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Abstract

Cases of convergent adaptation, especially between close relatives within a lineage, provide
insights into constraints underlying the mechanisms of evolution. We examined this in the
carnivorous plant family Lentibulariaceae, with its highly divergent trap designs but shared need
for prey digestion, by generating a chromosome-level genome for Pinguicula gigantea, the giant
butterwort. Our work reveals a history of whole-genome duplication in the genus and provides
strong phylogenomic evidence for a sister-group relationship between Lentibulariaceae and
Acanthaceae. The genome also shows that a key digestive adaptation, the expansion of cysteine
protease genes, arose through independent tandem duplications in Pinguicula and its close
relative Utricularia. These parallel expansions arose on homologous regions in both genomes,
consistent with a common ancestral gene occupying the same chromosomal context. This study
provides genomic evidence for convergent evolution of digestive potential in a carnivorous plant
lineage and illustrates how similar selective pressures can repeatedly shape genomes in
analogous ways.



Introduction

The carnivorous syndrome, which encompasses prey attraction, capture, digestion, and nutrient
absorption, is a classic example of convergent evolution in flowering plants. This complex trait
has evolved independently at least eleven times, spanning thirteen families and six orders'.
Carnivorous plants have adapted to nutrient-poor soils by evolving specialized mechanisms to
obtain nutrients from animal prey®.

The morphologically diverse Lentibulariaceae family, which includes Pinguicula (butterworts),
Genlisea (corkscrew plants), and Utricularia (bladderworts), accounts for approximately 45% of
all carnivorous plant species. Despite a single proposed origin of carnivory within the family, its
members exhibit three highly divergent trapping mechanisms: Utricularia uses active suction
bladder traps, Genlisea employs passive eel-trap structures, and Pinguicula utilizes passive
adhesive leaves covered in mucilaginous glands®.

Several genomic resources have been developed for Lentibulariaceae, including assemblies for
Genlisea aurea’, Utricularia gibba®®, Utricularia reniformis*®, Pinguicula moranensis, and
Pinguicula primuliflora'. However, only U. gibba has been assembled to a chromosome-scale,
highlighting the need for more contiguous reference genomes within this family. While the
monophyly of the family is clear, the phylogenetic placement of Lentibulariaceae within
Lamiales has been unstable, with proposed sister-group relationships to Stilbaceae?,
Schlegeliaceae??, Pedaliaceae, and Acanthaceae'®®. Importantly, however, all of these results
have been based on limited gene sets, a problem that should be solvable by comparing coding
sequences at whole-genome scale.

Tandem gene duplications have been implicated as a key mechanism in the evolution of
carnivory. The U. gibba genome contains tandem arrays of cysteine protease genes with trap-
specific expression, enriched for functions related to prey digestion and nutrient transport®.
Gene copy number of cysteine proteases was further potentiated by whole-genome
duplications that occurred during U. gibba’s evolutionary history. Similarly, the pitcher

plant Nepenthes gracilis shows subgenome dominance within its decaploid architecture, with
many trap-specific and digestion-related tandem clusters located on recessive subgenomes?®.
Beyond digestion, tandem duplication has also been linked to trap morphology. In the Australian
pitcher plant Cephalotus follicularis, tandem arrays of cytochrome P450 and wax ester synthase
genes are expressed predominantly in the pitcher. These genes are implicated in the formation
of the slippery waxy surface critical for prey capture!’. In Pinguicula, proteomic studies of
digestive secretions have identified several enzymes involved in prey breakdown, including
proteases, peroxidases, esterases, nucleases, and amylases!®. While some of the genetic basis of
these functions may include small-scale gene duplications as a fundamental strategy, the
architectural arrangement of such genes in butterwort genomes remains unknown.



To address these gaps, we generated a chromosome-level genome assembly for Pinguicula
gigantea and two additional high-quality assemblies for P. agnata and P. moctezumae. A draft
genome for a fourth species, P. grandiflora, was assembled to a level satisfactory for homology-
based gene annotation purposes. Using these resources, we: 1) reconstructed the polyploid
history of Pinguicula; 2) resolved the phylogenetic position of Lentibulariaceae; 3) identified
tandem duplications of digestive enzyme genes; and 4) demonstrated independent expansions
of cysteine protease gene clusters in Pinguicula and Utricularia.

Results

DNA Sequencing and Genome Assembly. We sequenced four Pinguicula species using both
Oxford Nanopore Technologies (ONT) and Illlumina platforms. ONT sequencing yielded between
28.4 and 55.5 Gb of data per species, with read N50 values ranging from 17.5 to 37.9 kb (Table
S2). lllumina sequencing produced between 34.8 and 40.3 million 251-bp read pairs per species
(Table S3). RNA-seq data were also generated for annotation purposes (Table S4).

The P. gigantea genome was assembled into 884 contigs, which were subsequently purged to
405 contigs to remove heterozygosity (Table S5). Using Dovetail Hi-C data (66.4 million read
pairs), we scaffolded the assembly into 11 pseudomolecules with 10 additional small scaffolds
(Figure 1). The final chromosome-scale assembly was 608.7 Mb, closely matching flow
cytometry estimates (598 Mb?'°), and showed 96.8% complete BUSCOs?° with 14.3% of these
duplicated.

For P. grandiflora, the primary assembly (1,879 contigs) was scaffolded using Dovetail Omni-C
data (62.4 million read pairs), resulting in 1,517 scaffolds. The final assembly size was 570.7 Mb,
considerably larger than the flow cytometry estimate of 424 Mb?*°. Owing to this discrepancy
and other quality concerns, the assembly was used only for homology-based annotation.

P. agnata and P. moctezumae genomes were first assembled using long reads, followed by
purging to reduce heterozygosity (Table S6). The final assembly sizes were 676.0 Mb and 586.2
Mb, respectively, slightly larger than flow cytometry estimates (651 Mb and 572 Mb*°). Both
assemblies were scaffolded against the P. gigantea reference, with over 98% of bases placed
into scaffolds (Table S7).

Genome Annotation and Repeat Content. De novo annotation of the P. gigantea Hi-C assembly
predicted 35,940 genes, with 92.3% complete BUSCOs, 11.0% of these duplicated (Table S5).
The P. grandiflora annotation contained 33,294 genes but showed higher duplicate gene
content (33.8% duplicated BUSCOs), consistent with our assembly concerns. Annotations for P.
agnata and P. moctezumae were generated using homology-based methods.



Repeat annotation revealed that Tyl/Copia LTR retrotransposons were the most abundant
repeat class in P. gigantea, P. agnata, and P. moctezumae (Table S8). In contrast, P. grandiflora
showed a distinct pattern, with Gypsy/DIRS1 elements comprising 15.31% of the genome and
unclassified repeats accounting for 43.09%.

Phylogenomic Placement of Lentibulariaceae. To resolve the phylogenetic position of
Lentibulariaceae, we constructed a species tree from 2,322 single-copy BUSCO proteins across
30 Lamiales and 2 Gentianales genomes. Our analysis robustly placed Lentibulariaceae as sister

to Acanthaceae (Figure 2a), supporting some previous findings while using far more evidence*
15

Whole-Genome Duplication History. Synteny analyses revealed the complex polyploid history
of Pinguicula. Self-alignments of the P. gigantea genome showed widespread internal synteny
indicative of a recent whole-genome duplication event (WGD; Figure S2). Comparisons with
Vitis vinifera (which has undergone no additional polyploidy events since the gamma
hexaploidy event at the base of core eudicots) showed a 4:1 syntenic gene ratio (Figure S3),
suggesting two WGDs in the P. gigantea lineage. The first WGD is shared across core Lamiales??,
while the second appears to be specific to Pinguicula.

This interpretation was further supported by comparisons with Mimulus guttatus, which has
experienced only the core Lamiales WGD. The syntenic gene ratio between P. gigantea and M.
guttatus was 4:2 (Figure S4), confirming an additional WGD in Pinguicula after their divergence.

The P. grandiflora assembly showed a 3:2 syntenic ratio against P. gigantea (Figure S5), deviating
from the expected 4:2 ratio for a tetraploid??, further justifying its exclusion from structural
analyses.

Analyses of P. agnata and P. moctezumae initially showed aberrant syntenic ratios and
synonymous substitution rate (Ks) distributions due to uncollapsed heterozygosity (Figures S6-
S9). After purging to remove haplotigs, both assemblies showed the expected 2:2 ratio against P.
gigantea (Figures S6¢,d & S7c,d), consistent with their shared diploid chromosome number
(2n=222%2).

Comparisons with Utricularia gibba revealed syntenic depths of 2:3 to 2:6 (Figure S10),
indicating that U. gibba has undergone more WGD events than P. gigantea since their
divergence®”.

Tandem Duplications of Digestive Enzyme Genes. We identified a large tandem array of
cysteine protease genes on chromosome 8 of P. gigantea (Figure 3). This cluster is syntenic with
four cysteine protease arrays in U. gibba - on scaffolds (unitigs) 699, 85, 578, and 8 — which are
WGD-derived homeologous blocks. Interestingly, trap-specific expression was reported for the
arrays on U. gibba scaffolds 699 and 85 (Figures S11, S13; ref. °). As noted, P. gigantea harbors a



large cysteine protease tandem array on chromosome 8, and while its homeologous block on
chromosome 5 derives from the same lineage-specific WGD, it retains only a single cysteine
protease homolog. This pattern is consistent with tandem expansion confined to chromosome 8
after WGD, rather than parallel expansion and complete loss on chromosome 5. P. agnata and P.
moctezumae also contain one P. gigantea-syntenic block with the tandem duplication and one
without (Figure S12), indicating that whatever the evolutionary context of the tandem array
may be, speciation occurred following any large-scale genome structural changes.

We identified 18 tandemly duplicated cysteine protease genes in P. gigantea (Table S9). Likely
indicative of annotation incompleteness, domain analysis revealed that only three of these
proteins contain the canonical cysteine active site (IPR0O00169), and none contain all three
residues of the catalytic triad (Table S10). Phylogenetic analyses of CDS and protein sequences
show taxon-specific clades for the tandem arrays (Figure S13), consistent with independent
expansions from shared ancestral genes, possibly a single-copy locus.

Multiple WGD-derived U. gibba blocks (scaffolds 8, 85, 699, and 578) are syntenic to the P,
gigantea cysteine protease blocks (chromosomes 8 and 5); for example, U. gibba scaffold 8 is
syntenic to P. gigantea chromosome 8 (Figure S13). Given this positional homology but
phylogenetic separation between the two species, we infer a single ancestral cysteine protease
gene in the shared genomic block of the Mimulus/Utricularia/Pinguicula ancestor (retained as a
single copy in Mimulus) from which the Pinguicula and Utricularia tandem arrays independently
expanded.

We also identified smaller tandem duplications for other digestive enzymes, including aspartic
proteases, peroxidases, and esterase/lipases (Figures $14-S17, Table S9). However, no tandem
arrays were found for beta-xylosidase, desiccation-related protein, or alpha-amylase genes
(Figures S18-520).

Repeat analysis around the P. gigantea cysteine protease cluster revealed a predominance of
unknown elements (63.9%), with LTR/Copia (10.4%) and simple repeats (10.1%) also abundant
(Table S11). This profile differs from that of the U. gibba cluster regions, which are enriched for
simple repeats (22.6%) and have lower LTR/Copia content (3.0%) (Table S12), suggesting
different repeat elements may have facilitated the independent duplication events through
unequal crossovers.

Discussion

We present the first chromosome-level genome assembly for the carnivorous plant Pinguicula
gigantea, providing a high-quality resource for comparative genomics within Lentibulariaceae
and across carnivorous plants. Our analyses reveal a complex history of polyploidy in Pinguicula,
with at least two WGD events since the gamma hexaploidy event. The first is shared with other



core Lamiales?!, while the second is specific to the Pinguicula lineage. Our phylogenomic
analysis robustly places Lentibulariaceae as sister to Acanthaceae, a position supported by
several recent studies'®>*°. These findings resolve previous uncertainties about the polyploid
history of the genus and provide context for interpreting its genomic evolution.

A key finding of our study is the independent evolution of tandem cysteine protease arrays

in Pinguicula and Utricularia. While the genomic contexts of the arrays are syntenic across the
genera (with only a single, likely transposed U. gibba gene on scaffold 32), several lines of
evidence support convergent evolution of duplicate gene expansions: (1) phylogenetic trees
show species-specific clustering of large arrays, indicating duplications occurred after species
divergence; (2) tandem duplications occurred in the same homologous, WGD-derived blocks in
each genus, indicating independent expansions from a single ancestral locus; and (3) repeat
elements surrounding the clusters differ between genera, suggesting distinct, lineage-specific
repeat environments that likely facilitated expansions through unequal crossover events. The
single and syntenic cysteine protease gene of M. guttatus likely also represents the genomic
state in the pre-carnivorous Lentibulariaceae ancestor. As such, our results represent a clear
example of convergent evolution at the genomic level, where similar selective pressures (prey
digestion) have led to similar genomic outcomes (tandem duplication of digestive enzyme
genes) in closely related carnivorous plant lineages with radically different trapping strategies
and prey species profiles.

The functional significance of the cysteine protease gene arrays in Pinguicula remains to be fully
determined. While U. gibba shows clear trap-specific expression of its tandem arrays®, similar
expression analyses in Pinguicula are challenging due to its lack of dedicated non-trap
vegetative tissues. Domain analyses suggest that not all duplicated genes retain full catalytic
activity, which may reflect annotation incompleteness, or more interestingly, actual
subfunctionalization or neofunctionalization within the arrays.

Beyond cysteine proteases, we found smaller tandem duplications for other digestive enzymes,
suggesting that tandem duplication may be a general mechanism for evolving digestive
capabilities in Pinguicula. The absence of tandem arrays for some enzymes (e.g., amylase and
xylosidase) implies that other mechanisms, such as regulatory changes or gene co-option, may
also contribute to the butterwort carnivorous syndrome.

Synthesis and Broader Implications. Our discovery of independently derived tandem
duplications for digestion in Lentibulariaceae, when viewed alongside similar findings in other
carnivorous lineages, suggests a broader genomic principle. In Nepenthes, tandemly duplicated
clusters are linked to trap-specific functions like proteolysis, nutrient transport and chitin
degradation'®. Furthermore, in Cephalotus, tandem arrays of cytochrome P450 and wax ester
synthase genes show pitcher-predominant expression and are hypothesized to be crucial for the



development of the trap's slippery, waxy surface!’. The convergence on tandem duplication as a
genomic solution to the challenges of carnivory, spanning digestion, nutrient absorption, and
prey capture, across these distantly related orders (Lamiales, Caryophyllales, and Oxalidales) is
significant. It suggests that the modular nature of tandem arrays provides an evolvable genetic
architecture that may permit rapid gene-dosage amplification®. This structural specialization
may also offer opportunities for neo- and subfunctionalization of duplicate genes, enabling the
repeated and independent evolution of complex, coordinated traits like carnivory under
selective pressure in nutrient-poor environments.

Conclusions

In conclusion, our study provides a key genomic resource in the form of a chromosome-scale
assembly for P. gigantea that enables detailed comparative studies within carnivorous plants. It
offers strong evidence for a sister-group relationship between Lentibulariaceae and
Acanthaceae and clarifies the history of polyploidy in the Pinguicula lineage, revealing two
whole-genome duplication events, one specific to the genus. Most significantly, we demonstrate
that the expansion of digestive enzyme genes in Pinguicula and Utricularia occurred via
independent tandem duplications, constituting a clear example of convergent evolution at the
genomic level. By integrating our results with previous studies on Nepenthes and Cephalotus,
we propose that tandem gene duplication is a major, recurrent genomic mechanism facilitating
the evolution of plant carnivory across independent lineages. This genome resource establishes
a foundation for future functional studies on the genetic mechanisms underlying carnivory,
particularly the expression and regulation of these convergent tandem arrays, and for broader
structural analyses across other carnivorous plants of the order Lamiales?.

Methods

Plant Material and DNA Sequencing. Tissue cultured plant material for Pinguicula agnata, P.
gigantea, P. grandiflora, and P. moctezumae was obtained from the Red Manejo Biotecnoldgico
de Recursos, Instituto de Ecologia, Mexico.

Oxford Nanopore Technologies (ONT) reads were generated at the J. Craig Venter Institute, La
Jolla, California. Corrupted ONT reads for P. agnata were removed using fastqwiper v1.0.5-alpha
(https://github.com/mazzalab/fastqwiper). Read quality was assessed with NanoPlot v1.42.0%3
(ONT) and FastQC?* v0.11.9 (lllumina). RNA-seq was performed on P. gigantea and P. grandiflora
tissues using lllumina 150 bp paired-end sequencing (Table S4).

Genome Assembly. De novo assemblies were generated using ONT long reads and Illlumina
short reads. For P. gigantea, we used Minimap2 v2.16 and Miniasm v0.3-r1792>2%, Racon?’
v1.3.3 was run three times for consensus calling, followed by three rounds of Pilon?8 v1.23 error
correction with Illumina data (Table S3). Genomes were indexed using SAMtools?°® version



0.1.19%° and BWA version 0.7.17-r11883°, ONT long reads were mapped against the genome
using Minimap2 version 2.16, lllumina short reads were mapped against the genome using bwa
version 0.7.17-r1188, and the resulting BAM files were sorted, again using SAMtools version
0.1.19. The assembly was purged using Purge Haplotigs3! v1.1.1.

A Dovetail Hi-C library was prepared for P. gigantea as described3?. The assembly was scaffolded
using HiRise33 with 66.4 million read pairs.

P. grandiflora was assembled similarly, but with ONT reads <10 kb filtered using NanoFilt?3
v2.5.0 and without purging. A Dovetail Omni-C library was used for scaffolding with 62.4 million
read pairs.

P. agnata and P. moctezumae were assembled using Minimap2 v2.24 and Miniasm v0.3-r179,
with five rounds of Racon v1.5.0 and three rounds of Pilon v1.23. Purge Haplotigs v1.1.2 was
used with repeat-masked BED files. The assemblies were scaffolded using RagTag34 v2.1.0 with
the P. gigantea reference.

All assemblies were assessed with QUAST3 v5.0.2 and BUSCO v5.5.0 (embryophyta_odb10).

Genome Annotation. P. gigantea and P. grandiflora were annotated using EVidenceModeler36:37
v1.1.1 to combine evidence from transcriptome assemblies and gene predictions. RNA-seq
reads were trimmed with Trimmomatic® v0.39. Repeats were identified with RepeatModeler3°®
v2.0.1 and masked with RepeatMasker® v4.1.0, including LTR discovery with LTRharvest*! and
LTR_retriever* v2.9.0.

Four transcriptome assemblies were generated: Trinity364344 v2,12.0; HISAT2%4v2.2.1 +
StringTie*> v2.1.5; STAR* v2.7.9 + StringTie; and TransAbyss*’ v2.0.1. These were merged with
EvidentialGene®. PASA*® v2.5.1 was used with pblat>® v2.5, GMAP>!, and Minimap2 v2.20
aligners.

Homology-based prediction used GeMoMa>?>3 v1.7.1 with U. gibba®, Mimulus guttatus®*,
Tectona grandis>>, Sesamum indicum®®, and Callicarpa americana®’ as references. Ab initio
prediction used GeneMark-ES v4.68°® and BRAKER® v2.1.6.

Annotations for P. agnata and P. moctezumae were generated with GeMoMa v1.9 using default
settings, the P. gigantea and P. grandiflora annotations, and proteomes of five other species as
references: U. gibba, G. aurea, M. guttatus, and Arabidopsis thaliana> as references.
Furthermore, gene models were independently predicted against the masked genome assembly
using GeneMark-ES version 4.68 and BRAKER version 2.1.6 (mapping done with STAR version
2.7.9 and sorted using SAMtools version 1.11). The PASA, BRAKER, GeneMark, and GeMoMa
gff3 annotation files were combined and filtered using EVidenceModeler with segment size set



to 100,000 bp and overlap size set to 10,000 bp. Annotation completeness was measured by
running BUSCO version 5.5.0 embryophyta_odb10.

Phylogenomic Analysis. BUSCO v5.4.4 (eudicots_odb10) was used to extract single-copy
orthologs from 32 species (see Figure 2a). Proteins were aligned with MAFFT®° v7.490, trimmed
with trimAl v1.4.1 (-automated1), and used to build gene trees with IQ-TREE v1.6.12 (1000 SH-
aLRT and UFBoot replicates, ModelFinder). A species tree was inferred from 2,322 gene trees
using ASTRAL®! v5.7.8.

Synteny and Ks Analysis. Select genome assemblies were analyzed on the CoGe platform®?;
Coffea canephora (CoGe id63467), Catharanthus roseus (CoGe id65259), Gelsemium elegans
(CoGe id64491), Gelsemium sempervirens (CoGe id53941), Gardenia jasminoides (CoGe
id66926), Ophiorrhiza pumila (CoGe id63710), Prunus persica (CoGe id36122), Theobroma
cacao (CoGe id64859), and Vitis vinifera (CoGe id19990). For self-alignments, SynMap2©3 was
used to generate syntenic dot plots and Ks histograms. For cross-species comparisons, SynMap2
with the Syntenic Path Assembly option was used to determine syntenic depth. Fractionation
bias was assessed using SynMap's FractBias tool®.

Ks values for syntenic paralogs were downloaded from CoGe and visualized in R using
tidyverse®, ggplot2%®, RColorBrewer®’, ggridges®®, ggpmisc®®, and data.table (DOI:
10.32614/CRAN.package.data.table).

Ksrates®® v1.1.3 was used to position speciation events relative to WGDs. CDS files were
extracted with AGAT v0.9.2. Paralogous Ks peaks were generated using the genome assembly
for Pinguicula gigantea. Orthologous Ks peaks were generated using combinations of species
pairs for each species pair. We justified the Ks value assigned to the gamma hexaploidy event by
comparing Ks peaks from multiple other species that have not undergone additional WGD since
that event (Figure S21). The phylogeny in Figure 2c was used as input for Ksrates.

Tandem Duplication Analysis. Digestive enzyme sequences from Pinguicula x Tina*® were used
as queries in CoGeBLAST against the P. gigantea assembly. Syntenic regions were visualized with
GEvo. MCScan was used for synteny analysis, with annotations converted to gff3 using AGAT
v0.9.2.

For phylogenetic trees of digestive enzymes, protein and CDS sequences were retrieved using
BLAST+ v2.12.0. Alignments were made with MAFFT v7.490, trimmed with trimAl’® v1.4.1 (-
automated1), and trees built with IQ-TREE’! v1.6.12 (using ModelFinder’?, 1000 SH-aLRT and
UFBoot replicates). Sequences from multiple species (see Figure 2a) were included for context.

InterProScan’? was used to identify protein domains in P. gigantea cysteine proteases. These
domains were compared with those from Arabidopsis, Drosera adelae, and U. gibba. Notably,
only three P. gigantea proteins contained IPR0O00169, the cysteine active site which is part of a
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catalytic triad along with IPR025660 and IPR025661
(https://www.ebi.ac.uk/interpro/entry/InterPro/IPR000169/)73. The three Pinguicula gigantea
proteins with this active domain were missing IPR025661 or both IPR025660 and IPR025661.

Data Visualization. The Circos’* plot was generated by parsing RepeatModeler output and gene
annotations to create density tracks for Gypsy, Copia, and genes. Synteny lines were derived
from SynMap2°3 output. Circos software was used for visualization.
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Figure 1: Chromosome-scale architecture of the Pinguicula gigantea genome. (a) (a) Darker
red indicates a stronger signal. Axes show genomic coordinates (left/bottom). Chromosome
numbers are on the right and top. (b) From the outer to the inner ring, the tracks represent:

Chromosome number, LTR/Copia repeat density, LTR/Gypsy repeat density, and gene density.

Putative centromeric regions are highlighted by peaks of increased transposable element (TE)
density and decreased gene density. The plot also includes self-self syntenic connections,
illustrating regions of genomic similarity.
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Figure 2: Phylogenomic placement and polyploid history of the Lentibulariaceae. (a) The
Lentibulariaceae is highlighted in green. Other families of the Lamiales are highlighted in dark
and light shades of grey. Two Rubiaceae species (order Gentianales) were used as the outgroup.
Tree generated from 2,322 BUSCO protein sequences. Branch support is local posterior
probability. (b) Positioning of divergence times in the Lamiales relative to polyploidy events in
Pinguicula gigantea. Syntenic (anchor) Ks paralog pair distribution for Pinguicula gigantea is
shown in gray. Lognormal mixture model clustering of the median Ks values of the syntenic
paralog pairs indicate the core Lamiales WGD in red, and a Pinguicula-specific WGD in blue.
Vertical dashed lines labeled a and b denote the modes of these curves. Vertical lines labeled
with 1-9 are rate-adjusted modal estimates of one-to-one ortholog Ks distributions between
Pinguicula gigantea and other species, representing divergence times. (c) Phylogenetic tree
branch lengths represent Ks distances estimated from ortholog Ks distributions. Dashed
branches have lengths that cannot be computed by the software. Manually superimposed labels
match with the Ks plot and represent Pinguicula gigantea polyploidy events and divergence
with other lineages on the tree. (d) Same as (c), but with meaningless branch lengths to help
see tree topology.
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Figure 3: A highly expanded cysteine protease tandem array in Pinguicula gigantea is syntenic
to a single homolog in Mimulus guttatus. (a) Syntenic blocks between Mimulus guttatus
scaffold 13 and Pinguicula gigantea chromosome 8. The P. gigantea tandem array is marked
with a black rectangle. (b) Zoom in of the tandem array, shown against the single M. guttatus
syntenic homolog. Gene models are labeled with the full gene ID in M. guttatus (top block), but
only with gene number in P. gigantea (bottom block). CDS are represented by green rectangles.
Colored lines connect homologous gene pairs.
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Supplementary Figures

1e8 Link density histogram

Mate position

Read position le8

Figure S1: Hi-C contact map for the Pinguicula grandiflora assembly. Darker red indicates
stronger interaction signals. The left and bottom axes show the genomic position along the

assembly.
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Figure S2: Intra-genomic synteny and synonymous substitution rates for the Pinguicula
gigantea Hi-C assembly. (Left) Syntenic dot plot where each point represents a pair of
paralogous genes; the genome is plotted on both the X and Y axes. (Right) Histogram of

synonymous substitution rates (Ks) for these syntenic gene pairs. The color of each point in the

dot plot corresponds to its Ks value on the histogram.
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Syntenic dot plot: Vitis vinifera vs Pinguicula gigantea
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Figure S3: Comparative synteny and fractionation bias between Pinguicula gigantea and Vitis
vinifera. (a) Syntenic dot plot of orthologous gene pairs. Vitis vinifera chromosomes 1 and 16
are highlighted in yellow and green, respectively. (b) Fractionation bias plot for V. vinifera
chromosome 1, showing the percentage of retained genes (Y-axis) across the target
chromosome (X-axis); lines represent different P. gigantea chromosomes. (c) Syntenic depth
histograms showing the number of genomic blocks per gene for each species. (d) Fractionation
bias plot against V. vinifera chromosome 16.
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Figure S4: Comparative synteny and fractionation bias between Pinguicula gigantea and

Mimulus guttatus. (a) Syntenic dot plot of orthologous gene pairs. Mimulus guttatus

chromosomes 11 and 3 are highlighted in yellow and green, respectively. (b) Fractionation bias
plot against M. guttatus chromosome 11. (c) Syntenic depth histograms. (d) Fractionation bias

plot against M. guttatus chromosome 3.
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Inter-genomic comparison: P. gigantea vs P.
grandiflora (25,158 gene pairs)
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Figure S5: Comparative synteny between the Pinguicula grandiflora and Pinguicula gigantea
Hi-C assemblies. (Left) Syntenic dot plot of orthologous gene pairs. (Right) Syntenic depth

histograms.
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Figure S6: Syntenic comparison between Pinguicula agnata and Pinguicula gigantea
assemblies. (a, b) Analysis of the primary P. agnata assembly before purging haplotigs. (c, d)
Analysis after purging with PurgeHaplotigs. (Left) Syntenic dot plots of orthologous gene pairs
(P. agnata on X-axis, P. gigantea on Y-axis). (Right) Corresponding syntenic depth histograms.
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b P\_gigantea vs P\_moctezumae\_01 syntenic depths
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Figure S7: Syntenic comparison between Pinguicula moctezumae and Pinguicula gigantea
assemblies. (a, b) Analysis of the primary P. moctezumae assembly before purging haplotigs. (c,
d) Analysis after purging with PurgeHaplotigs. (Left) Syntenic dot plots of orthologous gene pairs
(P moctezumae on X-axis, P. gigantea on Y-axis). (Right) Corresponding syntenic depth
histograms.
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Figure S8: Intra-genomic synteny and Ks distribution for the Pinguicula agnata assembly. (a, b)
Analysis of the primary assembly before purging. (c, d) Analysis after purging with
PurgeHaplotigs. (Left) Syntenic dot plots of paralogous gene pairs. (Right) Histograms of
synonymous substitution rates (Ks) for these pairs; point colors in the dot plots correspond to Ks
values.
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Figure S9: Intra-genomic synteny and Ks distribution for the Pinguicula moctezumae assembly.
(a, b) Analysis of the primary assembly before purging. (c, d) Analysis after purging with
PurgeHaplotigs. (Left) Syntenic dot plots of paralogous gene pairs. (Right) Histograms of
synonymous substitution rates (Ks) for these pairs; point colors in the dot plots correspond to Ks
values.
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Figure S11: Microsynteny of cysteine protease genomic regions across species. Syntenic blocks
are shown for Mimulus guttatus scaffold 13, Pinguicula gigantea chromosomes 5 and 8 (which
are descendants of its lineage-specific WGD), and U. gibba scaffolds 699 and 85 (two of the four
descendants of U. gibba’s two most-recent tetraploidy events; the other two are scaffolds 578
and 8). Tandem arrays are marked by black rectangles.
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Figure S12: Macrosynteny of cysteine protease genomic regions across Pinguicula species.
Syntenic blocks are shown for Pinguicula agnata unitigs 797 and 694, Pinguicula gigantea
chromosome 8, and Pinguicula moctezumae unitigs 758, 631, and 85. Tandem arrays are

marked by black rectangles
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Figure S13: Phylogeny and synteny between tandem arrays of cysteine protease genomes in
Pinguicula gigantea and Utricularia gibba. Phylogenetic trees of cysteine protease (a) CDS, and
(b) protein sequences show convergent tandem gene expansions in U. gibba and P. gigantea.
Only CDS-based trees were further considered due to potential phylogeny-confounding
functional convergence at the inferred amino acid level'’. Gene locations are indicated by
scaffold (unitig; U. gibba) or chromosome (P. gigantea), and gene numbers follow physical order.
Branch support values are based on ultrafast bootstrap replicates. Since the gene copies from
the two species do not form mixed clades in the tree, the tandem duplications occurred
independently in each species. Genes from U. gibba are shown in blue, and P. gigantea in red.
Purple boxes indicate clusters of three or more tandem duplicates. (c) Zoom-in of the boxed
subtree in (a). Here, clades from U. gibba and P. gigantea are shown in blue and red,
respectively, since they are taxon-specific, having tandemly duplicated following the Utricularia-
Pinguicula species split. U. gibba arrays occur on four WGD-derived syntenic blocks (scaffolds
699, 85, 578, and 8); P. gigantea has a large array on chromosome 8. (d) A CoGe GEvo view of U.
gibba scaffold 8 and P. gigantea chromosome 8; these are syntenic with U. gibba scaffolds 85,
699 and 578. Genes are colored blue, orange, purple and green, respectively, to signify location
on those scaffolds. A single cysteine protease gene on U. gibba scaffold 32 (cyan) may be a
transposed duplicate. A lineage of Arabidopsis cysteine protease genes (with prefix AT) is sister
to the P. gigantea array. (d) A CoGe GEvo view of U. gibba scaffold 8 and P. gigantea
chromosome 8; these are syntenic with U. gibba scaffolds 85, 699 and 578 (the first two
scaffolds are shown in Figure S11). The tandem arrays of cysteine protease genes are
highlighted in green shaded boxes.
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Figure S14: Phylogenetic trees of aspartic protease (a) CDS and (b) protein sequences. Branch
support values are based on ultrafast bootstrap replicates. Sequences from Utricularia gibba are
shown in blue, and Pinguicula gigantea in red. Purple boxes indicate clusters of three or more
tandem duplicates.
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Figure S15: Phylogenetic trees of peroxidase 10-like (a) CDS and (b) protein sequences. Branch
support values are based on ultrafast bootstrap replicates. Sequences from Utricularia gibba are
shown in blue, and Pinguicula gigantea in red. Purple boxes indicate clusters of three or more
tandem duplicates.
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Figure S16: Phylogenetic trees of putative peroxidase (a) CDS and (b) protein sequences.
Branch support values are based on ultrafast bootstrap replicates. Sequences from Utricularia
gibba are shown in blue, and Pinguicula gigantea in red. Purple boxes indicate clusters of three
or more tandem duplicates.
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Figure S17: Phylogenetic trees of predicted esterase/lipase (a) CDS and (b) protein sequences.
Branch support values are based on ultrafast bootstrap replicates. Sequences from Utricularia
gibba are shown in blue, and Pinguicula gigantea in red. Purple boxes indicate clusters of three

or more tandem duplicates.
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Figure S18: Phylogenetic trees of putative beta-xylosidase (a) CDS and (b) protein sequences.
Branch support values are based on ultrafast bootstrap replicates. Sequences from Utricularia
gibba are shown in blue, and Pinguicula gigantea in red. Purple boxes indicate clusters of three

or more tandem duplicates.
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Figure S19: Phylogenetic trees of desiccation-related protein (a) CDS and (b) protein

sequences. Branch support values are based on ultrafast bootstrap replicates. Sequences from
Utricularia gibba are shown in blue, and Pinguicula gigantea in red. Purple boxes indicate

clusters of three or more tandem duplicates.
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Figure S21: Density plots of synonymous substitution rate (Ks) peaks used to position the core
eudicot gamma hexaploidy event. The color key for species is shown on the right. Analyzed
species include: Coffea canephora, Catharanthus roseus, Gelsemium elegans, Gardenia
jasminoides, Gelsemium sempervirens, Ophiorrhiza pumila, Prunus persica, Theobroma cacao,
and Vitis vinifera.
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