl; 12 seedlings), and treatment group 2 (900 mg/L NH4Cl; 12 seedlings). The fresh weight, root length, stem length, and leaf length of all 40 seedlings were measured at zero days, one month, and two months of stress (Figure S1). The solution was replaced every five days for the length of the experiment.

The most obvious phenotypic differences were observed between the control and treatment group 2, for which mean growth was inhibited after two months in all parts, in our preliminary experiments. Therefore, seedlings treated with 900 mg/L NH4Cl were used for RNA-seq. After three days of treatment, the roots and leaves were collected separately. Root and leaf tissues were also collected from the control group. In total, 6 replicates from a total of 24 samples were collected for RNA-seq for both the control group and the NH4Cl treatment group.

The pipeline of Chen et al. (2019) was used for differential gene expression (DGE) analysis. First, adapters and low-quality bases were filtered using Trimmomatic v0.39 (Bolger et al., 2014). Then, sequences from each sample were mapped to the CDSs of T. angustifolia using Salmon v1.3.0 (Patro et al., 2017). Tximport v1.6.0 (Soneson et al., 2015) was used to import Salmon outputs to DESeq2 v1.36 (Love et al., 2014). Finally, a DGE analysis was conducted using DESeq2. P-value < 0.05 and |log2(FoldChange)| > 1.5 were used as the criteria to quantify differential expression.

To annotate differentially expressed genes (DEGs), CDSs of DEGs were aligned with the TAIR database (Berardini et al., 2015). To explore the biological functions of the DEGs and determine whether they were associated with nitrogen stress and nitrogen metabolism, GO and KEGG enrichment analyses were performed using TBtools v1.1043 (Chen et al., 2020) for up- and downregulated genes in the roots and leaves separately.





3 Results and discussion



3.1 Genome sequencing, assembly, and annotation

 Sequencing for the genome survey generated 65.3 Gb (2 ×150 bp) of data. The survey indicated that the T. angustifolia genome was diploidy, with a size of 187 Mb, a heterozygosity of 0.365%, and a repetitive content of 9.8%. PacBio HiFi sequencing generated 10.26 Gb of data, with an average length of 15,029 bp and an N50 of 15,134 bp. Hi-C sequencing generated 66.8 Gb of data (2 ×150 bp). By leveraging the HiFi data, we generated an assembly with a size of 207 Mb in 45 contigs and an N50 of 12.74 Mb. By leveraging the Hi-C data, these contigs were assigned to 15 pseudochromosomes (Figure 1B). Previous studies have indicated that the haplotype of T. angustifolia has 15 chromosomes (Majovsky, 1976). The N50 of the pseudochromosomes was 13.57 Mb, and the mapping rate was 99.3%. Among the 1,614 conserved single-copy genes in BUSCO (version: embryophyta_odb10), 1,605 (98.6%) genes were completely retrieved, 6 (0.4%) were partially retrieved, and 3 (0.1%) were missing. Widanagama et al, 2022 reported a genome for T. latifolia that had 1,158 scaffolds, an N50 of 8.71 Mb, and a BUSCO score of 96.0%, therefore the quality of the T. angustifolia assembly is of higher quality than that of T. latifolia (Widanagama et al., 2022) (Table 1).


Table 1 | Genome assembly and annotation statistics of two Typha genomes.



Gene annotation using GETA predicted 23,289 protein-coding genes, with an average length of 4,671 bp. On average, each predicted gene contained ca. 5.8 exons with a sequence length of 288 bp. A total of 21,555 out of 23,289 (92.56%) genes could be supported by the RNA-seq data. In addition, we identified non-coding RNA (ncRNA) genes, including 141 rRNA, 203 miRNA, and 792 other genes. The BUSCO results indicated that the annotation was 97.3% complete (1,591 of the 1,614 core genes were completely retrieved).

A total of 57.132 Mb of TEs occupying 27.60% of the T. angustifolia genome were annotated. The majority of the TEs were LTRs, accounting for 15.65% (3.32% Copia, 8.93% Gypsy, and 3.40% unknown) of the genome. Other TEs were non LTRs (0.51%), TIRs (7.3%), and non TIRs (1.45%).




3.2 Whole-genome duplication

 To explore WGD events in T. angustifolia, we conducted an intragenomic co-linearity analysis. The results indicated a 1:2 syntenic relationship (Figure 1C), implying that T. angustifolia might be suffered three events of WGD. Alternatively, at least two rounds of WGD could have occurred, as the Ks plot of T. angustifolia showed a peak at Ks ≈ 0.8 (Figure 1D) and a peak at Ks ≈ 2.0, suggesting that T. angustifolia might have experienced at least two WGD events. The peak at Ks ≈ 2.0 likely corresponds to an ancient WGD in monocots, such as the rho (ρ) WGD (Qiao et al., 2019). Zea mays and T. angustifolia shared a Ks peak at Ks ≈ 0.8, which might correspond to the sigma (σ) WGD that occurred in the Poales ancestor (McKain et al., 2016). Compared to Zea mays, Arabidopsis, Triticum aestivum, and Vitis vinifera, which have clear histories of WGD events (Middleton et al., 2014; Chen et al., 2019), T. angustifolia had no recent Ks peaks (Ks ≈ 0.1). Therefore, T. angustifolia had no recent WGD events. Our results support those of McKain et al. (2016), who investigated the WGD events in Poales using transcriptomes and genomes and found no recent WGD event for Typha.




3.3 Gene family expansion and contraction

 To investigate genes lost or gained in T. angustifolia, we estimated gene family expansion and contraction using CAFE4. The results (Figure 1E) showed that the genome of T. angustifolia lost 1,426 genes but gained 1,310 genes. Other Mononcot genomes were compared and the closest relative to Typha investigated, Ananas comosus, a relative of T. angustifolia, lost 2,782 genes but gained 1,086 genes. Others, including Musa acuminata (4,066 gained; 1,792 lost), Triticum aestivum (8,663 gained; 1,033 lost), and Panicum virgatum (7,625 gained; 150 lost) all had more gained genes than lost genes as well. The other nine monocot families investigate had more genes lost than gained. The most lost genes were found for Amborella trichopoda (lost 5,529 genes). Typha angustifolia was the only aquatic/semiaquatic taxon investigated that had more genes gained than lost.

We conducted GO and KEGG enrichment analyses for the lost genes and gained genes in T. angustifolia separately. The KEGG results show gained genes included enrichment in sinapoyltransferase activity, phosphoric diester hydrolase activity, acridone alkaloid biosynthesis, polyketide biosynthesis proteins, organismal systems, flavonoid biosynthesis, and environmental adaptation (Figure S2). Some of these genes can have a range of functions related to adaption of T. angustifolia in the aquatic environment. Phosphoric diester hydrolase activity is increased in phosporous limited plants and has been found to be particularly high for broad leaved emergent taxa (Rejmánková et al., 2011). Both Acridone alkaloid biosynthesis and flavonoid can act in plant defense. An aquatic environment is teeming with bacteria, viruses, and other microorganisms (Roux et al., 2016) as well as parasitic taxa, including trematodes, echinoderms, monogeneans, and crustaceans (Behringer et al., 2018). Acridone alkaloids have biological activities such as cytotoxic, antibacterial, and antiparasitic properties (Michael, 2017). Flavonoids exhibit multiple roles in plants in response to a wide range of environmental stimuli (Peer and Murphy, 2006; Roberts and Paul, 2006). Böttner et al. (2021) found that flavonoid glucosides promoted ecological adaptations in the aquatic plant Spirodela polyrhiza under different abiotic stresses, such as copper sulphate addition. Lee et al. (2022) found a direct link of increased flavonoid activity linked directly to predator defense in aquatic Lemna spp. The increase in flavonoids genes could be of particular interest for future work given its importance for T. angustifolia medicinal uses.

The lost genes for KEGG results included enrichmented in peptidase activity, endopeptidase activity, enzyme activator activity, diterpenoid biosynthesis, glutathione metabolism, and protein family metabolism (Figure S2). Our findings on the loss of diterpenoid biosynthesis among other terpenoid related genes are consistent with those of Chen et al. (2022), which revealed that, a large number of terpenoid genes were lost in aquatic monocots compared to terrestrial plants. The lost or gained genes in T. angustifolia could be related to its adaptation to aquatic and marsh environments, although further study is needed.




3.4  Genome size and transposable elements

 We used the genome sequences of 39 angiosperm species for a TE analysis. Our results showed that genome size correlated with the proportion of total TEs (Figure 2A), as well as the subclass LTRs (Figure 2B) of Copia (Figure 2C) and Gypsy (Figure 2D). For example, the correlation value between genome size and Gypsy was 0.6935, with a p value < 0.0001 (Figure 2D). However, no correlations with the proportion of total TIRs (Figure 2I) or their subclasses, such as CACTA (Figure 2J), Hat (Figure 2N), or Mutator (Figure 2K), were found (Figure 2). Zhang et al. (2020) found that the dynamic activity of Gypsy contributed to the vast diversity in genome size among Brassicaceae, but no correlation between genome size and proportion of TEs was found. Michael (2014) observed linear correlations between genome size and TEs, as well as with LTRs. Hawkins et al. (2009) found that smaller Gossypium genomes had a faster rate of LTR removal, and the genome size of Gossypium was correlated with Gypsy-like retrotransposons. Similar studies have confirmed that LTRs are removed from species with small genome sizes, such as Utricularia gibba (Ibarra-Laclette et al., 2013), A. thaliana (Devos et al., 2002), and O. sativa (Ma et al., 2004). Our results indicate that T. angustifolia had a small genome (207 Mb). The proportion of total TEs for T. angustifolia was 15.65%, a low proportion of TEs compared to species that have bigger genome sizes. The removal of LTRs could explain the linear correlation between genome size, the proportion of total TEs, and the small genome size of T. angustifolia. However, we realize that the small genome of T. angustifolia could also be attributed to the lack of a recent WGD event.




Figure 2 | (A–O) Correlation between types of transposable elements and genome size for 39 angiosperm species.






3.5 Phenotypic characteristics of T. angustifolia under high nitrogen treatment

 Typha angustifolia was grown in a control group (0 mg/L NH4Cl), a 500 mg/L NH4Cl treatment group, and a 900 mg/L NH4Cl treatment group for two months. Compared to the control group, the growth of the treated groups was inhibited at the end of two months, especially for the group treated with 900 mg/L NH4Cl (Figure 3; Table S4). The most obvious inhibition was found in the root length (Figure 3B). For example, the initial mean root length of the control group was 10.4 cm, and it increased to 14.7 cm after two months of growth. The initial mean root length of the 900 mg/L NH4Cl treatment group was 8.4 cm, but it decreased to 5.8 cm after two months of growth. Nitrogen availability is one of the main factors affecting plant growth and development (Kiba and Krapp, 2016). Root systems are the main organs to obtain nitrogen. The root growth could be induced by a low-nitrogen environment, but inhibited by a high-nitrogen environment (Xin et al., 2019). In a high NH4+ concentration, plants may accumulate excessive NH4+ in the cytosol, resulting in NH4+ toxicity. To alleviate NH4+ toxicity, the root cells have to excrete a large amount of NH4+, which leads to high energy cost, increased extra root respiration, and inhibited root growth (Britto et al., 2001).




Figure 3 | Growth of T. angustifolia under high nitrogen stress. (A) Fresh weight of T. angustifolia. (B) Root length of T. angustifolia. (C) Stem length of T. angustifolia. (D) Leaf length of T. angustifolia. CK: control group; TM500: 500 mg/L NH4Cl treatment group; TM900: 900 mg/L NH4Cl treatment group.



Best (1980) found that low concentrations of ammonia and seven days of culturing stimulated the growth of the aquatic plant Ceratophyllum demersum, while the prolonged use (21 days) of ammonia caused toxic effects and inhibited growth. Similar to Best (1980), in our experiments, the roots of the 900 mg/L NH4Cl treatment group increased after one month of growth but decreased after two months of growth. Typha usually grows in ponds, marshes and wet banks of lakes and rivers. The nitrogen concentration of water in lake and pond, where Typha angustifolia is distributed, is at a range of 0.5–2.4 mg/L (Xu et al., 2014). However, the nitrogen concentration in severely polluted water could be as high as 500 mg/L (Clarke and Baldwin, 2002). In our experiment, we used a concentration of 900 mg/L of NH4Cl, which was much higher than that in natural habitats and most of the polluted water. Considering T. angustifolia has a great tolerance to nitrogen pollution, we used 900 mg/L of NH4Cl in our experiment. Moreover, no obvious morphological difference between the treated group (500 mg/L) and the control was observed in our preliminary experiments. Therefore, we used 900 mg/L of NH4Cl in our final experiments.

Typha angustifolia and its congeneric species were wildly used for the remediation of nitrogenate pollutants (Martín and Fernández, 1992; Ciria et al., 2005; Mufarrege et al., 2023). T. angustifolia was used as a carbon source of surface flow constructed wetland (SFCW) to improve the nitrogen removal rate (Wu et al., 2018). Cattail was planted in a constructed wetland to study its ability of treating polluted water (Gaballah et al., 2020). The results showed that the removal rate of total nitrogen was 94.7% and NH3-N removal was 99.9% (Gaballah et al., 2020).

The root length, stem length, leaf length and fresh weight of the treated group and control were measured. The results showed that the fresh weight and leaf length of the treated group were inhibited after two months of stress treatment, compared with the control group. The stem length was promoted for the treated group in the first month, but inhibited in the second month and after. The inhibition of leaf length is probably due to the regulation of the DEGs in leaves, such as xp11920 and xp18090 mentioned above. In addition, high nitrogen stress could also affect plant photosynthesis, plant fresh weight, and stem length (Mu and Chen, 2021).

No significant morphological differences were observed after 72 hours of stress treatment, but DEGs were detected. This phenomenon could be explained by two arguments: 1) The process from gene translation, mRNA modification, and protein translation to morphological changes may take some time (Ben-Ari et al., 2010). Therefore, the high nitrogen stress affected the gene expression after 72 hours of treatment, but had not affected the morphologies of Typha angustifolia. However, inhibition of root growth was observed after two months of high nitrogen treatment. 2) Alternatively, Typha spp. has a great tolerance to high nitrogen (Wang Y. et al., 2016). We could detect both DEGs and morphological changes if a higher concentration of nitrogen had been applied to our samples.




3.6 Genes in response to high nitrogen stress

 To investigate gene responses to high nitrogen stress, we performed DGE analyses between the control group and the group treated with 900 mg/L NH4Cl (Table S5). The analyses recovered 128 DEGs (Figure 4; Table S6). This is a relatively small amount of DEGs recovered compared to other comparative transcriptomic studies examining ammonium stress using de novo assembled transcriptomes (Wang W. et al., 2016; Zhang et al., 2021). Wang et al. (2016) identified >14K unigenes that were differentially expressed under ammonium stress in the aquatic plant Lemna minor, while Zhang et al. (2021) found >30K for Myriophyllum aquaticum. The overall number of DEGs recovered in a study will reflect both treatment type and genome size of the organism, but also analytical method and experimental design. Using complete genome sequencing, rather than a de novo assembled transcriptome is expected to infer fewer false positives (Chen et al., 2019). In addition, the use of more replicates, six in our analyses, rather than the commonly used three replicates, can reduce false DEGs recovery (Li et al., 2020). Therefore, the methodology used here in part explains the comparatively low number of DEGs recovered and should provide high confidence in the accuracy of the result.




Figure 4 | Comparative expression levels of differentially expressed genes in T. angustifolia after treatment with 900 mg/L NH4Cl for three days. (A–D) Gene expression values are presented as colors based on TPM scores for the control group (CK), and 900 mg/L NH4Cl treatment group (TM). Corresponding gene names were retrieved by aligning DEGs to the Arabidopsis genome using BLASTP. (E) The Venn diagrams show the numbers of DEGs specific to or common to the leaves and roots of T. angustifolia.



In plants, ammonium is transported by an ammonium transporter (AMT; Howitt and Udvardi, 2000). Moreover, glutamate dehydrogenase (GDH) plays a key role in maintaining the balance of nitrogen by regulating glutamate homeostasis (Grzechowiak et al., 2020). Differential expression of these and related genes would be expected in response to ammonium stress. For example, DEGs encoding AMT and GDH were downregulated and upregulated, respectively, in the aquatic fern Azolla under excess nitrogen (Zheng et al., 2022). DEGs encoding AMT were not found in our analyses. However, DEGs in the roots and leaves were upregulated for the ‘alanine, aspartate and glutamate metabolism’. Additionally, plant hormone signal transduction, ‘Valine, leucine and isoleucine degradation’, and photosynthesis were all recognized as upregulated in the KEGG analysis (Figure S3), similar to the ammonium stress response found for Myriophyllum aquaticum (Zhang et al., 2021).

We found 75 DEGs in the plant leaves, of which 34 were upregulated and 41 were downregulated (Figure 4). Similarly, more downregulated DEGs than upregulated DEGs were found in the aquatic duckweed (Lemna minor) under NH4+ toxicity (Wang W. et al., 2016). The upregulated genes included flavonol synthase, proteins promoting disease resistance, root growth inhibition, among others (Figure 4; Figure S3). We found 53 DEGs in the plant roots, of which 10 were upregulated and 43 were downregulated. It has been shown that, under high ammonia conditions, root cells undergo a futile transmembrane ammonia cycle resulting in a high energy cost (Li et al., 2014), which probably causes the upregulation of genes for root growth inhibition. Leaves and roots shared four downregulated genes but no upregulated genes (Figure 4E).

In the leaves, the GO and KEGG enrichment analyses showed that the upregulated DEGs were significantly enriched in response to external stimuli, thiamine metabolism, plant hormone signal transduction, signal transduction, among others (Figure 5; Figure S3). The downregulated DEGs were significantly enriched in the organic cyclic compound biosynthetic process, flavone and flavonol biosynthesis, photosynthesis proteins, nitrogen metabolism, cytochrome P450, phenylpropanoid biosynthesis, etc. (Figure 5). Nitrogen directly impacts the central plant metabolic ‘hub’—the phenylpropanoid biosynthesis pathway—from which important classes of molecules are formed, notably monolignols, flavonoids, and other types of polyphenols (Landi et al., 2019). For example, NH4+ toxicity caused the upregulation of phenylpropanoid biosynthesis in L. minor (Wang W. et al., 2016). However, our results showed that downregulated DEGs were enriched in phenylpropanoid and flavonol biosyntheses. This inconsistency could be explained by the fact that T. angustifolia has a higher content of flavonols (Chen P. et al., 2017), than L. minor. These two plants also have extreme phenotypic differences. Typha is a large emergent with aerial leaves and stems and sediment bound roots, whereas L. minor is a floating aquatic plant with a single small leaf, therefore energetic needs and gene regulation are likely different. To better understand gene regulation among aquatic plants more comparative experimental studies among growth forms and functional types will be required.




Figure 5 | KEGG pathway enrichment analyses of differentially expressed genes in leaves and roots under high nitrogen stress. The 10 pathways with the smallest p values are presented for: (A) Leaf up-regulated, (B) Leaf down-regulated, (C) Root up-regulated, and (D) Root down-regulated. Other pathways are shown in Figure S3.



In the roots, upregulated DEGs were enriched in the plant-pathogen interaction, environmental adaptation, phosphatidylinositol signal transduction, and mitogen−activated protein kinase (MAPK) signal pathways, among others (Figure 5C). These results are similar to those of previous studies. For example, phosphatidylinositol signal transduction was reported to resist heat stress in Pyropia haitanensis (Wang et al., 2018), and the plant-pathogen interaction and MAPK pathways were associated with stress from polystyrene nanoplastics in wheat (Lian et al., 2022).

Some DEGs in roots were associated with plant growth, development, abiotic resistance, and biotic resistance. For example, xp10247, which is a homolog of the GFT1 of Arabidopsis (At5g19980), encodes a Glogi-localized nucleotide-sugar transporter. GFT1 is required for the normal growth and development of plants (Rautengarten et al., 2016). Xp19171, which is a homolog of the ATCAPE3 gene in Arabidopsis thaliana (At4g33720), belongs to CAP (Cysteine-rich secretory proteins, Antigen 5, and Pathogenesis-related 1 protein) superfamily. This gene family includes plant pathogenesis-related proteins, which may act as an antifungal agent or participate in cell wall loosening (Lu et al., 2020). Xp09923, which belongs to the Arabidopsis carboxyl-terminal peptidase (DUF239, At5g18460), is a multifunctional regulator that regulates plant growth, stress, and auxin response (Ueda et al., 2008). Xp21051, which is a homolog of the Arabidopsis EFO1 gene (At5g52250), encodes a transducer protein whose expression is induced by UV-B. Overexpression of this gene led to impaired plant growth and dwarfism (Gruber et al., 2010).

There are also some DEGs in the leaf in response to high nitrogen stress, such as xp11920 and xp18090, which belong to PAM2 (At4g14270) motif and CCL (At3g26740) genes respectively. These genes have evolutionarily conserved and important functions including biosynthesis, transformation, and output (Albrecht and Lengauer, 2004; Lidder et al., 2005). Similarly, a high nitrogen stress in maize and ryegrass also affected the expression of genes in the development and growth stages (Li et al., 2022; Singh et al., 2022). These DEGs in leaf and roots not only participate in plant growth and development, but also have functions in responses to abiotic stress (Chen J. et al., 2017).





4 Conclusions

 This study resulted in a high-quality genome of an ecologically and medicinally important plant. We carried out high nitrogen stress experiments and differential gene expression analyses using a whole genome approach to investigated genomic response to high nitrogen stress. The results indicated that differentially expressed genes in roots and leaves were enriched in ‘alanine, aspartate and glutamate metabolism’, nitrogen metabolism, photosynthesis, phenylpropanoid biosynthesis, plant-pathogen interaction and mitogen-activated protein kinase pathways. Future studies on genetic mechanism of plant response to pollutants such as phosphorus and heavy metals and the development of cattails for phytoremediation could benefit from the genome in this study.
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B xpl0247 AT5G19980 Encodes a Golgi—localized nucleotide—sugar transporter

[ xp18090 AT3G26740 Transcripts are regulated at the level of mRNA stability
xp13939 NA
-= xp15027 AT5G25250 Encodes a protein
xp07793 AT1G33110 MATE efflux family protein
xp13234 AT5G45910 GDSL—motif esterase/acyltransferase/lipase
' xp20597 AT1G02170 Encodes a type I metacaspase
~ xp19009 AT5G39890 Plant Cysteine Oxidase (PCO)
| xpl6546 AT4G10270 Member of the wound—induced polypeptide (WIP) family
xp03498 AT5G52050 MATE efflux family protein
xp09117 AT3G56970 Encodes helix—loop—helix transcription factor family protein
xp11459 AT1GO7630 Encodes a protein phosphatase 2C like gene, similar to POL
E xp12095 AT4G02940 A functional RNA N6-methyladenosine demethylase
M xp03099 AT2G35930 Encodes a cytoplasmically localized U~box domain

xp06698 NA
xp10486 ATSGS59570 Encodes BOA (BROTHER OF LUX ARRHYTHMO)
xp12364 AT4G15630 Uncharacterized protein family (UPF0497)
xp10210 ATAG17260 Lactate/malate dehydrogenase family protein
xp00089 NA
M xp11757 NA
1 xp17483 AT1G30840 Member of a family of proteins related to PUP1
xp17138 AT2G19210 Leucine-rich repeat transmembrane protein kinase protein
xp17136 AT4G29990 Leucine—rich repeat transmembrane protein kinase protein
xp11441 AT3G46640 Encodes a myb family transcription factor
xp02725 AT5G48250 B-box type zinc finger protein with CCT domain—containing protein
Xp02599 AT3G07040 Contains an N—terminal tripartite nucleotide binding site
1 xp03012 AT1G30650 Encodes a member of the WRKY Transeription Factor family
xp11148 AT1G29280 Member of WRKY Transcription Factor
xp09441 AT1G12940 Member of High affinity nitrate transporter family
M xp06041 AT3G14470 NB-ARC domain—confaining disease resistance protein
¥
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Root up-regulated
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Genomic features

(

Sequencing
Raw bases of Illumina BT 653
(Gb)
Raw bases of Pacbio 568 1026
Sequel II (Gb)
Raw bases of Hic (Gb) * 66.8
?évbv; bases of RNA-seq " 3179
Assembly
Genome size (Mb) 287 207
N50 of contigs (Mb) . 8.71 12.74
N50 of scaffolds (Mb) 8.71 13.57
Number of contigs 1158 45
Number of scaffolds 1158 36
Complete BUSCOs (%) 96.03% 99.5%
Rate of GC (%) 38.07% 37.64%
Pseudochromosomes . i5
number

hi
;iu(d;/); )romosomes % 200
Annotation
Number of predicted
genee 27432 23289
Number of tRNAs 502 I 410
Number of rRNAs 2095 103
Number of miRNAs 214 203
Number of snRNAs £ 281
Repeat sequences (%) 43.84% 27.63%
Complete BUSCOs (%) ¥ 98.6%

* Data not available.





