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Abstract

Saururus chinensis, an herbaceous magnoliid without perianth, represents a clade of early-

diverging angiosperms that have gone through woodiness-herbaceousness transition and 

pollination obstacles: the characteristic white leaves underneath inflorescence during flowering 

time are considered to be a substitute for perianth to attract insect pollinators. Here, using the 

newly sequenced S. chinensis genome, we revisited the phylogenetic position of magnoliids 

within mesangiosperms, and recovered a sister relationship for magnoliids and Chloranthales. 

By considering differentially expressed genes, we identified candidate genes that are involved in 

the morphogenesis of the white leaves in S. chinensis. Among those genes, we verified - in a 

transgenic experiment with Arabidopsis - that increasing the expression of the ‘pseudo-etiolation 

in light’ gene (ScPEL) can inhibit the biosynthesis of chlorophyll. ScPEL is thus likely being 

responsible for the switches between green and white leaves, suggesting that changes in gene 

expression may underlie the evolution of pollination strategies. Despite being an herbaceous 

plant, S. chinensis still has vascular cambium and maintains the potential for secondary growth 

as a woody plant, because the necessary machinery, i.e., the entire gene set involved in lignin 

biosynthesis, is well preserved. However, similar expression levels of two key genes (CCR 

and CAD) between the stem and other tissues in the lignin biosynthesis pathway are possibly 

associated with the herbaceous nature of S. chinensis. In conclusion, the S.chinensis genome 

provides valuable insights into the adaptive evolution of pollination in Saururaceae and reveals a 

possible mechanism for the evolution of herbaceousness in magnoliids.
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Introduction

Saururus chinensis (Lour.) Baill., also known as Asian lizard’s tail, is a typical perennial 

species in the family Saururaceae (order Piperales), containing many herbaceous species 

(Fig. 1a). S. chinensis is a diploid with 11 chromosomes (2n = 22) and widely distributed 

in East Asia. S. chinensis belongs to magnoliids, a clade of mesangiosperms characterized 

by three-merous flowers, one-pored pollen, and diverse secondary compounds of aromatic 

terpenoids (Palmer et al., 2004; Endress & Doyle, 2009). The clade of magnoliids comprises 

~9,000 species, accounting for ~3% of the species in angiosperms and includes many 

economically important species as sources of fruits, medicine, spices, and perfumes. The 

classification and phylogenetic position of magnoliids in mesangiosperms has been a long-

lasting debate (Li et al., 2019; One Thousand Plant Transcriptomes, 2019; Li & Van de 

Peer, 2021). Mesangiosperms include five lineages, namely monocots, eudicots, magnoliids, 

Chloranthales, and Ceratophyllales (APG IV, 2016). Morphologically, it is difficult to 

conclude on phylogenetic relationships between the five mesangiosperm lineages due to 

difficulties in distinguishing synapomorphic traits from plesiomorphic traits. Both eudicots 

and monocots, the two largest clades of mesangiosperms, share morphological traits with 

magnoliids. For instance, two cotyledons and reticular leaf venation in magnoliids resemble 
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those in eudicots, whereas pollen with one pore is characteristic for both magnoliids and 

monocots (Palmer et al., 2004; Endress & Doyle, 2009). The rapid diversification of 

mesangiosperm lineages, plus phenomena such as incomplete lineage sorting, complicate 

resolving the exact evolutionary relationships of magnoliids and other mesangiosperm 

lineages, also using molecular data, despite many attempts employing a large amount of 

data from nuclear, plastid and mitochondrial genomes (Wickett et al., 2014; Gitzendanner et 
al., 2018; Li et al., 2019; One Thousand Plant Transcriptomes, 2019; Xue et al., 2021). The 

unresolved phylogeny of magnoliids hinders the evolutionary study of morphological traits 

of angiosperms.

As a flowering plant, S. chinensis presents white or light-yellow flowers on a spike 

inflorescence. Although perianth shows complete degeneration, during blooming time S. 
chinensis has two or three white leaves growing underneath the spike inflorescence, setting 

off the distinguishable inflorescence (Fig. 1a). After the seeds reach maturity, the white 

leaves gradually turn green again. Since the white leaves arise and fade in concert with 

the flowering time, they have been suggested to play an important role in attracting insect 

pollinators (Song et al., 2018). Indeed, S. chinensis can be pollinated by insects, whereas 

its American relative S. cernuus, which has no such white leaves, only relies on wind 

pollination (Thien et al., 1994), so the emergence of white leaves could be an adaptive 

evolutionary trait of S. chinensis.

Saururaceae are one of three families in Piperales, which is the only order in magnoliids 

with herbaceous plants, while the other three orders, Canellales, Laurales, and Magnoliales, 

are all comprised of woody trees. Woodiness is associated with secondary growth of the 

vascular cambium, a population of meristematic cells that are eventually divided into 

secondary xylem and phloem. In contrast, herbaceousness is a more complicated concept. 

For example, there are obvious differences between herbs in eudicots and monocots. All 

monocots lack vascular cambium, so they cannot be considered genuine woody plants with 

secondary growth (Spicer & Groover, 2010; Roodt et al., 2019). Most herbaceous eudicots, 

however, still preserve vascular cambium, so genetically they still have the potential to 

resume secondary growth to become woody plants (Melzer et al., 2008; Barra-Jimenez 

& Ragni, 2017). Because magnoliids have both woody and herbaceous plants and they 

occupy an interesting phylogenetic position with members that may still have retained some 

features from the common ancestor of eudicots and monocots, herbaceous magnoliids such 

as S. chinensis could shed light on origin of woodiness or herbaceousness in monocots and 

eudicots.

Here, we report a chromosome-level genome assembly of S. chinensis using a combination 

of three sequencing technologies. Together with other available angiosperm genomes, 

we study the phylogenetic relationships and evolution among magnoliids and other 

mesangiosperms. Combining plant organ anatomy, comparative genomics, gene expression 

analyses, and experimental validation, we reveal the molecular mechanism underlying 

herbaceousness of S. chinensis, as well as the evolution of white leaves underneath its spike 

inflorescence.
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Results and discussion

Genome sequencing, assembly, and annotation

To estimate the genome size of S. chinensis, we employed flow cytometry analysis using 

rice (Oryza sativa) and Nicotiana benthamiana as references, respectively, and obtained 

two comparable estimates of 553 Mb and 523 Mb (see Methods and Supplementary Fig. 

S1, Table S1 and S2). Accordingly, we sequenced the S. chinensis genome by generating 

244 Gb Illumina reads (~450×) and 50 Gb PacBio reads (93×) (Supplementary Table S3). 

The genome size of S. chinensis estimated by k-mer analysis of the Illumina reads is 502 

Mb (Supplementary Fig. S3), similar to, but smaller than the flow cytometry estimates 

above. Also, k-mer analysis shows a high level of heterozygosity of 0.821% for the S. 
chinensis genome (Supplementary Fig. S3). Using both the PacBio and Illumina reads, we 

first obtained a preliminary assembled genome with a size of 698 Mb (see Methods), much 

larger than our estimates described above. Therefore, we mapped the Illumina reads to the 

preliminary assembly and observed two coverage peaks, with one at 44× and the other 

at 88× (Supplementary Fig. S4). Considering the high heterozygosity of the S. chinensis 
genome, the coverage peak at 44× is caused by assembled haplotypes from genomic regions 

with high heterozygosity, indicating that the preliminary assembly contains redundant allelic 

contigs. To refine the preliminary assembly and collapse haplotype regions, we used Purge 

Haplotigs to reassign allelic contigs and build a haplotype-fused assembly (Roach et al., 
2018). The genome size of the resulted assembly decreased from 698 Mb with 3,938 contigs 

(N50 = 1.0 Mb) to 537 Mb with 842 contigs (N50 = 1.4 Mb), falling in the range of our 

estimates of the genome size (Supplementary Fig. S4). We then made use of 60 Gb Hi-C 

data (111×) and assembled the S. chinensis genome into 38 scaffolds, with a scaffold N50 

of 47.8 Mb (Supplementary Fig. S4 and S5). The 11 longest scaffolds, accounting for 533 

Mb (99.2% of the total genome assembly), was selected to presumably correspond to the 

11 chromosomes of the haplotype genome of S. chinensis (Fig. 1b). The genome-wide 

interaction heatmap shows a high-quality result of grouping and ordering contigs by the 

Hi-C data (Supplementary Fig. S6).

We annotated repetitive sequences of the S. chinensis genome (see Methods) and found 

that they comprise 66.8% (360 Mb) of the assembled genome. LTR elements are the most 

abundant components (25.5%) among the repetitive sequences (Supplementary Table S5). 

Compared with other magnoliids genomes, S. chinensis has the highest proportion of TEs, 

despite that it has one of the smallest genomes (Supplementary Table S6).

To obtain gene models for the protein-coding genes in the S. chinensis genome, we used 

an approach integrating de novo, homology based, and RNA-Seq based gene predictions 

(see Methods). In total, 36,140 protein-coding genes were predicted with an average 

coding-sequence (CDS) length of 900 bp and an average of 3.96 exons per gene. Among 

all annotated genes, 29,555 (81.8%) were supported by transcriptome data, and 27,123 

(74.1%) genes could be functionally annotated (Supplementary Table S7). Our annotation 

captures 93% of the embryophyta BUSCO (odb10) genes, either as single copy or in 

duplicate (Supplementary Fig. S7). Compared with the complete set of BUSCO genes 

of other published magnoliids genomes, such as 90% for Cinnamomum kanehirae, 85% 
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for Piper nigrum (85%), 81% for Liriodendron chinense, and 78% for Persea americana 
(Supplementary Fig. S7), the S. chinensis genome has more complete BUSCO genes, 

suggesting a high quality in terms of protein-coding gene predictions. In addition to 

the protein-coding genes, we identified 452 transfer RNAs, 344 ribosomal RNAs, 118 

small nuclear RNAs (snRNAs), 685 small nucleolar RNAs (snoRNAs), and 4,637 other 

non-coding RNA including micro RNAs (miRNAs).

Phylogenetic position of Magnoliids among angiosperms and Saururus in magnoliids

We constructed a sequence dataset with 135 genomes representing the main angiosperm 

lineages (95 eudicots, 26 monocots, eight magnoliids, two Chloranthales, one 

Ceratophyllales and three species for the ANA grade) with three gymnosperms as outgroup 

(Ginkgo biloba, Cycas panzhihuaensis, and Welwitschia mirabilis). In total, 473 out of 1,614 

BUSCO genes were kept in the sequence dataset because they existed in at least 75% of the 

taxa investigated (Manni et al., 2021). For each BUSCO gene in the dataset, we prepared 

multiple sequence alignments of amino acids, CDSs, and the first and second codon 

positions thereof (Codon1+2) to infer phylogenetic relationships using both concatenated 

and multi-species coalescent (MSC) approaches (Supplementary Fig. S8-13). Among all 

results, Amborellales and Nymphaeales were successively resolved as the sister group of 

the other angiosperms, whereas diverse relationships were recovered for the five lineages 

of mesangiosperms. Ceratophyllales was recovered as the next diverging lineage based on 

the analyses of concatenated amino acid and Codon1+2 datasets, whereas the results from 

amino acid and CDS with MSC and concatenated CDS placed monocots as the sister group 

of all other mesangiosperms. Most results congruently resolved magnoliids as the sister 

group of Chloranthales (all datasets with MSC and the concatenated amino acid) with high 

support (≥95%), except that the concatenated CDS and Codon 1+2 placed magnoliids as the 

sister to eudicots-(Chloranthales-Ceratophyllales) and eudicots-Chloranthales, respectively, 

yet the two topologies received very low support (59% and 67%, respectively). Among 

all recovered topologies, the result derived from the concatenated amino acid alignment, 

grouping magnoliids with chloranthales (and both with eudicots) received the highest 

support for these early-diverging angiosperm lineages, above 95% for all deep nodes (Fig. 

2a), while the results from other datasets always showed low support for some controversial 

relationships (Fig. 2b and Supplementary Fig. S8-13).

In previous studies (Chaw et al., 2019; Chen et al., 2019; Hu et al., 2019; Rendon-Anaya 

et al., 2019; Chen et al., 2020; Lv et al., 2020; Shang et al., 2020; Yang et al., 2020; 

Zhang et al., 2020a; Guo et al., 2021; Ma et al., 2021), phylogenetic inconsistence of 

early-diverging angiosperm lineages could be observed between studies based on amino acid 

sequences and the corresponding CDS, and between studies based on different methods like 

concatenation of multiple genes, or MSC. Some studies also indicated that the discordance 

in phylogenetic reconstruction was due to potential incomplete lineage sorting (ILS) during 

the early radiation of mesangiosperms (Soltis & Soltis, 2019), where polymorphic allele 

states in ancestral populations do not have enough time to fix because of rapid species 

divergence among ancestors of extant lineages. In this study, despite of a larger taxon and 

gene sampling, discordance among different methods and datasets remained. Among single 

gene trees with regards to the relationships of mesangiosperms, 36%, 33.4% and 33.4% of 
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all 473 gene trees generated by the CDS, Codon1+2, and amino acid datasets respectively 

supported Ceratophyllales as the sister lineage to all other mesangiosperms, and 37%, 33.5% 

and 33.2% supported monocots as first diverging lineages within mesangiosperms. The 

sister relationship of magnoliids and Chloranthales received relatively higher 40%, 39% and 

42.7% support, and the sister group of eudicots and the magnoliids-Chloranthales lineage 

received 36%, 32.8% and 35.5% support from the gene trees (Fig. 2c and Supplementary 

Fig. S14). However, none of the relationships were predominant among all single gene 

trees, and alternative relationships still received considerable support (Supplementary Fig. 

S14), suggesting substantial ILS during the evolution of meagsangiosperm lineages. As ILS 

and other factors likely affect phylogenetic inference, recently, different approaches have 

been used to study the phylogenetic position of magnolids, for instance based on genomic 

features such as synteny, and these have suggested that magnoliids are more closely related 

to monocots than to eudicots (Zhao et al., 2021).

The phylogenetic relationship among magnoliids, monocots, and eudicots has been long 

debated (Soltis & Soltis, 2019), and three different relationships are usually favored: 1) 

(monocots, (magnoliids, eudicots)), 2) (magnoliid, (monocots, eudicots)), and 3) (eudicots, 

(magnoliids, monocots)). Although magnoliids still share morphological features with 

both monocots and eudicots, they seem to share more common features with eudicots. 

That is why the lineage has been considered, together with eudicots, as the so-called 

dicots (Cronquist, 1981). The closer relationship of magnoliids and eudicots, at least 

morphologically, might be related to the more similar gene sets in the two lineages. 

We identified gene families shared by either two lineages among monocots, eudicots 

and magnoliids, while being absent in the third and indeed found that magnoliids and 

eudicots share more gene families than either of the two with monocots (Fig. 2d), which 

are functionally enriched in RNA polymerase II transcription regulatory region sequence-

specific DNA binding (Supplementary Fig. S15). Such gene families may be responsible 

for the fact that magnoliids and eudicots are morphologically more alike, although our 

analyses of gene families here lend little support to any phylogenetic relationships among 

the mesangiosperms, as gene families existing in the most recent common ancestor of 

mesangiosperms might have been differentially lost in different lineages.

Whole-genome duplications in Piperales

So-called age distributions of synonymous substitutions per synonymous sites (KS) for 

all paralogs (paranome) and for paralogs retained in collinear regions (anchor pairs) both 

show a signature peak at KS ≈ 1.1, suggestive of a whole-genome duplication (WGD) 

event in the Saururus genome (Fig. 3a and Supplementary Fig. S16). Intragenomic analysis 

of paralogous gene orders also reveals collinear regions with two paralogous segments 

(Supplementary Fig. S17), further supporting a WGD event identified in the Saururus 
genome. GO enrichment analysis reveals that retained paralogous genes are mainly involved 

in “regulation of transcription, DNA-templated”, “regulation of flower development”, 

“phospholipid transport”, and “seed development” with respect to ‘biological progress’, 

and “DNA-binding transcription factor activity”, “sequence-specific DNA binding”, “DNA 

binding”, and “calmodulin binding” with respect to ‘molecular function’ (Supplementary 

Fig. S18).
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To place the WGD in the magnoliids clade, we compared one-to-one orthologous KS 

distributions between Saururus and P. nigrum and Liriodendron chinense (Fig. 3a). The KS 

peak value for the WGD in the Saururus genome is smaller than the KS value representing 

the divergence between Saururus and Liriodendron, but larger than the KS value representing 

the divergence between Saururus and Piper. Interestingly, when comparing the one-to-

one orthologous KS distributions between Vitis and Saururus, Piper, and Liriodendron 
(Supplementary Fig. S19), we observed different KS peaks for the same speciation event 

between eudicots and magnoliids, suggesting different synonymous substitution rates among 

the three species, with Piper as the fastest and Liriodendron as the slowest, resulting in an 

overestimate for the divergence between Piper and Saururus and an underestimate for the 

divergence between Liriodendron and Saururus, respectively. We hence employed a relative 

rate test to adjust the synonymous substitution rates in Piper and Liriodendron compared to 

the rate of Saururus, giving an even stronger support for the WGD in the Saururus genome 

to be shared with Piper, but having occurred after the divergence between Saururus and 

Liriodendron (see arrows and dotted orthologous KS distributions and the denoted WGD KS 

peak in Fig. 3a).

Although only one WGD at KS ≈ 0.1 has been identified in the published Piper genome (Hu 

et al., 2019), our results suggest that at least two WGDs have occurred in Piper, one recent 

WGD specific to Piper and one WGD shared between Piper and Saururus. Surprisingly, 

intergenomic collinear analysis between Saururus and Piper shows evidence of even three 

WGD events in the Piper genome with one genomic segment in the Saururus genome 

corresponding to up to eight genomic segments in the Piper genome (Fig. 3b). Based on the 

KS values of orthologs in collinear segments between Saururus and Piper (as reflected as 

different colored dots in Fig. 3b), four of the eight genomic segments in the Piper genome 

are more similar to the segments in the Saururus genome as the orthologs in the four 

genomic segments have smaller KS values (in orange) than do the orthologs from the other 

four segments (in yellow and green).

Also, compared with the collinear segments that have orthologs with larger KS values, the 

collinear segments having orthologs with smaller KS values are more continuous (Fig. 3b). 

Together, these patterns can be explained by an ancient WGD that has occurred before the 

divergence of Saururus and Piper and two WGDs that have occurred later, independently 

in the lineage leading to Piper. Phylogenomic analyses of anchor pairs in the Saururus 
and Piper genomes are also in support of a shared WGD in both species (Fig. 3c). In 

conclusion, we identified one WGD shared by Saururus and Piper, in the Piperales order. 

The two independent WGDs unique to the Piper genome are visible in KS age distributions 

for the whole paranome and anchor pairs with KS peak values at 0.1 and 0.8. The signal 

KS peak for the shared WGD between Piper and Saururus is, however, concealed by the 

two younger WGDs (Supplementary Fig. S20) and the faster synonymous substitution rate. 

Considering the shared WGD has a KS ≈ 1.1 in the Saururus genome, the expected KS peak 

for the shared WGD in a genome with higher synonymous substitution rates than Saururus 
would be larger than KS 1.1, hence falling in a KS range where KS values reach saturation 

(Vanneste et al., 2013; Zhang et al., 2020b).
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Morphogenesis of white leaves and adaptive evolution of pollination strategy of S. 
chinensis

The perianth is an important part of angiosperm flowers for attracting pollinating insects, 

and loss of the perianth often suggests the lack of attraction to pollinators. Although 

Saururaceae are a family in which no species has perianth, S. chinensis has the most 

noticeable morphological character, namely two or three white leaves growing underneath 

the inflorescence during flowering time. The white leaves in S. chinensis have proven to 

play an important role in attracting insect pollinators (Song et al., 2018). To identify the 

regulatory genes underlying the development of white leaves, we collected tissues of the 

white top leaves during flowering time, and after flowering when the top leaves have turned 

as green as other regular leaves and sequenced their transcriptomes for expression analyses. 

Additionally, regular, ever green leaves beneath the white leaves were also collected during 

flowering time and sequenced as a reference or control. In total, 146 differentially expressed 

genes (DEGs) (Supplementary Table S10) were identified by DESeq2 (Love et al., 2014). 

Functional annotation of these genes suggested that 27 genes were enriched for 27 genes 

were enriched for chlorophyll biogenesis and 23 of them showed significantly lower 

expression levels in white leaves (Supplementary Fig. S21), thus should theoretically block 

chlorophyll accumulation. In addition to the genes involved in the chlorophyll biogenesis 

pathway, another DEG Sc004_1478, seems also responsible for the color change of top 

leaves,because it is a homolog to the pseudo-etiolation in light (PEL) gene in Arabidopsis. It 

has been well acknowledged that the expression of the PEL gene has a negative correlation 

with chlorophyll content and bolting time in Arabidopsis (Ichikawa et al., 2006).

To further verify the functional role of Sc004_1478, or ScPEL, in the formation of 

green and white leaves, a transgenic and hetero-expression experiment was conducted 

in Arabidopsis. Concisely, the ORF of the ScPEL gene, combined with Spe I and Asc 

I restriction endonucleases sites, was inserted into the pMDC83-GFP expression vector 

driven by the 35S promoter. We then transformed the vector of pMDC83-Sc004_1478-GFP 

into an Arabidopsis Col line and successfully observed pseudo-etiolation in the transgenic 

individuals: the transgenic lines showed obvious light-yellow leaves and even stems, while 

the wild type individuals had normal green leaves and stems (Fig. 4a). We further tested 

the chlorophyll content in leaves and found a significant decrease of chlorophyll in the 

transgenic lines compared with the wild types (Fig. 4b and Supplementary Table S12), 

suggesting a negative association between the expression of ScPEL and the chlorophyll 

content. Therefore, high expression of ScPEL is likely to lead to,or one possible reason for 

the transition of top leaves from green to white in S. chinensis (Supplementary Fig. S23).

The above expression analyses and transgenic experiments revealed the molecular 

mechanisms underlying the white leaves of S. chinensis during flowering time. In the 

context of macroevolution, the rise of white leaves in S. chinensis could be associated with 

the loss of perianth and considered as a success of adaptive evolution of pollination strategy 

(Fig. 4c). Because no species in Saururaceae has perianth (APG IV, 2016), the absence 

of the perianth is likely a synapomorphy for the family, resulting in decreased attraction 

to pollinating insects. So developing white-color organs during the blooming stage seems 

to be an alternative strategy to attract pollinators under certain environments, which have 
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successfully compensated for decreased attraction due to the loss of perianth, and help 

multiple Saururaceae taxa to survive. For example, Houttuynia cordata and Gymnotheca 
involucrata have either a white involucre or white bracts to attract pollinators, and S. 
chinensis adopted to develop white top leaves by increasing the expression of the ScPEL 

gene,as shown above. However, since involucres, bracts, and leaves are different organs, the 

‘white-color’ organs in these Saururaceae species must have been independently evolved 

for entomophily, suggestinga convergent evolution in Saururaceae lineages.Convergent 

evolution is further supported by the fact that a close relative to S. chinensis in America, S. 
cernuus, has no white leaves during flowering time and largely relies on wind pollination 

(Thien et al., 1994) (Fig. 4c). Apparently, the two closely related species show different 

adaptation strategies by adopting two kinds of pollinating strategies,correlated with green or 

white colors of top leaves during flowering time (Liang, 1995).

Anatomical and molecular evidence indicates that ‘magnoliid herbs’ resemble eudicot 
herbs

Whether a plant can develop genuine wood depends on its ability of secondary growth 

through vascular cambium. Herbaceous plants either do not initiate secondary growth even 

if they have vascular cambium, or have no ability of secondary growth due to the lack of 

vascular cambium. Most herbaceous eudicots, such as Arabidopsis and Medicago, belong 

to the former, whereas all monocots belong to the latter. However, whether magnoliid herbs 

like S. chinensis have vascular cambium or not remains unclear.

Using tissue section dye technique, we studied the cross-section of the stems and roots of 

S. chinensis. Our anatomical results indicate that the stems of S. chinensis are homologous 

to those in eudicots, since all vascular bundles of S. chinensis are arranged in circles 

(Fig. 5a). More importantly, when looking at the organization of a single vascular bundle 

in S. chinensis, vascular cambium can be observed (Fig. 5b), suggesting a morphological 

similarity between herbaceous plants in magnoliids and eudicots.

Since herbaceous plants from both magnoliids and eudicots have vascular cambium, the 

reason why they do not grow into woody shrubs or trees can be attributed to lacking 

initiation of secondary growth. This is supported by some evidence from herbaceous 

eudicots. Morphological transition between woodiness and herbaceousness can often be 

observed among close-related species (e.g., legumes, Boraginaceae, Lamiaceae, Lythraceae), 

implying frequent and recurrent transitions in eudicot lineages; and Arabidopsis can grow 

into woody plants when two regulatory genes (SOC1 and FUL) are simultaneously knocked 

out (Melzer et al., 2008). As S. chinensis has similar vascular cambium to eudicots, we 

speculate that the woody-herbaceous transformation in magnoliids is more likely a matter of 

gene expressional regulation, rather than loss of relevant genes involved in the development 

of vascular cambium, as observed in monocots (Roodt et al., 2019).

As expected, we could identify all genes involved in the lignin biosynthesis pathway (LBP) 

in the S. chinensis genome. As a matter of fact, all LBP genes were preserved in all surveyed 

135 angiosperm genomes (Supplementary Tables S13), and we did not detect significant 

correlation between copy number of the LBP genes and woody/herbaceous phenotypes. 

As an herbaceous plant, the stems of S. chinensis must have lower levels of lignin, the 
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major component of wood. Therefore, we considered the expression of LBP genes in 

S. chinensis, and found that two genes catalyzing the critical final two steps in LBP - 

Cinnamoyl CoA reductase (CCR), the rate limiting enzyme catalyzing hydroxycinnamoyl 

COA thioesters to corresponding aldehydes (Chabannes et al., 2001),and cinnamyl alcohol 

dehydrogenase (CAD) (Yan et al., 2019), responsible for the final step catalyzing the 

reduction of cinnamaldehyde to cinnamyl alcohol - are not differentially expressed in the 

stems compared to other organs, such as roots, green leaves, white leaves, flowers, and fruits 

of S. chinensis. The expression pattern of CCR and CAD in different organs of S. chinensis 
is in line with those in other investigated herbaceous plants across angiosperms, while CCR 

and CAD in woody plants are usually more highly expressed in the stems (Supplementary 

Tables S14 and S15). We believe that the restricted expression of both CCR and CAD in 

stems of S. chinensis may therefore explain its herbaceous appearance (Fig. 5c).

Conclusions

Our sequenced S. chinensis genome provides a new resource for the resolution of the 

phylogenetic ambiguity, and recovered a sister group relationship for magnollids and 

Chloranthales. The characteristic white leaves of S. chinensis functionally serve as an 

alternative of the lost perianth in attracting insect pollinators, and we explained the 

molecular mechanism by the combination of bioinformatics analysis and experimental 

verification, that the increased expression of ScPEL gene can inhibit the chlorophyll 

biosynthesis and may lead to switches between green and white leaves. Such adaptive 

evolution of pollination strategies could be observed in multiple Sauraceae species, but by 

changing the color of different organs, thus should be the results of convergent evolution. 

Magnoliids comprise mainly woody trees and shrubs with few herbaceous lineages. So we 

explored the mechanism for the formation of magnoliid herbs. Anatomical and molecular 

evidence both suggest S. chinensis maintain the potential for secondary growth like a woody 

plant, yet the low expression of two key genes in the lignin biosynthesis pathway is possibly 

the reason that makes S. chinensis remain an herb. Therefore, the expressional regulation 

maybe the key to the woodiness-herbaceousness transition in magnliids and eudicots, and 

could explain the frequent woodiness-herbaceousness transition along the eudicot evolution.

Materials and methods

Sample preparation and sequencing

S. chinensis cultivated at Institute of Botany, Jiangsu Province and Chinese Academy of 

Sciences, Nanjing, were chosen to provide experimental tissues. Fresh leave tissues were 

collected to extract genomic DNA. For genome survey analysis, a short paired-end Illumina 

DNA library with a 350 bp insert size was sequenced on the Illumina HiSeq 2500 sequencer. 

For PacBio Sequel sequencing, 50 μg of high molecular-weight (HMW) genomic DNA were 

prepared to generate two standard SMRTbell libraries with 20 Kb insertions. PacBio long 

reads were sequenced on the PacBio Sequel System (Pacific Biosciences) with SMRTbell 

Template Prep Kit 1.0-SPv3 (Pacific Biosciences), yielding 50 Gb PacBio data (read length 

N50 = 11.3 Kb).
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Estimation of the Genome Size

Two approaches were used to estimate the size of S. chinensis genome: flow cytometry 

and k-mer spectra from 89 Gb of Illumina short reads. The flow cytometry technique was 

conducted with rice and Nicotiana benthamiana as the references. Additionally, we used the 

k-mer analysis to assess the genome size from short Illumina reads. K-mer frequencies were 

calculated using Jellyfish version 2.2.6 with k-mer size 21 (Marcais & Kingsford, 2011), and 

the resulting data was sent to GenomeScope version 1.0 for the estimation (Vurture et al., 
2017). The genome size was calculated with the following formula: genome size = k-mer 

number/peak depth.

Genome assembly and assessment

We used Canu version 1.8 to correct and assemble the raw PacBio reads with default 

parameters except for parameters: “genomeSize=550m correctedErrorRate=0.040” (Koren 

et al., 2017). Following Canu, we polished the long-read assembled contigs using Pilon 

version 1.23 for eight iterative rounds (Walker et al., 2014). In total, 244 Gbp of Illumina 

short reads were mapped to the contigs using Bowtie version 2.3.4.3 with parameter: “--

sensitive-local” (Langmead & Salzberg, 2012), followed by Pilon polishing with parameter: 

“--fix bases” for four iterative rounds (Walker et al., 2014). Another four iterative rounds 

of polishing with parameters: “--fix all” (bases, gaps, and local) were further performed 

to fix all the variants. Purge haplotigs version 1.1.0 was used to refine the assembly and 

collapse the homologous regions (Roach et al., 2018), with parameters: “-l 10 -m 63 -h 195” 

for “purge_haplotigs contigcov” (“purge_haplotigs hist” and “purge_haplotigs purge” were 

performed with default parameters). The HI-C data were processed by the AllHiC pipeline 

(Zhang et al., 2019) in the scaffolding process.

Identification of transposable elements and repetitive DNA

We used both de novo and homology-based predictions to identify the repetitive elements 

in the Saururus chinensis genome. We built a de novo repeat library by RepeatModeler 2.0 

with the support of LTRStruct by adding parameter: “-LTRStruct” (McCarthy & McDonald, 

2003). Additionally, we used TransposonPSI to detect (retro-) transposon ORF. We merged 

the libraries from RepeatModeler and TransposonPSI by USEARCH with 80% identity as 

the minimum threshold for combining similar sequences in the de novo libraries (Edgar, 

2010). The resulting non-redundant de novo repeat library was further scanned to remove 

potential plant protein-coding sequences.

Finally, we used RepeatMasker version 4-1-0 with parameter: “-e rmblast -a -s -norna 

-no_is -xsmall -gff -html -lib” to identify and classify repeats in the genome assembly. 

The soft-masked genome sequence was used for downstream gene prediction and RNA-Seq 

mapping analysis.

Predictions of genes and noncoding RNAs

Transcriptome-based, homology-based, and ab initio prediction methods were applied to 

predict the gene models of S. chinensis. For transcriptome-based prediction, we mapped 

the RNA-seq reads to the repeat-masked genome using HISAT2 v2.0.5 from 12 libraries of 

6 tissues including inflorescence, fruit, root, stem, leaf, and bract (Kim et al., 2015). The 
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mapping results were used by Class (Song & Florea, 2013), Scallop (Shao & Kingsford, 

2017), and StringTie (Pertea et al., 2015) to create gene models, followed by reconciliation 

using Mikado (Venturini et al., 2018). The transcripts from the genome-referenced assembly 

were further applied to obtain reliable transcripts with the longest open reading frames using 

TransDecoder (https://github.com/TransDecoder/TransDecoder). For the homology-based 

prediction, the protein sequences of uniprot (taxonomy viridiplantae with TE removed) 

were aligned to the genome using Exonerate (“--percent 50 --maxintron 50000”) and 

genomeThreader (“-species arabidopsis -gff3out -skipalignmentout”). For the ab initio 
gene prediction, we used BRAKER2 in the “--etpmode” with the plant protein sequences 

(OrthoDB release 10) mapping results from the suggested pipeline (GaTech) (Hoff et al., 
2016). Finally, we used EVidenceModeler to reconcile the gene models obtained from the 

abovementioned approaches to generate consensus gene structures (Haas et al., 2008).

Noncoding RNAs were predicted using tRNAscan-SE version 1.31 (Schattner et al., 2005) 

and Infernal version 1.1.2 (Nawrocki et al., 2009) (with cmsearch -E 0.001 against Rfam12 

database).

Functional annotation

We used InterProScan version 5.39-77 (Jones et al., 2014) to annotate the functions of 

detected motifs and domains by searching public databases (GO, PFAM, and KEGG). We 

used Mercator 4 from the MapMan website to annotate for the MapMan functional category 

(Lohse et al., 2014) and used KofamKOALA to annotate the gene models with KEGG 

orthologues ID based on profile HMM (Aramaki et al., 2020).

Phylogenetic reconstruction

To identify probable orthologous genes for phylogenetic analysis, we firstly downloaded 

the sequenced genomes from public resources (see Supplementary Table S8). Since the 

gene duplication and loss events occurred frequently during angiosperm history, to minimize 

the influence of paralogues and identify the most probable orthologues, 1614 genes from 

embryophyte_odb10 of BUSCO were used to identify the most probable orthologues within 

single-copy gene families using BUSCO v5.2.2 (Manni et al., 2021). Then, the orthogroups 

were filtered under following criterions: 1) orthologous genes present in ≥75% genomes; 

2) copy number ≤ 5 in each orthologous gene group in each species; 3) only the longest 

copy was chosen for phylogenetic analyses. This procedure developed the final refined 

single-copy genes (RSCGs).

Multiple sequence alignment of proteins was conducted using MAFFT 7.187 (Katoh 

& Standley, 2013), and the trimming of alignment and the coding sequence alignment 

reconstruction were conducted by trimAl (Capella-Gutierrez et al., 2009). For the 

concatenated nucleotide sequence partitioning strategy, both first two codon positions were 

derived from the CDS alignments using a customized python script. IQTREE (Nguyen 

et al., 2015)was used for model selection and subsequent reconstruction of the Maximum-

likelihood phylogenetic tree for both CDS and protein alignments, consensus tree was 

obtained after 1000 times ultra-fast bootstrap. ML tree of each RSCG was reconstructed by 

IQTREE (Nguyen et al., 2015)as mentioned beyond. The coalescence tree was reconstructed 
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by ASTRAL 5.7.3 (Mirarab & Warnow, 2015) based on gene trees from RSCGs, and 

the quartet supports were also obtained from ASTRAL using a parameter of -t=32. 

DISCOVISTA (Sayyari, et al. 2018) was used to summarize and visualize species trees.

Identification of whole-genome duplications

KS-based age distributions for the whole paranome – all paralogs – in the S. chinensis 
genome was constructed as previously described (Vanneste et al., 2013). Briefly, the 

paranome was constructed by performing an all-against-all protein sequence similarity 

search using BLASTP with an E-value cutoff of 1×10−10, after which gene families were 

built with the mclblastline pipeline (v10-201) (micans.org/mcl) (Enright et al., 2002). Each 

gene family was aligned using MUSCLE (v3.8.31) (Edgar, 2004), and KS estimates for 

all pairwise comparisons within a gene family were obtained using maximum likelihood 

in the CODEML program (Goldman & Yang, 1994) of the PAML package (v4.4c) (Yang, 

2007). We then subdivided gene families into subfamilies for which KS estimates between 

members did not exceed 5. To correct for the redundancy of KS values (a gene family of n 
members produces n(n–1)/2 pairwise KS estimates for n–1 retained duplication events), we 

inferred a phylogenetic tree for each subfamily using PhyML (Guindon et al., 2010) with 

the default settings. For each duplication node in the resulting phylogenetic tree, all m KS 

estimates between the two child clades were added to the KS distribution with a weight of 

1/m (where m is the number of KS estimates for a duplication event), so that the sum of 

the weights of all KS estimates for a single duplication event was one. To identify synteny 

or collinear segments in the genome of S. chinensis, i-ADHoRe (v3.0) was used with 

the parameters level_2_only=FALSE (Proost et al., 2012). The KS distribution of paralogs 

located on collinear segments (anchor pairs) was calculated using maximum likelihood in 

the CODEML program of the PAML package (v4.4c) (Yang, 2007).

The KS-based orthologue age distributions were constructed by identifying one-to-one 

orthologues between species by selecting reciprocal best hits (Moreno-Hagelsieb & Latimer, 

2008), followed by KS estimation using the CODEML program, as above. KS distributions 

for one-to-one orthologs between the outgroup species V. vinifera and S. chinensis, P. 
nigrum, and L. chinense were used to compare the relative timing of the WGD in 

S. chinensis with speciation events within magnoliids. To quantify the differences in 

substitution rates, we used the orthologous KS distributions obtained above to perform 

relative rate tests. First, the KS distance between two species was estimated by the mode of 

their orthologous KS distribution. Then, using the KS distance between S. chinensis and P. 
nigrum, the KS distance between V. vinifera and S. chinensis, and the KS distance between 

V. vinifera and P. nigrum, we calculated distances to S. chinensis and P. nigrum after their 

divergence, respectively. Then, orthologous KS between S. chinensis and P. nigrum was 

corrected by the double of the KS distance to S. chinensis, assuming that P. nigrum has the 

same substitution rate as S. chinensis. Similarly, we corrected the orthologous KS between S. 
chinensis and L. chinense.

To identify the duplication events that resulted in the 1,354 anchor pairs in S. chinensis 
and the 30,406 anchor pairs in P. nigrum, we performed phylogenomic analyses employing 

protein-coding genes from eight species, including six species from magnoliids plus V. 

Xue et al. Page 13

Plant J. Author manuscript; available in PMC 2023 March 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



vinifera and Amborella trichopoda. OrthoFinder (v2.3.11) (Emms & Kelly, 2019) was used 

with default parameters to identify gene families based on sequence similarities. Then, 3,884 

of the 31,760 anchor pairs with KS values greater than five were removed. If the remaining 

anchors fell into different gene families, indicating incorrect assignment of gene families by 

OrthoMCL (Fischer et al., 2011), we merged the corresponding gene families. In this way, 

we obtained 58,275 multi-gene gene families. Next, phylogenetic trees were constructed for 

the subset of 5,916 gene families with no more than 200 genes that had at least one pair of 

anchors and one gene from A. trichopoda. Multiple sequence alignments were produced by 

MUSCLE (v3.8.31) (Edgar, 2004) using default parameters. These were trimmed by trimAl 

(v1.4) (Capella-Gutierrez et al., 2009) to remove low-quality regions based on a heuristic 

approach (-automated1) that depends on a distribution of residue similarities inferred from 

the alignments for each gene family. RAxML (v8.2.0) (Stamatakis, 2006) was then used 

with the GTR+Γ model to estimate a maximum likelihood tree starting with 200 rapid 

bootstraps followed by maximum likelihood optimizations on every fifth bootstrap tree. 

Gene trees were rooted based on genes from A. trichopoda if these formed a monophyletic 

group in the tree; otherwise, mid-point rooting was applied. The timing of the duplication 

event for each anchor pair relative to the lineage divergence events with bootstrap values 

greater than or equal to 80% was then inferred using the approach described in (Zhang et al., 
2017).

RNA-Seq and Transcriptomic data analysis

To discover the critical genes involved in the reversible changes of bract color, we sequenced 

the tissues of white and green leaves with three replicates, respectively (in addition to 

other tissues including inflorescence, fruit, root, and stem). <a table listing all RNA-Seq 

data?> The expression profile (read counts) of each library was calculated using the LSTrAP 

pipeline (Proost et al., 2017), which utilizes Trimmomatic (Bolger et al., 2014), Bowtie 

2 (Langmead & Salzberg, 2012) and HTSeq (Anders et al., 2015) for the read QC, read 

mapping, and read counting processes, respectively. After getting the count table, we used 

DESeq2 to identify the differentially expressed genes between bracts and leaves (Love et al., 
2014). Significant expressed genes were defined as genes with p-value < 0.05.

Functional characterization of ScPEL

Cloning of ScPEL—Primers of the ScPEL gene were designed based on the 5’ and 

3’ UTR region sequences (Supplementary Table S11) to clone the complete coding 

sequence of ScPEL (start codon to stop codon) from the cDNA of white leaves. The 

PCR program for amplification of ScPEL is as follows: pre-denaturation: 95°C, 3 min, 1 

cycle; denaturation:95°C, 30 s, annealing 56°C-72°C, 15 s, extension 72°C, 35 cycles; final 

extension: 72°C, 5 min, 1 cycle. The amplification product (blunt ends) was detected and the 

gel DNA was extracted for cloning and transformation.

Genetic transformation in Arabidopsis thaliana—Homologous recombinant primers 

were designed and the plant expression vector pMDC83, which is under the control 

of CaMV 35S promoter, was used to construct homologous recombinant vectors. 

Agrobacterium tumefaciens strain GV3101, carrying the recombinant vector, was used to 

infect Arabidopsis (Eco-type Col-0) plants by floral dip method (Clough and Bent 1998). 

Xue et al. Page 14

Plant J. Author manuscript; available in PMC 2023 March 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Putative transformants were identified as hygromycin-resistant seedlings that produced 

green leaves and well-established roots within the selective medium, and further examined 

by positive identification by PCR experiments (Supplementary Fig. S20). After the T2 

generation seeds were harvested and dried, sterilized seeds were suspended in sterile water 

and plated on 1/2 MS culture medium (without antibiotic). After 14 days, the colors of 

the seedling leaves on the same plate were different, some of them showed dark green, 

and the others showed light green. The qRT-PCR results verified that the ScPEL gene 

was not expressed in the wild type lines, whereas highly expressed in the transgenic lines 

(Supplementary Fig. S21).

Chlorophyll Content Assays—A chlorophyll bleaching assay was used to measure the 

chlorophyll content of Arabidopsis thaliana leaves. (1) Cut 0.1 g (Fresh weight) leaves and 

immersed in 20 mL 80% ethanol at room temperature for 24 h (gently agitating in the dark); 

(2) The chlorophyll concentration was quantified using a spectrophotometer at wavelengths 

of 664 nm and 647 nm; (3) The formula of calculate the amount of chlorophyll extraction 

was as follow: Chlorophyll extraction amount (mmol/g) =7.93*A664nm+19.53*A647nm.

Identification of lignin biosynthesis pathway genes

All genes from different plant genomes were classified into orthologous gene families by 

OrthoFinder (Emms & Kelly, 2019), and the functionally characterized genes of Arabidopsis 
thaliana were used as markers to identify corresponding gene families, and gene numbers of 

different species were thus determined according to the genes assigned to each family.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Saururus chinensis photo and genome.
a) Photo of flowering S. chinensis.

b) Landscape of the S. chinensis genome. Concentric circles, from outermost to innermost, 

showing (A) Eleven longest pseudo-molecules corresponding to 11 chromosomes; (B) gene 

density; (C) TE density; (D) GC composition; (E) syntenic blocks.
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Fig. 2. Phylogenomic relationships and evolutionary timescale of 135 angiosperms and three 
gymnosperms.
a) Concatenation-based ML tree and divergence times based on 473 genes. Divergence times 

were estimated using 25 calibration points in MCMCTree. Fossil constraints are shown by 

red dots, and the details of fossils are available in Supplementary Table S9. Horizontal bars 

represent 95% credibility intervals.

b) Species tree analysis via DiscoVista. Rows correspond to focal splits, and columns 

correspond to the results of different methods reported in 138-taxa dataset. Yellow indicates 
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rejection of a clade; and weakly rejected clades correspond to clades that are not present 

in the tree, but are compatible if low support branches (below 90%) are contracted. AA: 

amino acid sequences; NT: nucleotide coding sequences; NT12: the combined first and 

second codon positions. ASTRAL: coalescent tree inference method using Astral software; 

CONCAT: maximum likelihood tree inferred with RaxML based on concatenated datasets. 

The chronogram of 138 seed plant species was inferred with MCMCTree based on 473 

nuclear genes with concordant evolutionary histories.

c) Estimated proportions of the 473 gene trees with different topologies based on CDS, 

amino acid and Codon1+2 alignments. The x-axis labels q1, q2, and q3 refer to the quartet 

support for the main topology (blue), the first alternative (red), and the second alternative 

(yellow), respectively.

d) Numbers of shared gene families among either two lineages of eudicots, monocots and 

magnoliids, meanwhile absent in the third. Percentage indicates the minimum proportion of 

species in each lineage that have a certain gene family.
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Fig. 3. Whole-genome duplication (WGD) in the Saururus genome.
a) KS age distributions for anchor pairs of S. chinensis (left-hand y-axis; dark blue 

histogram and line; peaks under the star represent a WGD event) and for one-to-one 

orthologs between S. chinensis and P. nigrum and L. chinense (right-hand y-axis; red 

and green filled curves of kernel-density estimates, respectively; a peak represents a 

species divergence event). The arrows in different colors indicate under- (to the left) and 

overestimations (to the right) of the divergence events and point to the KS values after 

corrections of different substitution rates based on that in S. chinensis (see Methods). The 

dotted curves also show the orthologous distributions after substitution rate corrections.

b) Phylogenomic analysis of the WGDs in S. chinensis and P.nigrum. The numbers on the 

branches of the species tree indicate the number of gene families with one or more anchor 

pairs from at least one of the S. chinensis and P. nigrum genomes that coalesced on the 

respective branch (top), as well as the individual contributions of anchor pairs (bottom) from 

the S. chinensis genome (S) and P. nigrum genome (P). The branches with WGD events are 

highlighted by two dots, and one dot under the yellow and red branches, respectively. All the 

duplication events have bootstrap values over 80% (see Methods).

c) Syntenic dot plot of the intergenomic comparison between S. chinensis and P.nigrum.
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Fig. 4. Functional validation of ScPEL in Arabidopsis thaliana and inferred evolution for white 
organs and pollination in Saururaceae.
a) Rosette etiolation phynotype of ScPEL overexpressing plants and the wide types (WTs).

b) Chlorophyll content of ScPEL overexpressing plants and the WTs.

c) Hypothesized evolution of white organs and pollination in Saururaceae.
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Fig. 5. Morphological and genetic characteristics of herbaceous Saururus chinensis.
a) Cross-section anatomy of S. chinensis stem; red, vascular bundles and tissue in cross-

section; yellow, vascular cambium.

b) Labeled vascular components in one vascular bundle; f (green), fibers; ph+pa (red), 

phloem and vascular parenchyma; vc (yellow), vascular cambium; xy (purple), xylem.

c) Expressional profile of genes in the lignin biosynthesis pathway in S. chinensis. The right 

part shows the lignin biosynthesis pathway and enzymes (bold and italic) responsible for 

each catalytic step, and the left heatmaps display the expression of genes in (left to right) 

stems, roots, green leaves, white leaves, inflorescence and fruits, respectively.
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