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ABSTRACT

Sacred lotus (Nelumbo nucifera) is a typical aquatic plant, belonging to basal eudicot plant, which is ideal for gen-
ome and genetic evolutionary study. Understanding lotus gene diversity is important for the study of molecular
genetics and breeding. In this research, public RNA-seq data and the annotated reference genome were used to
identify the genes in lotus. A total of 26,819 consensus and 1,081 novel genes were identified. Meanwhile, a com-
prehensive analysis of gene alternative splicing events was conducted, and a total of 19,983 “internal” alternative
splicing (AS) events and 14,070 “complete” AS events were detected in 5,878 and 5,881 multi-exon expression
genes, respectively. Observations made from the AS events show the predominance of intron retention (IR) sub-
type of AS events representing 33%. IR is followed by alternative acceptor (AltA), alternative donor (AltD) and
exon skipping (ES), highlighting the universality of the intron definition model in plants. In addition, functional
annotations of the gene with AS indicated its relationship to a number of biological processes such as cellular
process and metabolic process, showing the key role for alternative splicing in influencing the growth and devel-
opment of lotus. The results contribute to a better understanding of the current gene diversity in lotus, and pro-
vide an abundant resource for future functional genome analysis in lotus.
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1 Introduction

Alternative splicing (AS) is a unique and versatile means of genetic regulation that determines the
maintenance and elimination of a portion of coding sequence in the pre-mRNA. This gives rise to
transcript isoforms resulting to diverse proteins that differ in chemical and biological activity [1]. In
principle, the four basic and most common main subgroups of AS have been reported, including exon
skipping (ES), alternative donor (AltD), alternative acceptor (AltA) as well as intron retention (IR) [2].
However, other types of AS have also been observed in Arabidopsis and rice [3]. In addition, there are
“complex events” where different subtypes of AS can occur in a combinatorial way or one exon can be
subjected to multiple AS types [4]. As a major mechanism for the improvement of transcriptome and
proteome diversity, AS events have been found in numerous eukaryotes. In mammals, the AS plays a
vital role in development, such as stem cell high self-renewal and multi-directional differentiation [5].
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However, the distribution of AS events varies greatly between different species, and ES is the most prevalent
type of AS in animals whereas IR is the most predominant in plants [3,4].

With the advent of the second generation sequencing technologies, transcriptome sequencing (RNA-seq)
provides precise measurement levels for transcripts and their isoforms. These technologies offer a great
opportunity for identifying novel genes and surveying the AS events in many species [6]. For instance, the
analysis of deep developmental transcriptome in Amphimedon uncovered 101,062 previously unannotated
protein encoding genes, greatly increasing the total number of genes by 25% [7]. Recently, the de novo
transcriptome analysis of sugarcane identified a total of 164,803 genes from 275,018 transcripts, and a few
of differentially expressed transcripts associated with the progress of leaf abscission during maturation
were revealed through the comparative transcriptome analysis of the leaf abscission sugarcane plants
(LASP) and leaf packaging sugarcane plants (LPSP) [8]. In addition, the transcriptome survey revealed
approximately 61% of intron-containing genes with AS and ~150,000 splice junctions under normal
conditions in Arabidopsis thaliana [9]. Transcriptome data analysis from fourteen maize tissues showed a
40% increase in the ratio of multi-exonic genes undergoing AS events. The role of AS in plants was
previously unclear until recently when scientists showed its role in tissue identity and genotypic variation
in Zea mays [10].

Lotus is an important food crop in China and other Asian countries due to its high nutrient content in its
rhizomes and seeds [11]. In addition, the entire plant can also be used as medicine for the treatment of various
diseases [12]. In 2013, the complete lotus genome was sequenced covering 86.5% of the 929 Mb genome
[13]. However, the detected gene number is lower compared to Arabidopsis and rice having 92.32% and
95% genes out of the estimated genome size, respectively [14,15]. In addition, the distribution of AS
events in lotus is not clearly understood. In 2013, Robert Vanburen et al. found 174 AS events distributed
in approximately 161 genes, of which 62.6% were retained introns while the “complex events” contained
more than one basic event detected through 454 pyrosequencing of a cDNA library [16]. However,
around 17,000 AS events have been identified where 64% of the expressed genes are based on the RNA-
seq data analyzed from four different cultivars, and alternative 5’ first exon was the main type of AS
events accounting for 41.2% of the detected AS events [17]. The sample numbers used in previous
studies are small, hence a more comprehensive investigation of AS events in lotus should be conducted.

To generate a better understanding of the genetic diversity and the complexity of alternative splicing
events in lotus, 41 public RNA-seq data were analyzed from 13 tissues including root, rhizome, leaf, and
flower. A total of 26,819 encoding genes, including 1,081 novel genes, were identified. Among them,
abundant alternative splicing events were detected, with the IR being the most frequent event. In addition,
Gene Ontology (GO) analysis was also conducted on the genes generating AS isoforms. In summary, the
discovery of novel genes and the comprehensive survey of AS events in this research provide a resource
for further understanding of gene diversity and a good foundation for the genetics research and breeding
of lotus.

2 Materials and methods

2.1 Data Collection

A total of 41 public transcriptome sequencing datasets from lotus were downloaded from NCBI (https://
www.ncbi.nlm.nih.gov/) [18-24]. Clean reads were mapped to the reference genome and the transcripts in
each sample were assembled and quantified using the new tool hierarchical indexing for spliced
alignment of transcripts (HISAT2 v2.1.0) and StringTie (v1.3.6), respectively, after removing low-quality
sequences (Q < 20), adapter sequences, and the reads containing ploy-N [25]. The aligned transcripts
from multiple RNA-seq data sets and the novel splice variants were assembled using TACO tool (v0.7.3)
to reconstruct a consensus transcriptome [26]. Default parameters were used in the analysis tools. Then
the longest potential candidate open reading frames (ORFs) within transcript sequences were identified
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through TransDecoder v2.0.1 (available at http://transdecoder.Github.i0), and the weighted consensus gene
structures were generated through the EVidenceModeler (EVM, v1.1.1) software, combining pre-existing ab
intio predicted genes and generated transcript alignments [27].

2.2 Identification and Visualization of AS Isoforms

Both “internal” AS events with alternative splicing of internal exons and “complete” AS events with
transcription start and end sites were retrieved from the GTF files generated using the TACO tool and
astalavista-4.0 tool (version 2.2.1) having the key parameters as “-e [ASI]” and “-d 07, respectively. The
AS events were classified into five types, including ES, IR, AltD, AltA and other complex event by the
AStalavista server (http://genome.crg.es/astalavista/) [28-30]. The AS events can be systematically
browsed using IGV Browse [28]. In addition, the correlation analysis was performed between genes with
AS event (AS gene) or genes with no AS event (no AS gene) and their gene CDS length, exon number,
and expression quantity, respectively.

2.3 Functional Ontology of Genes

The consensus and novel genes were searched against Non Redundant (NR, http://www.ncbi.nlm.nih.
gov/), Gene Ontology (GO, http://geneontology.org/), Clusters of Orthologous Groups of proteins (COGs,
http://www.ncbi.nlm.nih.gov/COG/), EuKaryotic Orthologous Groups (KOG, ftp://ftp.ncbi.nih.gov/pub/
COG/KOG) databases, respectively.

The functionalities of genes with AS were identified using BLASTX against Non Redundant (NR, http://
www.ncbi.nlm.nih.gov/) and the Gene ontology (GO, http://geneontology.org/). Information was retrieved
by mapping NR to GO and analyzing it using agriGO (http://bioinfo.cau.edu.cn/agriGO/analysis.php)
[31], with default parameters, to obtain the GO plot and the corresponding values for the biological
process, molecular function, and cellular component.

3 Results and Discussion

3.1 Summary of All RNA-Seq Data Set

RNA-seq data sets collected from a variety of cultivated species and organizations were downloaded
from the NCBI database to capture a comprehensive and representative transcriptome of lotus. In this
research, 41 public RNA-seq samples were analyzed, including apical buds, root, leaf, petiole, rhizome,
and different stage rhizome internode from different cultivars and ecotypes. These cultivars included
many ‘BG’ (temperate lotus), ‘WR1’ (tropical lotus), “China Antique”, wild flower lotus (WFL) plants
and cultivated rhizome lotus (CRL) plants. A total of 833,789,625-base single reads and 581,210,638-
base paired reads from 41 lotus RNA-seq data sets were mapped to the reference genome of lotus after
filtering and removing low quality sequences and adapters [13]. A total of 800,013,401 and
529,377,632 high-quality clean reads were generated from the two sequences, respectively. The mapping
rates of the 41 sample are above 80%, while the mean mapping ratio is 93.47%, and six samples had a
mapping rate of lower than 90%, where the least recorded rate is 82.18% (Fig. S1). Approximately
63,869 novel transcripts have been assembled from 41 samples transcriptome sequencing. Using
TransDecoder, a total of 57,074 transcripts (89.36%) were predicted as having a completed ORF box for
protein translations with at least 100 amino acids.

3.2 Features of Consensus and Novel Genes

A total 0f 26,819 consensus genes (EVM genes) are predicted using EVM tool with parameters having a
segment-size of 100,000 bp and an overlap-size of 10,000 bp, of which 19,869 comprise the expression
genes. The average CDS length of these genes is 1,144 bp with sizes ranging from 100 to 20,973 bp, and
around 86.67% gene CDS length is less than 2,000 bp while the longest CDS length is 20,973 bp


http://transdecoder.Github.io
http://genome.crg.es/astalavista/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://geneontology.org/
http://www.ncbi.nlm.nih.gov/COG/
http://ftp://ftp.ncbi.nih.gov/pub/COG/KOG
http://ftp://ftp.ncbi.nih.gov/pub/COG/KOG
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://geneontology.org/
http://bioinfo.cau.edu.cn/agriGO/analysis.php

1668 Phyton, 2023, vol.92, no.6

(Fig. 1). The 26,819 genes were compared to the pre-existing predicted genes (NNU genes) in the reference
genome. 24,475 EVM genes (91.26%) have a one-to-one relationship with NNU genes while 654 EVM
genes contain one EVM gene corresponding many NNU genes. In addition, 260 and 41 EVM genes can
correspond to one or more than one NNU genes, respectively. However, there are still 529 NNU genes
having no transcripts in the assembled transcriptome, indicating the inaccuracy of the pre-existing
predicated NNU genes (Table 1).

:
14,498

be
8,746

N
o 8 8
.2,437
IllSB

1-1000 1000-2000 2000-3000 3000-
gene CDS length (bp)

gene number
= =3 N
g§ § 8

w
8
N

S PP P LIS PSS PP OP OO PO PO
L
gene CDS length (bp)

Figure 1: Distribution of gene coding sequence (CDS) length of consensus genes. (a) General information
of CDS distribution. (b) Shows a detailed distribution of smaller CDS

Table 1: Corresponding relationship of all the consensus genes (EVM gene) and the pre-existing predicated
genes (NNU gene) in lotus. EVM gene is the novel consensus gene while the NNU gene is the annotated
gene in the reference genome

EVM gene NNU gene Gene number
One One 24,475

One Many 654

Many One 260

Many Many 41

Novel None 1,081

None Novel 529
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To improve the genomic annotation information, 1,081 novel genes were annotated on NR, COGs, KOG
and GO databases, respectively. 1,063 novel genes out of the total novel genes have homologous genes with
other species in the NR database. And 1,032 (97.08%) could be identified with an annotated CDS region
against the draft lotus genome with a cut off E-value of le-10 though, 21 novel genes aligned to Vitis
vinifera, Cucumis sativus, Elaeis guineensis and other species related to aquatic features of lotus
(Fig. 2a). In addition, the functional distribution of novel genes was estimated using COG and KOG
classification, and about 363 and 718 novel genes have been classified 21 and 24 terms, respectively. In
COG classification, most novel genes are distributed in the general function prediction terms, though the
novel gene involving in the four terms of RNA processing and modification, cell motility, extracellular
structures and nuclear structures is absent. In contrast, the KOG functional classification of consensus
genes is more comprehensive. A total of 718 novel genes are classified into 24 terms and most genes are
categorized under posttranslational modification, protein turnover, chaperones and intracellular trafficking,
secretion, and vesicular transport excluding the term for the general function prediction. This highlights
the role of most novel genes involvement in the protein synthesis and post-processing (Figs. 2b and 2c).
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Figure 2: The annotation of 1,081 novel genes in NR (a), COG (b), KOG (c) and GO (d). The number in
brackets in figure a is the number of genes having homologous gene within the species

Further classification of all the novel genes was carried out according to their GO categories, i.e.,
biological processes, molecular functions and cellular component (http://www.geneontology.org/). Among
1,078 novel genes having a BLASTX hit against NR/COG/KOG/Pfam/NT database with an identity of
80%, 618 had more than one GO annotation. A total of 3,147 GO terms were extracted and classified
further. Cellular Component classification showed 48% cellular component proteins, 29% organelle and
organelle part proteins, 15% membrane proteins separately, and diverse distributions in other subcellular
components. Molecular function analyses indicated 47% potential proteins encoded by the specific genes
having catalytic or enzyme activity, including oxidoreductase activity, kinase activity, ATPase activity and
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transmembrane transporter activity, respectively. Approximately 41% proteins had the molecular binding
function including ion binding, DNA binding and RNA binding. In addition, 1,952 GO identifiers
involving in a variety of biological processes are present in metabolic process, cellular process, single-
organism process, biological regulation, response to stimulus, localization, etc. (Fig. 2d).

3.3 Detection and Classification of AS Events

In this study, tentative consensus transcripts were aligned to the reference genome, which could improve
the original genome structure and annotation information. To increase the accuracy of the outputs and
decrease of the ratio of false-positive potential AS isoforms, complete internal AS events were detected
and classified according to the four types of AS events in the lotus genome based on the comparatively
comprehensive putative map. A total of 14,070 complete and 19,983 internal AS events were obtained
from 30% of all consensus expression genes corresponding to those reported earlier in rice (48%),
Arabidopsis (61%), and maize (40%) [2—4]. In addition, the frequency of AS events in lotus is also
comparable with that in Lotus japonicus (~30%) and Medicago truncatula (~28%) [32]. Among them,
445 complete AS also contain the internal AS events.

AS events were retrieved from the GTF files produced by the TACO tool used the online software
ASTALAVISTA [26,28] to obtain the AS events patterns of lotus. The IR was observed to be the most
predominant subtype of AS events accounting for 32.72%, followed by AltA (3,603, 17.64%), AltD
(2,790, 13.63%) and ES (1,998, 9.78%). In addition, the second predominant type of AS with 5,352
“complex AS events” had more than one basic type of AS events in sacred lotus [3,33]. From these
figures above, the IR and “complex AS events” are the most prevalent AS types while the ES is minor
event in sacred lotus. Moreover, the use of AltA is higher than the use of AltD corresponding to initial
study (Figs. 3a and 3b) [34]. These results are consistent with the previous study conducted by Robert
VanBuren et al considering the IR as the most common AS type accounting for 62.6% of the 174 AS
events based on expressed sequence tags (ESTs) analysis in 2013. Recently, research shows alternative 5’
first exon as the most dominant type of AS events was in contrast to IR in lotus accounting for 5.01% of
the AS events. This contradiction could be caused by the space and time expression specificity of AS
types and the various sequencing depth of four different cultivars by Yang et al. compared with the
previous study [16,17].

The abundance of IR (~33%) is higher than other types of AS events in sacred lotus, while ES has the
least AS occurrence as evidenced in other plant studies. Researches conducted on Soybean, Medicago, Rice,
Common Bean, Poplar, Tomato, Grape, Brachypodium distachyon, Sorghum bicolor, and even in Volvox
carteri shown the predominance of IR AS subtype. Arabidopsis had the largest quantity of IR event
category (65.3%) based on an extensive transcripts profile analysis [9,35—41]. The wide distribution of IR
type in plants supports the intron definition model, where the introns area is identified directly by the
splicing machinery spliceosomes in pre-messenger RNA splicing plants, corresponding to the exon-
definitive model always seen in animals. In this case, the frequency of ES events is much higher than IR
events [42]. IR evidence in plants indicates the transcript generation form IR is a product of incomplete
splicing which is saved as a transcript having the translation potential in the cytoplasm of the cell,
resulting in different fates of a mRNA through the insertion in the coding region of a pre-mature stop
codon inside the transcript frame [40,43]. The results obtained in this study increased the landscape of the
AS events by incorporating a much higher number of different-length transcripts. Intron retention is a
common AS form among four basic AS events in plant. Despite the great difference in the proportion of
AS genes and the ratio of the four foremost prevalent types in sacred lotus using expressed sequence tag
mapping and deep high-throughput transcriptome sequencing, respectively [16,17].
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Figure 3: Landscape of AS events in sacred lotus. (a) The number before the comma represents the type of
AS event, and the number after the comma represents the proportion of the AS event in all the AS events.
(b) Detailed information of different types of alternative splicing is shown in figure. 1.1 Intron retention.
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3.4 Features of Exons Number, Gene Length and Gene Expression Level of Genes with AS

The relationship between AS event number per gene and the genetic characteristics is analyzed
statistically with Perl algorithm scripts, such as the numbers of exon in the most-exon transcripts of AS
genes, the lengths of coding sequence of AS genes and the expression level of AS genes. This calculation
can help to obtain an overview of the distribution of AS event frequency in all EVM expression genes
and its relationships with other individual genomic characteristics, following the alignment of the
transcripts to the reference genomic sequences. In our study, a total of 5,881 “complete” AS genes and
5,878 “internal” AS genes were observed, respectively, accounting for 30% and 29.58% of all expression
genes. Further research in our study indicates the association of the two types AS genes’ frequency with
of most-exon numbers, the length of CDS and the coefficient association level for gene expression. The
results obtained in this study are consistent with previous findings in maize, teosinte, soybean, which
show a positive correlation with the total AS events to the exon number and gene length [44,45].

EVM expression genes were classified into four groups: high AS gene (more than eleven AS events per
gene), middle AS gene (six to ten AS events per gene), low AS gene (one to five AS events per gene), and
non-AS gene (no AS events in the gene) to confirm the associations. A number of 5,482 low and 324 middle
AS genes were identified, respectively, out of the 5,881 “complete” AS genes, accounting for about 98.72%
of total EVM expression AS genes. The highest frequency transcripts generated through alternative splicing
had 43 genes among the 75 high AS genes. In contrast, the frequencies of middle AS genes and high AS
genes involving “internal” AS events are higher than “complete” AS genes while the transcript number of
most “internal” AS genes are 110, constituting to more than “complete” AS genes (44). The average
frequency of the “internal” AS genes (3) is slightly higher than “complete” AS genes in sacred lotus
(Fig. S2).
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The gene internal features were compared among high AS gene, middle AS gene and low AS gene
involving two AS models. As shown in Fig. 4, AS events per gene between middle AS gene and low AS
gene show a slight positive correlation with the three individual gene internal features. This is consistent
with the analysis above, though there is an inverse correlation between AS frequency, exon number and
gene length observed in the high AS gene due to the limited number of AS genes detected. Regard less
of the type of AS frequency among EVM expression genes, the relationship between AS frequency and
coefficient of variation of gene expression FPKM value, indicates the tissue expression specificity in AS
genes similar to other plants. Recently, more splice variants identified per gene have been generated
within fruit tissues although the AS frequencies are similar among early fruit growths, flowers and
seedlings [40,44].
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Figure 4: The comparison of the gene internal features among high AS gene, middle AS gene and low AS
gene involved in the two AS models. The upper figures (a—c) shown the “complete” AS genes, while the
below ones (d—f) shown “internal” AS gene by alternative splicing

3.5 Functional Ontology of AS Genes

AS changes the diversity of protein-parts by increasing the abundance of mRNAs generated from the
genome with a significant functional effect. In recent years, tremendous efforts have been directed
towards functional characterization of the majority of known plant alternative splicing events to
comprehend the mechanistic overview of the biological functional impact of the AS events. As shown in
O Kelemen’ review, AS events emerged as a crucial central element with molecular versatility and
widespread usage that is involved in most biological functions regulating gene expression [46].

The AS and no AS genes were classified on the basis of their GO categories, i.e., molecular functions,
cellular component, and biological processes to further improve the annotation information of AS genes in
lotus. Compared to the no-AS genes, the distribution of AS genes function is higher on the cellular process
and metabolic process, catalytic activity and binding properties in biological processes and molecular
functions, respectively (Fig. 5).
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Figure 5: Function ontology diversity. Biological process, cellular component and molecular function for

AS genes (a) and no AS genes (b), respectively

Gene ontology classification for molecular function ontology for 3,657 AS genes accounted for 17.5%
of the total 20,853 annotated genes, indicating that approximately 45.2% and 41.7% were associated with
catalytic activity and binding properties, respectively. Majority of the functionally annotated genes in the
detailed dissection of each classified group in the catalytic activity ontology were related to transferase
activity (38.2%), hydrolase activity (32.8%) and oxidoreductase activity (14.9%). 14.1% of the genes
were associated with ligase activity, lyase activity in these sub-groups (Table 2).

Table 2: GO and classification of associated catalytic activity and binding properties among molecular function
classification of total genes with alternative splicing events in lotus

Catalytic activity

GO term count

Percentage (%)

Oxidoreductase activity 300 14.90%
Lyase activity 84 4.20%
Transferase activity 770 38.20%
Hydrolase activity 660 32.80%
Ligase activity 124 6.20%
Carbohydrate binding 21 0.90%
Nucleic acid binding 509 21.40%
Nucleoside binding 523 21.90%
Metal cluster binding 22 0.90%
Hormone binding 5 0.20%
Nucleotide binging 767 32.20%
Ribonucleoprotein binding 7 0.20%
Lipid binding 32 1.30%
Cofactor binding 110 4.60%

(Continued)
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Table 2 (continued)

Catalytic activity GO term count  Percentage (%)
Amine binding 13 0.50%
Tetrapyrrole binding 25 1.10%
Carboxylic acid binding 19 0.80%

Vitamin binding 38 1.60%

Protein binging 266 11.20%
Chromatin binding 26 1.10%

As shown in recent studies, AS plays a key role in determining species- and tissue-specific
differentiation models while the transcripts generated through splicing can participate in a variety of
signaling pathways and respond to transcription factors and chromatin structure [47]. Recently, results
from several functional analyses have shown the effect of AS on plant biological and biochemical
processes such as histone modification [48], DNA-binding preference of transcription factor [49], mRNA
processing [50]. The effect was evidenced in plants through high-throughput sequencing for
transcriptome, which alternative splicing had been proposed to play a fundamental role in growth,
development, and stress responses of plant, such as internal circadian clock, cell fate, plant defense, and
tolerance/sensitivity to stress [51].

In sacred lotus, nucleotide binding proteins are the most prevalent proteins affected by alternative
splicing (32.20%) though they play a significant role in in disease resistance and activating of
downstream signal response, such as the genes generated from the nucleotide binding site-leucine-rich
repeats sequences by AS in rice [52]. The other types of sub-binding specialty among annotated AS
genes comprise the nucleoside binding (21.90%), nucleic acid binding (21.40%), protein binding
(11.20%), cofactor binding (4.60%), vitamin binding (1.60%) and lipid binding (1.30%), and the other
types of binding proteins (Table 2).

GO analysis for the category of biological process indicated the prevalent composition association to
cellular process and metabolic process (Fig. 5). The cellular process was anatomized and about 80.3% of
the genes were classified into the cellular metabolic process, while the primary metabolic process
accounted for 80.2% of the metabolic process. In addition, a large number of sub-distributions in other
processes have been observed in sacred lotus including the macromolecule metabolic process, the
biosynthetic process, the catabolic process, the nitrogen compound metabolic process, the regulation of
metabolic process, the secondary metabolic process, the organophosphate metabolic process and the
negative regulation of metabolic process.

A total 0f 4,067 GO terms were classified under the cellular component part and about 46.30% cell part
proteins, 27.40% organelle proteins, and variable classification in other subcellular components were
observed. These genes are involved in a variety of biological processes including transport, biosynthesis,
metabolic, and stress responses.

The results from gene functional ontology inspection of the AS gene list and non-AS gene list in this
research proposes the involvement of AS in supporting metabolism, physiology, development, resistance
of biotic and abiotic stresses, and immune system. These processes regulate lotus biological
characteristics and phenotypes as evidenced in other plants. Previously, the involvement of AS events
was demonstrated in the floral promoter FCA where the biological pathways promote the floral transitions
process in fca mutants of Arabidopsis [53]. Similarly, alternative spliced transcripts of Rj2 gene in
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soybean have the ability to restrict the nodulation of specific rhizobial strains [54]. In 2011, Seo et al.
proposed two splice variants of INDERMINATE DOMAIN 14 (IDD14) transcription factor gene in
Arabidopsis produced a self-restrained regulatory loop regulating starch metabolism in response to cold
stress by producing a competitive inhibitor [55]. In addition, alternative splicing plays a vital role in
linking the circadian clock to temperature response in Arabidopsis through the splice variants CCA1p and
the CCA1p production of the self-regulated CIRCADIAN CLOCK-ASSOCIATED1 (CCAT1), which is
part of the key clock components associated with low temperature acclimation in Arabidopsis [56]. In
lotus, we observed total GO classifications enriched in cellular process (GO:0009987) and metabolic
process (GO:0008152) in the total AS genes (Fig. 5), providing a strong evidence on its regulating the
biosynthetic pathway and improving the gene protein abundance for variable subsets through alternative
splicing. However, a detailed understanding of functions of all AS genes still remain uncovered in sacred
lotus. Lotus is a model aquatic plant for the ancient dicotyledonous system, and a thorough experimental
investigation are required to verify the functionally annotated AS events identified in this study and
previous studies to provide substantial evidence about the importance of AS biological function.

4 Conclusion

In this study, we successfully detected 26,819 consensus intron-containing genes and 1,081 novel genes
in the lotus genome. The functional annotation information for all the genes were substantially improved
through the analysis of numerous high-sequencing transcriptome data in combination with a well-
designed bio informatics approach. To identify the post-transcriptional modifications, particularly the
alternative splicing, the genome-wide investigation of AS events in lotus was conducted based on total
mapping consensus transcript sequences to the reference genome scaffolds. Distribution results for the
four main AS types and AS-gene functional annotations greatly increased the gene diversity contributing
to in-depth laboratory experiments and large-scale transcriptomics or genomics studies in sacred lotus.
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Figure S2: Overview of the frequency of AS genes. The picture above shows the distribution of genes
involving “complete” AS events, while the figure below indicates the distribution of total genes having
“internal” AS events. 0 no alternative splicing genes. 1-5 the frequency of AS genes between one to five.
6-11 the frequency of AS genes between six to ten. 11- the frequency of AS genes more than eleven.
The number in the figure represents the number and type of AS genes
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