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Interplay between gene splicing and duplication

Abstract

Both gene duplication and alternative splicing (AS) drive the functional diversity of gene
products in plants, yet the relative contribution of the two key mechanisms to the evolution of
gene function is largely unclear. Here, we studied AS in two closely related lotus plants,
Nelumbo lutea, N. nucifera, and the outgroup Arabidopsis thaliana, for both single-copy and
duplicated genes. We show that most splicing events evolved rapidly between orthologs, and
that the origin of lineage-specific splice variants or isoforms contributed to gene functional
changes during species divergence within Nelumbo. Single-copy genes contain more isoforms,
have more AS events conserved across species, and show more complex tissue-dependent
expression patterns than their duplicated counterparts. This suggests that expression divergence
through isoforms is a mechanism to extend the expression breadth of genes with low copy
numbers. As compared to isoforms from local, small-scale duplicated, isoforms of whole-
genome duplicates are less conserved and display a less conserved tissue bias, pointing towards
their contribution to subfunctionalization. Through comparative analysis of isoform expression
networks, we identified orthologous genes of which the expression of at least some of their
isoforms displays a conserved tissue bias across species, indicating a strong selection for
maintaining a stable expression pattern of these isoforms. Overall, our study shows that both
AS and gene duplication contribute to creating the diversity of gene function during the

evolution of lotus.
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Introduction

Alternative splicing (AS) is a post-transcriptional regulation mechanism in which multiple
isoforms are generated from a single pre-mRNA, enriching RNA and protein diversity. The pre-
mRNA splicing process is catalyzed by the spliceosome that recognizes genomic splice sites
and hence triggers alternative splicing events (AS events). These isoforms are translated to

proteins with sometimes different or even antagonistic functions (Lee and Rio, 2015; Wang, et
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al., 2020). Hence, AS enriches an organism's functional diversity by generating multiple
transcripts from the same limited gene pool (Syed, et al., 2012; Kornblihtt, ef al., 2013; Reddy,
et al., 2013; Zhang et al., 2017). Many tissue-specific isoforms have already been identified in
plants (Wang et al., 2016; DiMario et al., 2017) and many AS events have been associated with
abiotic and biotic stresses such as temperature, drought, salt stress, light, and pathogen infection
(Jiang, et al., 2017; Zhang et al., 2017; Gu et al., 2018; Rigo et al., 2019; Tian et al., 2019).
Expression divergence of isoforms results in expression diversity that drives phenotypic
differentiation between species (Wittkopp and Kalay, 2011; Yang and Wang, 2013; Zhou et al.,
2019).

Most previous studies on AS mainly emphasized the role of AS during tissue development
within a single species (Thatcher et al., 2016; Wang et al., 2019). However, understanding how
AS differentiation affects the functional divergence of genes is equally important (Yuan ef al.,
2009; Thatcher et al., 2014). Few studies analyzed how the expression of isoforms changes
between orthologs during lineage divergence and/or contributed to the functional divergence
between paralogs (duplicated genes). Previous studies, based on human ESTs described how
AS events were conserved more frequently in single-copy than in duplicated genes in general
(Su et al., 2006). However, these studies did not account for the difference in origin of the
duplicated genes. This difference in origin of duplicates, i.e., whether they result from a small-
scale or large-scale (for instance whole-genome duplication, WGD) duplication event (Lan et
al., 2017; Van de Peer et al., 2017) might impose differences in functional constraints and
therefore might result in differential retention of AS events.

Isoform-level coexpression networks (Li ef al., 2014; Zhang et al., 2020) that capture the
degree to which isoforms from the same or different genes exhibit the same expression behavior
are ideal to study the expression of isoforms across different conditions and/or species.
Therefore, we performed a comparative analysis of tissue-specific isoform coexpression
networks obtained from related plant taxa to unveil the role of AS in the evolution of gene
function and to understand the relationship between AS and gene duplication.

We hereby focused on Nelumbo, a plant genus commonly known as lotus with two extant
species, sacred lotus (Nelumbo nucifera Gaertn.) and American lotus (Nelumbo lutea Pers. or

yellow-flower lotus). Both species share the same chromosome number (2n=16) with an
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estimated divergence time of 1.50-11.81 million years (Xue et al., 2012; Wu et al., 2014; Cao
et al., 2016). N. nucifera is one of the few angiosperms that has undergone a single whole-
genome duplication (WGD), making it a relatively simple model to investigate the evolution of
AS following a WGD (Qiao ef al., 2019; Shi et al., 2020). N nucifera also has a well-annotated
genome and extensive gene isoform expression datasets (Zhang et al., 2019; Shi et al., 2020).
To perform a reliable interspecific comparison of AS events and isoform expression between
both Nelumbo species, we first improved gene and isoform annotations in N. [utea by
complementing the already available transcriptome data with additional long (Nanopore
transcriptome sequencing) and short-read sequencing (Illumina RNA-seq). Using Arabidopsis
thaliana as an outgroup allowed further elucidation of which of the AS events, that were found
to be conserved between both Nelumbo species, were also conserved over a longer evolutionary
time.
Results
Full-length transcriptome sequencing and isoform identification in V. lutea
To obtain full-length transcriptome and isoform information for N. [utea, we used a combination
of long- and short-read data (Li et al,, 2017; Wang et al., 2017; Wang et al., 2018). A
compendium of possible isoforms in N. [utea was obtained by subjecting a pool of high-quality
RNAs obtained from 18 samples covering different developmental stages to long-read based
nanopore sequencing. This resulted in 29,081,500 reads (3.1 billion bp) with an N50 of 1,202
bp (Table 1). After removing low-quality reads and rRNA sequences, a total of 28,827,854 reads
were subdivided into 23,432,326 (81.28%) full-length non-chimeric (FLNC) reads and
5,395,528 (18.82%) non full-length (NFL) reads (Table 1). To perform error correction of the
FLNCs, the NFL reads were combined with additional Illumina-based short-read sequence data
obtained from the RNA of the same 18 tissue samples (see materials and methods). After error
corrections and clustering (Fig. 1a), a total of 151,988 full-length consensus isoforms with an
average length of 1211 bp and an N50 of 1482 bp were obtained from the long-read data (Fig.
S1).

We also subjected 18 tissue samples to [llumina RNA-seq with two biological repeats per
tissue sample (non-pooled), and the generated Illumina short reads were mapped onto the

reference genome to obtain [llumina unique transcripts and for further expression analysis (Fig.
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1a). After merging the Nanopore full-length consensus isoforms and Illumina unique transcripts,
a total of 124,415 non-redundant transcripts (isoforms) were identified. Furthermore, non-
redundant transcripts covered the full open reading frames of 38,175 gene loci distributed
across the entire N. [utea genome (Fig. 1b). The average number of isoforms per gene was 3.25,
with almost half of the genes (49.36%) containing more than two expressed isoforms (Fig. S2).
For each consensus isoform, we quantified its expression in the samples of the 18 different

developmental stages from different tissues using the Illumina reads.

Rapid evolution of splicing events within and across species

To study the evolution of alternative splicing, we compared isoforms between the closely
related species N. lutea, N. nucifera, and the outgroup Arabidopsis, which has the greatest
resource of transcriptomes and functional assay data among plants. Hereto, we relied on the
well-annotated transcript isoforms in N. Jutea obtained from this study and the isoforms in V.
nucifera obtained from our previous study (Zhang ef al., 2019; Shi et al., 2020). In addition,
we improved the annotation of transcript isoforms in Arabidopsis using 66 published RNA-seq
samples (Table S1) (Klepikova et al., 2016). For each of the three species, we summarized the
number of detected non-redundant isoforms, the average number of isoforms per gene, and the
number of AS events (locations in the genome for which a discrepancy is found between the
transcript and the genome sequence) giving rise to these isoforms (Table S2). Isoforms that
resulted from more than two different alternative splicing events significantly outnumbered the
isoforms that resulted from one AS event (chi-square test, p-value < 0.01) (Fig. 2a). This was
valid for all three species, suggesting that most isoforms were derived from genes by
undergoing multiple AS events (Fig. 2a). Seven major alternative types of AS events, classified
as alternative 3’ splice sites (A3), alternative 5’ splice sites (AS5), retained intron (RI), skipping
exon (SE), mutually exclusive exons (MX), alternative first exons (AF), and alternative last
exons (AL) (see Figure 2b for the splicing patterns) were identified in either of the species. The
most common type of alternative splicing occurring in all three species was RI, followed by A3
and A5, consistent with what is observed in other plants (Mandadi and Scholthof, 2015; Wang

et al., 2018).
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To study the extent to which AS events were conserved between N. lutea, N. nucifera, and
Arabidopsis, we defined 10,245 orthologous gene groups (OGs) containing genes from all three
species (see experimental procedures). For each OG we investigated whether isoforms of the
orthologous genes shared conserved AS events. Hereto, in a pairwise fashion, we compared
orthologous genes from different species belonging to the same OG and assessed whether they
share the same AS events (see experimental procedures, Fig. S3). We identified 2420
interspecies conserved AS events between N. lutea, N. nucifera, and Arabidopsis (Table 2, Fig.
S3). Remarkably, only 4 AS events are conserved among all three species. Expectedly, the two
lotus species have more interspecies conserved AS events (97.6%) (Table 2). Again, most of
the AS events that are conserved across species resulted from the following types: RI (37.43%)
and A3 (28.51%) (Table 2). To validate the accuracy of our identified RNA-seq-based
alternative splicing events, we randomly selected 20 interspecies conserved AS events from the
same OG (amongst which 2 of the 4 were conserved in all three species) and validated the
presence of conserved AS events in each of the relevant species using RT-PCR (Fig. 2C, Fig.
S4, Table S3).

Besides the aforementioned interspecies conserved AS events, we also identified AS
events shared between two paralogs. These were referred to as intraspecies conserved AS events
(see experimental procedures). 517 (0.76%) intraspecies conserved AS events were identified
for paralogous genes in N. lutea, 167 (0.39%) in N. nucifera, and 200 (0.21%) in Arabidopsis
(Table S4). Calculating for each of the three species the percentage of conserved AS events (i.e.
conserved at either interspecies or intraspecies level) on the total number of AS events occurring
in that species (4.3% in N. lutea, 6.04% in N. nucifera, 0.28% in Arabidopsis) shows that only

a relatively small fraction of AS events is conserved.

The tradeoff between duplication and alternative splicing as a source of functional
divergence

To understand how copy number variation originating from gene duplication influences the
diversity and number of AS events (Marshall et al., 2018; Hurtig et al., 2020), we classified
genes based on their copy numbers for N. lutea, N. nucifera, and Arabidopsis, respectively, and

compared how the number of AS events differ between genes with different copy numbers (Fig.
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S5). To make the observed tendencies independent of the number of genes per species, we only
considered genes with orthologs in each of the considered species. The number of AS events
per gene decreased inversely with the gene’s copy number. Significantly (Mann-Whitney U test,
p<0.01) fewer AS events were found in genes with 9 or more copies (Fig. S5), suggesting that
genome duplications and splice variation tend to increase the functional diversity of a gene
family in a mutually exclusive way. Our results also show that in all three species, single-copy
genes underwent significantly more AS events than duplicated genes (chi-square test, p-value
<0.01, Fig. S6). In addition, single-copy genes display significantly (chi-square test, p-value <
0.01) more interspecies conserved AS events than duplicated genes, and this in both lotus
species (Fig. S7). This is in line with previous findings in Arabidopsis (Su et al., 2006; Mei et
al., 2017).

To investigate whether genes from different duplication origins (duplication types)
(Sandve et al., 2018; Shi et al., 2020) differed in the number of splicing events they underwent,
we classified genes according to their duplication origin and compared their number of AS
events. From the non-orphan genes, the overall higher average number of splicing events in
Arabidopsis than in the lotus species for the different classes of duplicate genes is at least
partially due to the better annotation in Arabidopsis for which relatively more isoforms have
been described (Fig. S8). As compared to genes resulting from WGD and to dispersed
duplicates, local duplicates (including proximal and tandem duplicates) showed on average a
lower number of AS events, an observation that holds in all three species (Fig. S8). To explore
the level of intraspecies conserved AS events in duplicates of different origins, we classified
paralogs according to their origin of duplication and within each class compared whether an
AS event observed in a duplicated gene was also present in its closest paralog with the same
origin of duplication (Fig. S9a). What is in common between the three species is that on average,
proximal duplicate pairs tend to have more frequently conserved AS events than other duplicate
pairs (chi-square test, p-value < 0.05) (Fig. S9b). Because of their generally younger age as
compared to WGD or dispersed duplicates, relatively more proximal duplicates have survived
pruning selection, and hence more redundant gene variants are retained. The duplicate orphan
gene pairs contained no cases with at least one conserved AS event in either of the three species,

suggesting that divergence of AS variation occurred relatively fast in orphan genes (Fig. S9b).
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Lineage-specific isoforms as a source of divergence between closely related species
Because we used for each of the closely related lotus species a similar transcriptome sequencing
strategy with a full-length RNA pool of similar composition (Zhang et al., 2019), differences
in isoforms observed between both lotuses can be attributed to lineage rather than tissue
specificity. To identify the lineage-specific evolution of isoforms in both lotuses, we relied on
the orthologous gene pairs (Fig. 3a) and identified conserved isoforms and lineage-specific
isoforms (see experimental procedures). These lineage-specific isoforms were assumed to be
newly generated during lineage evolution. To prevent a bias towards false-positive lineage-
specific isoforms, we removed isoforms supported by less than two RNA-seq samples and
encoding short CDS (see experimental procedures). This resulted in 11,592 lineage-specific
isoforms covering 4,854 genes in N. nucifera and 14,221 lineage-specific isoforms covering
4,424 genes in N. lutea. Figure 3b shows a representative example of lineage-specific isoforms
of respectively N. lutea and N. nucifera. Gene Ontology (GO) enrichment analysis on the set
of genes containing N. [utea lineage-specific isoforms, showed enrichment in metabolic
processes, related to “carbohydrate metabolism”, “lipid metabolism™, and “protein metabolism”
(Fig. 3¢). To exclude these lineage-specific isoforms were unique to our accessions, we verified
the lineage-specificity of these isoforms on an independent dataset. Hereto we collected public
RNA-seq data of the N. nucifera rhizome. More than 91.7% of the lineage-specific isoforms
we identified in our V. nucifera cultivar could be detected in the data of this independent cultivar,
suggesting that most of these lineage-specific isoforms were shared among individuals of the
same species (Fig. S10). To investigate the expression pattern of lineage-specific isoforms
between multiple tissues in N. nucifera and N. lutea, the tissue expression heatmap of lineage-
specific isoforms shows that although most lineage-specific isoforms were expressed in
multiple tissues, some display a high expression level in a specific tissue (see experimental
procedures, Figs. 3d-e). Furthermore, as compared to interspecies conserved isoforms derived
from the same genes, the lineage-specific isoforms showed a significantly (z-test, p <0.01)
higher tissue-specificity in both N. lutea and N. nucifera (Fig. 3f, Tau index). These findings
suggest that during evolution, numerous lineage-specific isoforms originated in closely related

lotus species, some of which display a highly tissue-specific expression.
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Isoforms of the same gene often show expression divergence across tissues

To further study functional divergence between isoforms (Zhang et al., 2020), we build for each
species an isoform-resolved WGCNA co-expression network (Fig. S11, Table S6) which was
clustered in coexpression modules. We subsequently selected for each species module sets that
was representative of each of the profiled tissues (see experimental procedures) (Fig. 4a, Fig.
S11). In this way, we could study tissue divergence of expression between isoforms of the same
gene within and across species as a proxy of a gene’s functional divergence. For each gene, we
defined a ‘polymorphism value’ (PV) which measures the degree to which isoforms derived
from the same gene in the same species are part of module sets representative of different tissues
(Fig. 4a). A high PV indicates that the different isoforms of a gene belong to module sets
representative of many different tissues and hence indicate a diversification of the gene’s
function in that species through alternative splicing. For most genes, at least two isoforms have
a high PV (> 0.5), an observation that holds in each of the studied species (56.15% in N. lutea,
60.06% in N. nucifera, and 54.46% in Arabidopsis) with (Fig. S12). This indicates that during
tissue development, the functional divergence of most genes was likely achieved by

transcribing isoforms with different tissue-specific expression patterns.

Conservation of tissue-specific expression of isoforms from paralogous genes

We used the above-developed metrics (PV) to assess the degree to which the expression
divergence of isoforms depends in case of paralogs on their duplication origin. Hereto we again
grouped genes that underwent a duplication according to their origin of duplication and
calculated a PV level for all these genes. Figs. 4d-d shows the distribution of these PVs,
conditioned on their type of duplication. The average PV of isoforms of single-copy genes was
higher than the PV of isoforms of duplicated genes in both Nelumbo species, being particularly
significant for N. nucifera (Mann Whitney U test, p< 0.01, Figs 4b-d). Although this pattern
was not observed in Arabidopsis (Fig. 4d). It is in line with conserved single-copy genes
showing relatively large tissue expression diversity (De Smet et al., 2013; Shi et al., 2020).
Except for tandem duplicated genes in N. lutea, the PV levels of isoforms of proximal and

tandem duplications were lower than the PVs of isoforms of WGD/segmental and dispersed
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duplicates in the three species (Figs 4b-d). This suggests that isoforms of local duplicates
exhibit less expression divergence across tissues than isoforms originating from other types of
duplication. This is consistent with the higher observed tissue specificity of gene expression in
local duplicates (Shi et al., 2020).

We also investigated whether the degree to which isoforms of paralogs show a bias towards
the same tissues depends on their duplication origin. To perform this analysis we distinguished
in each of the species between single-tissue and multiple-tissue bias genes, based on the number
of tissue-specific module sets the isoforms of a gene belong to (see experimental procedures).
The analyses were performed for paralogous genes that either both showed a single-tissue bias
or both a multiple tissue bias. For paralogous genes that both show a single-tissue bias, we
assessed whether all their isoforms belonged to the module set representative of the same tissue
in a species (Fig. 4e). If so, the isoforms of these paralogs were said to have a conserved tissue
bias in expression. We noticed that isoforms of paralogs originating from local duplications
showed more frequently conserved tissue bias (chi-square test, p < 0.05) than isoforms of
paralogs originating from WGD/segmental and dispersed duplication events (Fig. 4f-h). This
did not hold true for isoforms of paralogs originating from tandem duplications in N. lutea.
Conclusively, isoforms of paralogs originating from local duplications are more often relevant
to the same single tissue.

For paralogous genes that both show a multiple-tissue bias, we calculated for each paralog
the fraction of module sets to which isoforms of the query paralog and its closest relative were
both assigned versus the total number of module sets to which the query paralog was assigned
(see experimental procedures, Fig. 41). The larger this fraction, the more the expression of the
isoforms of both paralogs shows a conserved tissue bias. However, no significant (Mann-
Whitney U test, p> 0.05) difference in this fraction between duplicates of different origins was
observed. Overall, we noticed that in all three species the fraction of tissue-specific module sets
to which the isoforms of both paralogs were commonly assigned versus the total number of
module sets was low on average (36.35% in Arabidopsis, 24.24% in N. nucifera, and 21.63%
in N. lutea), indicating that the occurrence of tissue expression divergence after gene
duplication is at least partially mediated by differences in isoform expression (Figs 4j-1). This

was further confirmed by the fact that the number of isoforms in genes displaying multiple-
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tissue bias was significantly higher than in single-tissue bias genes, and this for each of the

three species ((Mann-Whitney U test, p<0.01), Fig. S13).

Conservation of tissue-specific expression patterns of isoforms from orthologous genes

To assess whether isoforms of orthologs displayed conserved tissue-specific expression bias,
we relied on the definition of matching tissues (see experimental procedures ). Comparing the
similarity between the expression patterns at the level of orthologous genes, hereby not yet
considering isoforms (see experimental procedures). Our results suggest that the expression
patterns of orthologs are significantly (Mann-Whiney U test, p-value < 0.05) more similar
between conditions reflecting matching than between conditions reflecting non-matching
tissues in all considered pairwise comparisons of the species investigated (Fig. S14). Therefore,
we used the concept of matching tissues to further investigate whether isoforms from genes
belonging to the same OG (orthologous group) exhibit the same tissue bias in expression across
the different species: more specifically we assess whether isoforms of orthologous genes belong
to the module sets in either species that are representative of the same matching tissues. Also
here we distinguished two cases: a distinction was made between orthologous genes of which
the isoforms display a bias towards a single tissue and orthologous genes of which the isoforms
display a bias towards multiple tissues (Fig. S15a). From all pairwise comparisons between
orthologs, we identified 10,394 sub-groups of OGs consisting of orthologs of which the
isoforms displayed a conserved tissue bias (see experimental procedures, Fig. S15b) in at least
two of the considered species. These include both cases that show conserved single- and
multiple-tissue bias (Table S7). Figure S16 shows representative sub-groups containing
isoforms of orthologous genes for which the expression shows conserved tissue bias towards
the same matching tissue in three investigated species. Such cases were observed for both cases

of orthologs with solely single tissue or solely multiple tissue bias.

Differentiation of tissue-specific expression patterns across orthologous isoforms
associated with floral organ specification
To investigate whether differential tissue-specific expression between isoforms of orthologs

contributed to changes in floral organs, we focused on the genes of the floral ‘ABCE Model’
11
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that regulate the formation of floral organs (Soltis et al., 2007). In line with previous studies
(O'Maoiléidigh et al., 2014; Zhang et al., 2019), we identified genes involved in the ‘ABCE
Model’ using phylogenetic analysis of the MADS-box gene family across the three species (Fig.
S17). As different combinations of ‘ABCE Model’ genes contribute to forming a particular
floral tissue, we assumed that the expression of all isoforms of genes in a particular combination
should be expressed in the same floral tissues and that this tissue-specific expression pattern
should be conserved across the species investigated. However, analysis of the degree to which
the isoforms of genes belonging to the ‘ABCE Model’ exhibit biases towards the same tissue
(matching tissue representative modules) in each of the species shows that some isoforms of
well-characterized genes show an expression bias toward tissue-specific module sets that are
representative for floral tissues, other than the ones the genes have been characterized for (Fig.
5, Fig. S18). In Arabidopsis and N. nucifera, isoforms (three in Arabidopsis and one in N.
nucifera) from A-class genes, known to be specifically expressed in sepal and petal also showed
a tissue-specific expression in carpel and one isoform from the B-class genes which are
supposed to be only expressed in petal and stamen shows a tissue-specific expression in sepal
(Figs. 5, Fig. S18). These results suggest that alternative splicing and divergence in expression
between isoforms of the genes in the ‘ABCE Model’ contributes to the formation of floral tissue.
Interestingly, these unexpected tissue biases in expression of the isoforms of the ABCE model
genes tend to be conserved between N. nucifera and Arabidopsis. In addition, in both lotuses
but not in Arabidopsis, some of the isoforms of A-class genes showed a tissue-specific
expression in the receptacle, suggesting that A-class isoforms might regulate the formation of
lotus-specific metamorphosis receptacles (Fig. 5). Overall, our results show that subtle changes
in the floral organ-specific expression of isoforms of the ‘ABCE Model’ genes might have

implications for the specific characteristics of the floral organs in lotus.

Discussion

Here we studied how the conservation and expression of isoforms change between orthologs
during lineage divergence and contributed to the functional divergence between paralogs
(duplicated genes). We hereby assumed that isoforms of paralogs would evolve differently

depending on the duplication origin of the paralogs. To perform this analysis we focused on
12
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Lotus, as this system with its single ancient WGD (Shi ef al., 2020) is ideal to compare the
evolution of alternative splicing, after either a WGD or after small-scale duplication events. To
allow for a comprehensive study of the evolution of alternative splicing and its effect on gene
expression in both the short (within-genus level) and longer-term (between a core eudicot and
a basal eudicot) we included Arabidopsis as an outgroup in the analysis.

Systematically analyzing seven main AS types in the studied plant species, showed that
most isoforms undergo more than two AS events. We identified 2,420 interspecies conserved
AS events between orthologous gene pairs of different comparisons of N. nucifera, N. lutea,
and A. thaliana. In line with previous studies, closely related species share more conserved AS
events (Mei et al., 2017), and only four AS events were conserved in all three species. This
suggests that over time AS events are lost or are progressively being replaced by new AS
variants in orthologous genes. When focusing on the faith of AS and isoforms after gene
duplication, we found that the number of AS events is inversely related to the number of gene
copies and that relatively more single-copy genes undergo AS events than genes with more
copies. In addition, single-copy genes contain not only more isoforms than their duplicated
counterparts, but also their AS events tend to be more often conserved across species. The fact
that relatively fewer AS events occur in multicopy genes and that their AS events are less
conserved might imply their functional decay or/and indicate that a balance exists between
increasing genome complexity through either duplication versus alternative splicing. These
observations are in line with the hypothesis that the number of AS events are gradually reduced
after gene duplication, especially in large gene families to avoid producing functionally
redundant isoforms and wasting resources in cells (Su ef al., 2006; Talavera et al., 2007). Along
the same lines, duplicates might inherit the splicing isoforms from their ancestral gene. If these
1soforms had different functions, differential isoform retention can occur where isoforms with
different biological functions are differentially retained between the paralogs. In such cases, the
divergence between the isoforms of paralogs might be associated with the retention of the
paralogs themselves through subfunctionalization (Santos et al., 2011; Su and Gu, 2012).
Although the absolute number of AS events depends on the species, we found that overall, local
duplicates have a lower number of AS events than WGD or dispersed duplicates. In addition,

the AS events of local duplicates tend to be more often conserved between paralogs than those
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of WGD or dispersed duplicates. The latter observation is in line with what was observed in the
human genome (Roux and Robinson-Rechavi, 2011). These results suggest that local duplicates,
particularly proximal duplicates, inherit the splicing isoforms from their ancestral genes more
strictly than WGD or dispersed duplicates, resulting in fewer, but more conserved AS events.

Previous studies showed how isoforms with species-specific expression resulted in
functional divergence between proteins of the same family and hence drove divergence of
phenotypic traits between species (Thatcher et al., 2014; Zhang et al., 2017; Smith et al., 2018;
Huang et al., 2021; Smith et al., 2021). Also, when comparing isoforms between the two
Nelumbo species, we identified 4,854 N. nucifera genes and 4,424 N. lutea genes that gave rise
to lineage-specific isoforms in each of their respective lineages. These N. nucifera lineage-
specific isoforms were shown to also be present in related cultivars of the same lineage, further
confirming their lineage specificity. The genes containing these lineage-specific isoforms were
enriched in biological functions associated with phenotypic traits specific to the lotus. Herein
our results show how lineage-specific isoforms can drive phenotypic differences between
closely related lineages during evolution, in line with previous findings in other closely related
species (Thatcher et al., 2014; Zhang et al., 2017; Huang et al., 2021).

Analyzing the tissue-specific isoform resolved coexpression networks, inferred for each
of the three species, showed that for more than half of the genes their isoforms exhibit
expression patterns biased towards different tissues (high PV value). This indicates that many
genes extend their expression breath through their isoforms. Isoforms of single-copy genes in
lotus tend to show a larger tissue divergence in expression than duplicated genes. This further
suggests that expression divergence through isoforms is a mechanism to extend the expression
breadth of genes with low copy numbers. We also observed that, in general, isoforms from local
duplicates exhibit less expression divergence across tissues than isoforms resulting from WGD
and tend to have the same tissue-specific expression bias. Overall, we noticed that irrespective
of the number of isoforms, the expression of isoforms of duplicated genes rarely showed
expression bias towards the same tissues (Figs 4j-1).

In contrast to previous isoform expression network analysis (Li et al., 2014; Ma et al.,
2020), our analysis allows performing a comparison of the degree to which orthologous

isoforms display the same pattern of tissue bias across species. We identified 10,394
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orthologous sub-groups for which isoforms of the orthologous genes display a conserved tissue
bias in at least two of the species analyzed. The presence of such orthologous isoforms with
conserved tissue bias across species indicates a strong selection for maintaining conserved AS.
When compared to isoforms of orthologous genes that show conserved multiple-tissue bias, we
observed less conservation in expression behavior and tissue bias than for orthologs with
conserved single-tissue bias. In addition, analysis of the genes and isoforms of the floral ‘ABCE’
gene model in Arabidopsis, N. nucifera, and N. lutea show that some isoforms show unexpected
floral organ-specific expression. This indicates that the expression of the ‘ABCE’ gene model
is more complex at the isoform level than what has been described at the gene level. The
formation of the lotus-specific floral tissue receptacle might be the result of combinations of
isoforms from A-class genes, expressed in a tissue-specific way that is unique to Lotus.
Conclusively, our results illustrate that a tradeoff exists between AS and gene duplication
in driving the evolution of gene function. In general, single-copy genes tend to have more AS
events, more conserved AS events, and the expression of their isoforms is more biased towards
multiple tissues than that of other duplicates. This indicates that these isoforms tend to be
generally important across tissues and conserved and drive the functional diversity of single-
copy genes. From all duplicated genes, local duplicates have the lowest number of AS events
and tend to have more often at least one isoform that is conserved between the paralogs. In
addition, these isoforms display a less divergent expression bias (more biased towards a single
tissue). This indicates that either more functional constraints are in place that keep the isoforms
of both copies functionally similar or, alternatively that functional decay is not yet complete.
Duplicates resulting from WGD display relatively fewer AS events and show isoforms of which
the expression pattern and tissue bias are the least conserved, pointing towards

subfunctionalization.

Experimental procedures

Plant materials

The seeds of V. lutea were collected from Pataula Creek, Fort Gaines, Georgia, USA (85°03°W,
31°45°N), and were cultivated in tanks in the Wuhan Botanical Garden Wuhan, China (114°30°

E, 30°60° N). Leaf and petiole samples were collected before the flowering stage. Petal, sepal,
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immature receptacle, immature stamen, and unpollinated carpel were collected before the
blooming day (0 d post-anthesis, DPA), while the pollinated carpels were collected 12 hours
after hand pollination. The mature stamen and mature receptacle were collected at 2 DPA, seed-
coat at 12 DPA, embryo at 15 DPA, and cotyledon at 12 and 15 DPA. Root and rhizome
(internode, node, and apical meristem) were collected after flowering. Overall, a total of 18
tissue samples from the different developmental stages (two biological repeats per tissue) were

collected and frozen in liquid nitrogen.

RNA extraction and Illumina sequencing in . lutea

For each sample, total RNA was extracted using the RNAprep pure Plant Kit (TTANGEN).
After quality checking, the RNA of each sample was used to construct [llumina cDNA libraries
following the recommendations of NEBNext Ultra™ RNA Library Prep Kit for Illumina
(NEB, USA). The sequencing of the ¢cDNA libraries was performed using the Illumina

HiSeq2000 with 150 bp paired-end reads.

Nanopore full-length transcript sequencing of V. lutea RNAs

The mixed RNA from each of the 18 samples was pooled in an equal quantity to obtain 1 ug
RNA as required for the Oxford Nanopore library preparation. SuperScript IV First-Strand
Synthesis System (Invitrogen) was used for full-length mRNA reverse transcription. According
to the Oxford Nanopore recommended protocol, barcodes (Oxford Nanopore Technologies,
ONT) were added to the RNA pool during cDNA amplification. The pooled cDNA was further
end-repaired and dA-tailed using NEBNext Ultra End repair/dA-tailing module (NEB) and
adaptor ligation using the T4 DNA ligase (NEB). Oxford Nanopore Technologies adapters were
ligated to cDNA in a reaction containing adapter mix AMX1D (ONT) and Blunt/TA Ligase
Master Mix (NEB). Libraries were purified by using Agencourt AMPure XP beads and eluted
by Adapter Bead Binding buffer (ONT) and Elution Buffer (ONT). Libraries were then mixed
with Fuel mix and Running buffer provided by ONT. Then, the final cDNA libraries were

sequenced on one FLO-MIN109 flowcell and run on the PromethION platform.

Gene and isoform identification in Nelumbo species
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The [llumina clean short reads were aligned to the N. lutea genome assembly (downloaded from

http://nelumbo.biocloud.net) using HISAT2 (v2.1.0) with parameter -k 5 (Kim et al., 2019).

Mapped reads were clustered into transcripts using StringTie v1.3.5. The Illumina unique
transcript annotations obtained from the different samples were merged using TACO (Niknafs
et al., 2017). For the Nanopore long-read data, short-length (< 500 bp) and low-quality (read
quality score < 7) reads were first removed. To further reduce the transcriptomic noises, we
removed rRNA from the ONT reads, using information obtained by mapping the reads to the

rRNA dataset in Pfam (http://rfam.xfam.org/) using Minimap2 (Li 2018). The obtained clean

Nanopore long reads were subsequently classified based on the presence of the Nanopore
adapters at both ends of the reads into respectively full-length non-chimeric (FLNC) and non-
full-length reads (NFL). The obtained FLNC reads were error corrected using both the NFL
reads and the Illumina short-reads (a merged dataset) with Pilon (v1.22), similar to the error
correction strategy employed in previous studies (Li et al., 2017; Wang et al., 2017; Wang et
al., 2018). Corrected FLNC reads were mapped to the reference genome using Minimap2 with
parameters -p 1.0 -N 100, and the mapped results were further filtered out multi-loci mappings
using Samtools with parameter -flag 2304 to obtain clusters of FLNC transcripts (Li, 2018).
These parameters guarantee a very strict mapping setting so that for each transcript only the
best mapping location is withheld. As the 5’ end sequence of transcripts may be partial
degradation during the process of sequencing and multiple FLNC transcripts can map on the
same location, the clusters contained redundant reads. Subsequently, Nanopore consensus
isoforms were obtained by removing redundant reads in each cluster using cDNA_Cupcake and
pinfish with alignment coverage < 85% and alignment identity < 0.9.

Eventually, EVidenceModeler (EVM) was used to predict confident gene models using
both the [llumina unique transcripts and the Nanopore consensus isoforms. A gene model is
here defined as a gene locus together with its identified isoforms. TransDecoder v5.5.0 was
applied to predict the open reading frame (ORF) of isoforms based on the merged transcriptome,
and only isoforms with complete ORF and with a length over 30 amino acids were retained.

The gene together with their identified isoforms based on PacBio full-length transcript
sequences and [1lumina reads in N. nucifera genome from our previous study(Zhang et al., 2019)

were downloaded from Nelumbo Genome Database (Li ef al., 2021).
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Isoform identification in Arabidopsis genome
The gene annotation (Araportll) of the Arabidopsis genome was downloaded from

https://www.arabidopsis.org. A total of 66 Arabidopsis RNA-seq samples were downloaded

from a previous study (Klepikova, et al. 2016) and used to improve the Arabidopsis isoform
annotation (Table S1). The Arabidopsis RNA-seq samples were mapped to the reference
genome (TAIR10) using HISAT2 with parameter -k 5, and mapped reads with an average of
low (5.76%) multiple-mapping ratio (Table S1) were clustered into transcripts using StringTie
v1.3.5. The Illumina transcript annotations of each sample were merged using TACO (merged
transcriptome). The TransDecoder v5.5.0 was applied to predict the open reading frame (ORF)
of isoforms based on the Arabidopsis merged transcriptome. Only isoforms with a complete

OREF in the Araportl1 gene locus were retained.

Delineation of orthogroups and classification of genes by their duplication status

Orthogroups containing homologous genes from N. lutea, N. nucifera, and Arabidopsis were
delineated using OrthoMCL (Li et al., 2003) with an e-value < 1e-15 and an inflation parameter
of 2.0. Only orthogroups that contained genes from all three species were retained for
downstream analyses. In addition, the CDS of N. nucifera genes were mapped onto the N. lutea
genome using Blat with min identity > 0.9. The reciprocal best-mapping hits were defined as
the orthologs. In total, 17,832 orthologous gene pairs were obtained. Single-copy genes and
genes belonging to dispersed duplications, proximal duplications, tandem duplications, or
WGD/segmental duplications in each of the three species were identified by MCScanX, as
described previously in N. nucifera (Wang et al., 2012; Shi et al., 2020). Given that orphan
genes (genes that have no homology to other sequenced plants) are mostly transient and lineage-
specific, they were considered as a separate class (Tautz and Domazet-LoSo, 2011). To
distinguish orphan from non-orphan genes, we used the gene sequences of N. lutea, N. nucifera,
and Arabidopsis in a BlastP search against the PLAZA 4.0 database with e-value < le-6 after

excluding V. nucifera, N. lutea, and Arabidopsis thaliana, respectively.

Analysis of alternative splicing in N. lutea, N. nucifera, and Arabidopsis
18
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SUPPA?2 with parameter -f ioe was used to identify AS events (i.e. genomic locations in the
gene locus giving rise to alternative splicing), respectively based on the transcript annotations
in each of the genomes of N. lutea, N. nucifera, and Arabidopsis (Trincado et al., 2018). Seven
types of AS events were distinguished: 3’ alternative splicing sites (A3), 5’ alternative splicing
sites (AS), retained introns (RI), skipped exons (SE), alternative first exons (AF), alternative
last exons (AL), and mutually exclusive exons (MX). We identified for each orthologous group
AS events that were conserved between N. lutea, N. nucifera, and Arabidopsis. We, hereby,
only focused on the AS events that affected protein-coding sequence regions and we analyzed
the AS events for each splicing type separately. We used the ‘splice junction-based approach’
of Mei et al. (Figure S3) (Mei et al., 2017): the sequences 45 bp upstream and downstream of
a splice junction site (referred to as SASJs or sequences around a splice junction) were extracted,
concatenated and compared between gene loci of the same orthologous group using BlastN
with e-value < le-5. Matches less than 100 bp in length were removed. Matching pairs for
which the proportion of perfectly matching bases in the target was > 80% were identified as
conserved AS events. Ideally, a conserved AS event involves two genes (1:1) that originate
from the same orthologous group. However, as an orthologous group can contain both orthologs
and paralogs (gene copies from the same species), a distinction is made between intraspecies
and interspecies conserved AS events (Figure S9a, Figure S3). If the AS event is conserved
between the paralogous gene and its closest relative (best hit of the result of BlastN with e-
value < 1e*) of the same species, it is considered an intraspecies conserved AS event. An AS
event is considered to be conserved at the interspecific level, if the AS events occurring in an
ortholog in one species are conserved in at least one of the orthologous genes of the second

species.

Identification of conserved isoforms and Nelumbo lineage-specific isoforms

To identify conserved isoforms for orthologs in both Nelumbo species that belong to the same
OG, isoform sequences of orthologs of either species were aligned using BlastN. Conserved
isoforms were defined as follows: 1) The aligned regions covered over 99% of the CDS
sequence of both compared genes with a p-value < le®, 2) the average expression of the

orthologs (Fragments per kilobase of exon model per million mapped fragments, FPKM) was
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higher than 0.1 in the investigated tissue samples of either species. To identify lineage-specific
isoforms (non-conserved isoforms), we searched in the same OG for isoforms that did not meet
the criteria mentioned above. In addition, the following filtering criteria were used to reduce
the number of spurious lineage-specific isoforms: we removed non-conserved isoforms 1)
supported by less than two RNA-seq samples in either N. lutea or N. nucifera, 2) or non-
conserved isoforms that did not encode complete protein sequences. In addition, to reduce
spurious signals introduced by incomplete transcripts derived from short-read Illumina data,
only isoforms of which the coding CDS length covered > 10% of the longest CDS derived from

the corresponding gene were retained.

Expression analysis of isoforms

The short read RNA-seq data for the different tissue samples in N. lutea and Arabidopsis used
for isoform identification were also used for expression quantification at gene and isoform
levels. The expression matrix of genes and isoforms in N. nucifera was downloaded from

http://nelumbo.biocloud.net (Li et al., 2021). These isoform expression matrices of both

Nelumbo species were used to visualize the expression of lineage-specific isoforms with a
heatmap (using FPKM values). For each isoform, the log, FPKM values plotted in the heatmap
correspond to the average expression values (FPKM) observed in samples belonging to the
same developmental stage of a tissue.
To investigate the degree to which an isoform exhibits tissue-specific expression in a
species, we used the tau index (Kryuchkova-Mostacci and Robinson-Rechavi, 2017):
(1 %) | o Xi

BTN T i (v
Where xi = log (expression of isoform in sample i) and n = the number of samples in which the
isoform is expressed. A high tissue-specific expression corresponds to a high tau value.

To compare the expression behavior of genes between species, we identified 11 matching
tissues between the three species based on the tissue annotation of the samples in each of the
species. Per species, samples that had the same tissue annotation were grouped.

To test whether orthologous genes have a similar expression pattern, we generated per

species and per gene a vector containing for the gene its average expression observed across all
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samples assigned to the tissue in that species. This results per species and for each gene in a
gene expression vector that contains the degree of expression of the gene in each of the tissues
in the species. We pairwisely compared these species-specific expression vectors of the
orthologs using the Pearson correlation. However, because the number of gene copies in one
orthologous group is different for the three species, the relationship between orthologs is not
always a one-to-one relation, but could also be a one-to-many or many-to-many relation. To
reduce this complexity, the tissue-specific expression values of all paralogs of the same species
belonging to the considered orthologous group are collapsed in one value (sum of the
expression values of the paralogs within a species) prior to calculating the correlation. A high
correlation coefficient indicates that the orthologs of the compared species show a highly
similar expression behavior across the matching tissues in each of the respective species. We
compared whether the pairwise correlations were higher when the expression vectors of two
orthologs were compared between matching tissues than when they were compared between

matching tissue and non-matching tissue.

Construction of isoform co-expression networks in V. lutea, N. nucifera, and Arabidopsis
Silent and constitutively expressed isoforms with an average FPKM < 0.1 and coefficient of
variation of FPKM < 1 in all of the three species were removed from their respective isoform
expression matrices. Scale-free isoform co-expression networks were constructed for N. lutea,
N. nucifera, and Arabidopsis using the “WGCNA” package based on default settings from the
tutorial (Langfelder and Horvath, 2008). Correlation analysis between isoforms was used to
build a correlation matrix. Based on the scale-free topology of the network represented by the
correlation matrix, a soft threshold was derived that was used to build an adjacency matrix of
the final coexpression network. We used the linkage hierarchical clustering coupled with the
topological overlap dissimilarity and dynamic tree cut measure to build WGCNA modules.
The number and type of tissues for which the expression was profiled in the two Nelumbo
species were similar. However, for Arabidopsis, more RNA-Seq samples with different
development stages were available for each of the profiled tissues. Having a different number
of samples for a particular tissue (biased tissue representation) might affect the degree to which

the co-expression modules represent the different tissues in each of the species. To study
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isoform expression divergence across species (proxied by the conservation of tissue specific
expression), we assigned for each species, the modules to a particular tissue (defined as tissue-
specific module sets) as follows: WGCNA assigns a significance of each isoform to belong to
a module based on the degree to which the expression profile of the isoform associates with the
trait (tissue) vector. To identify the degree to which a module associates with a tissue, the
average significance of all isoforms in one module for that specific tissue represents the
relevance of the module to the tissue. Modules that were associated significantly (p < 0.01) to
the same tissue, were selected and used to represent a particular tissue (referred to as a tissue-
specific module set).

Based on the degree to which isoforms of the same gene contribute to different tissue-

specific module sets a polymorphism value (PV) is defined:
= Ne a1
PV = 7 (N:>1)

where N; is the total number of different tissue module sets to which the different isoforms of
a gene are assigned, and N; is the number of isoforms of the gene. This PV value captures the
degree to which the isoforms of the same gene are dispersed over different module sets. The
larger the value, the larger the dispersion.

For both paralogous and orthologous genes, we compared whether the expression of their
isoforms was biased towards the same (matching) tissue. To perform this comparison, genes
were divided into two groups, according to the number (n) of tissue-specific module sets in
which the isoforms of these genes were present: single-tissue bias genes (n=1 indicating that
all isoforms of that gene belong to the module set representative of a single tissue) and multiple-
tissue bias genes (n>1 or indicating that at least some of the isoforms of the gene are present in
module sets representative of different tissues). We performed these comparisons only for
orthologous and paralogous gene pairs for which either both genes in the pair showed a single
tissue bias or both genes showed a multiple tissue bias. A paralog of a gene is here defined as
its genetically closest relative of the same species that belongs to the same OG. For isoforms of
paralogous genes derived from genes that display a single-tissue bias, the tissue bias was
considered ‘conserved’ if all of the isoforms of the paralogs belong to the same module set that

represents a particular tissue. For isoforms of paralogous genes derived from genes that display
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multiple-tissue bias, we calculated the degree to which the tissue bias was conserved for the
query gene and its paralog as the ratio of the number module sets representative of different
tissues to which the isoforms of both paralogous genes belong versus the total number of
different module sets to which the isoforms of the query gene belong.

For isoforms of pairs of orthologous genes that display a single-tissue bias in each of the
species, the tissue bias was considered ‘conserved’ if all of the isoforms of the orthologs are in
each of the species present in the module set that is representative of the same tissue (matching
tissues between species). For isoforms of ortholog pairs derived from genes that display a
multiple-tissue bias in each of the species, the tissue bias across species was considered
conserved if the isoforms of the orthologous genes were present in module sets representing at
least two matching tissues. Because the orthologous gene pairs for which a conserved tissue
bias was observed constituted only part of one OG, we further referred to the collection of

orthologous gene pairs with conserved tissue bias as an orthologous sub-group.

GO enrichment analysis

For genes containing the N. lutea lineage-specific isoforms, biological functions were assigned
to N. lutea genes with BLAST2GO using the “non-redundant” database of plants and default
settings (Conesa ef al., 2005). The TBtools was used to identify the significantly enriched GO

terms (Chen et al., 2020).

RT-PCR verification of selected AS events
The RNAs from samples were reverse transcribed into cDNA. Primers were designed to span
the sequences that contained AS events (Table S4). The PCR fragments were tested in 1%

agarose gel to verify the existence of AS events.

Data availability
The Oxford Nanopore full-length sequencing dataset generated for this work is accessible
through NCBI Sequence Read Archive (SRA) under accession number PRINA777451. The

[Mlumina RNA-seq dataset is accessible through NCBI SRA accession number PRINA705058.
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Table 1. Summary of the full-length transcript sequencing of N. /utea on the Oxford Nanopore

Technologies MinlON platform.

Category Nanopore full-length sequencing
Read Number 29,081,500
Base Number 31,673,918,600
N50 (bp) 1,202
Mean Length (bp) 1,089
Max Length (bp) 13,691
Mean Qscore Q11
Number of clean reads (except rRNA) 28,827,854
Number of full-length reads 23,432,326
Full-Length Percentage (FL%) 81.28%

Table 2. Summary of interspecific conserved AS between different comparisons in N. lutea , N.

nucifera, and A. thaliana .

A3 A5 AF AL RI SE  Total

A. thaliana vs N. lutea 12 1 0 0 26 0 39

A. thaliana vs N. nucifera 7 0 0 0 7 1 15
N. lutea Vs N. nucifera 670 335 5 2 871 479 2362

A. thaliana vs N. nucifera vs N. lutea 1 0 0 0 2 1 4
Total 690 336 5 2 906 481 2420
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Figure 1. The annotation of genes and isoforms in the V. lutea genome.

(a) Flowchart for gene and isoform annotation by Nanopore full-length sequencing and Illumina
RNA-seq in N. lutea. Sampling: the number of collected tissue samples in N. /utea organs was
shown in the bar chart. Each of the 18 tissue samples from the different development stages
(two biological repeats per tissue) was collected. Data generation: Total RNA for each of 36
samples was extracted, and the RNA of each sample was used for building a cDNA library and
further sequenced by Illumina RNA-seq. In addition, an RNA pool obtained by mixing the
equal quantity of RNAs extracted from 36 samples was subjected to Nanopore full-length
sequencing. Annotation: The color schematic diagram shows examples of Illumina transcript
merging and Nanopore full-length transcript clustering. The lines in different colors mean
transcripts of the corresponding type. The gray boxes and lines were the exon and intron regions

of merged gene loci. FLNC: full-length non-chimeric reads. NFL: non-full-length reads.
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(b) CIRCOS plot showing the distribution of different annotations in the N. lutea genome. Four
rings from outside to inside show the chromosomal positions (1st), gene density (the red means
high density and blue means low density) (2nd), isoform density (3rd), and colored links show

syntenic blocks (4th).
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Figure 2. Characterization of alternative splicing (AS) events.

(a) Percentage of the number of AS events per isoform in N. lutea, N. nucifera, and Arabidopsis.

Isoforms were classified into three categories: isoforms without AS (=0); isoforms with one AS

event (=1); isoforms with more than one AS event (= 1). The difference between isoforms with

one AS event and more than one AS event was tested by the chi-square test (** means p <0.01).

(b) Classification of AS events in N. lutea, N. nucifera, and Arabidopsis. Different types of AS

events are shown: alternative 3’ splice sites (A3), alternative 5’ splice sites (A5), retained intron

(RD), skipping exon (SE), mutually exclusive exons (MX), alternative first exons (AF), and

alternative last exons (AL).

(c) RT-PCR validation of an interspecies conserved AS event. The orthologous genes of N. [utea
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(NLIg 034643), N. nucifera (Nn5g27756), and Arabidopsis (AT4G02890) are classed into one
ortholog group and share a conserved RI event. The orange sequence indicates the alternative
retained intron, and the purple sequence indicates the exon region around this conserved RI
event. The genomic locus of this interspecies conserved AS event in each of the three species
can be found in Table S3. Yellow boxes (exons) and lines (introns) with arrows show the
predicted structure of each isoform in N. /utea, blue in N. nucifera, and green in Arabidopsis.
The arrows show the loci of the PCR primers (F, forward, and R, reverse) on the first isoform
of each gene. The RT-PCR amplifications in each species among tissues are shown in the left

panel.
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(a) CIRCOS plot showing the orthologous gene pairs between N. lutea and N. nucifera genomes.
The outside brown rings are the chromosomes from the N. /utea genome, blue ones are from N.
nucifera. The inner lines show the orthologous gene pairs.

(b) Validation of lineage-specific isoforms in N. lutea and N. nucifera. The CDS (coding
sequence) and UTR (untranslated region) of isoforms of the N. lutea gene “NL4g 20810 are

shown in yellow boxes and lines, and the corresponding CDS and UTRs of the isoforms of the
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corresponding orthologous N. nucifera gene “Nn4g22339” are shown in blue. The names of the
isoforms indicated in red are identified as interspecies conserved isoforms, whereas those
indicated in yellow are N. lutea lineage-specific isoforms, and in blue N. nucifera lincage-
specific isoforms.

(c) GO enrichment analysis of genes with N. lutea lineage-specific isoforms.

(d-e) Heatmap showing the expression profile (log2 FPKM) of respectively N. lutea and N.
nucifera lineage-specific isoforms. Labels correspond to the investigated developmental stages
per tissue profiled in respectively N. lutea and N. nucifera.

(f) Violin plot shows the distribution of the tau index for lineage-specific (cyan) and conserved
(purple) isoforms obtained for respectively N. lutea and N. nucifera. The median is indicated
with a red line. The difference in mean tau index between conserved isoforms and lineage-

specific isoforms was tested with a z-test (two-tailed), * means p-value < 0.01.
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Figure 4. The expression divergence of different types of duplicated genes in N. lutea, N.

x;fff ffff

nucifera, and Arabidopsis.

(a) Schematic overview of how isoform level coexpression networks and tissue-specific module
sets were built and how the polymorphism value (PV) is used in combination with the tissue-
specific module sets to identify a gene’s divergence in isoform expression.

(b-d) box plots showing the PV levels of isoforms of duplicated genes, conditioned on their
origin of duplication for respectively N. lutea (b), N. nucifera (c), and Arabidopsis (d). The red
dashed lines in the box plots indicate the average value of PV for different duplicated gene
groups. Pairwise comparisons of the PV level between groups were performed using a Mann-
Whitney U test, * means p-value < 0.05, and ** means p-value < 0.01.

(e) Assessing conserved tissue bias in expression for isoforms of paralogs of which the
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expression of their isoforms is biased towards a single tissue (i.e both paralogs are single-tissue
biased genes). Paralogs are represented by respectively the blue and green hexagons. The blue
and green circles represent the isoforms of the corresponding paralogous genes. The
parallelogram represents the module set representative of the tissue to which the isoforms of
both paralogs were assigned. The isoforms of two paralogs are said to show a conserved tissue
bias if all isoforms of both paralogs belong to the same tissue-specific module set (as illustrated
in the figure).

(f-h) Percentage of single tissue bias genes with a duplication origin of which the isoforms show
conserved tissue bias (red part of the bar). Genes are subdivided according to their origin of
duplication. Results are shown for respectively N. lutea (f), N. nucifera (g), and Arabidopsis
(h). The difference in the percentages of genes showing isoform-level tissue bias in the pairwise
between the different duplication groups was tested by the chi-square test (* means p <0.05; **
means p < 0.01).

(1) Assessing conserved tissue bias for isoforms of paralogs of which the expression is biased
towards multiple-tissues. Paralogs are indicated by respectively the blue and green hexagons.
The circles with different colors represent the isoforms of these corresponding paralogs. For
this analysis, only the closest relative of the query gene was considered as a paralog. The
parallelograms in the red rectangle represent the tissues to which the expression of the isoforms
of the paralogs show a shared tissue bias. The isoform of a gene is said to display a bias towards
a certain tissue if it belongs to a module set representative of that tissue.

(G-1) Violin plots illustrating the degree to which the tissue bias was conserved for isoforms of
paralogs of which the expression is biased towards multiple tissues. Genes are subdivided
according to their origin of duplication. This degree of conserved tissue bias is estimated as the
ratio of the number of module sets representative of different tissues to which the isoforms of
both paralogous genes belong versus the total number of module sets to which the query gene
belongs. For this analysis, only the closest relative of the query gene was considered as a

paralog. The ratios are shown for respectively N. lutea (j), N. nucifera (k), and Arabidopsis (1).
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Figure 5. Tissue-specific module networks of isoforms for the ‘ABCE’ module in two
Nelumbo species.

The filled squares in red (A-class), yellow (B-class), blue (C-class), and green (E-class)
represent the ‘ABCE’ model genes. The colored circles (red, green, yellow, and blue) represent
the isoforms of the genes belonging to distinct classes of the ‘ABCE’ model, and the grey circles
represent isoforms not present in the tissue-specific expression modules. The circle's colors
other than the ones indicated above are isoforms that are specifically expressed in non-floral
tissue modules. The lines link genes and their corresponding isoforms. Different combinations

of isoforms from the ‘ABCE’ model genes participate in the formation of different floral tissues.
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