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Abstract: 

The origin and rapid diversification of flowering plants has captured the interest of 

scientists across fields of study including molecular phylogenetics, evolutionary and 

developmental genetics, morphology, paleobotany, and bioinformatics to name a few. In 

my dissertation, I use both traditional synteny mapping and a novel approach utilizing 

large data sets and data networks to elucidate a deeper evolutionary history of gene 

families that traditional phylogenetic approaches have difficulty reaching. In a large 

collaborative consortium we identified carnivorous plants with independent carnivorous 

origins that revealed repeated co-options of stress-responsive proteins coupled with 

convergent nucleotide substitutions to acquire digestive physiology. These results imply 

constraints on the available routes to evolve plant carnivory and the influence of 

transposable elements on the genomic architecture. 
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Chapter I: Introduction 

The origin of angiosperms and how they rapidly diversified has long been a 

central unanswered question in plant evolution. First documented in a letter to Joseph 

Hooker in 1878 (1), Charles Darwin described how the diversification of higher plants 

seemed to appear abruptly in the fossil records. He deemed this phenomenon an 

“abominable mystery”. Traditional approaches using morphology, taxonomy, and fossil 

records are useful, but have limitations. Physical traits that do not stem from a common 

ancestor and gaps in fossil records prevent a full understanding on when angiosperms 

originated and how they rapidly diversified (2-5). As technological advances occurred 

new methods of analysis were created using nucleotide sequencing of DNA (7-9). As 

evolutionary researchers progressed and limitations to traditional analysis were 

discovered, algorithms continued to advance. Genome sequencing became prominent, 

allowing new data analysis techniques to reach deeper into the evolutionary history of 

angiosperms (9). The addition of new deep sequencing techniques pushed forward our 

understanding of angiosperms and their rapid diversification. With questions still to be 

answered, the rapid diversification of the angiosperms lineage continues to inspire 

research studies, including this dissertation. 

Identifying genes that are homologous between diverse and related species is 

important for functional studies. Using phylogenetic approaches, trees can be created to 

understand the relatedness between individual genes and gene families from different 

species and within species. Systematic errors in phylogenetic tree topology could lead to 

1	 



	

		
	

 

  

 

   

    

 

 

  

       

      

   

    

trees that do not represent the most accurate evolutionary relationships between related 

genes. The primary systematic error for shallow time depths is incomplete lineage 

sorting. Incomplete lineage sorting summarizes the fact that species diverge at a 

population level and populations have multiple forms of a gene at a single fixed point in 

the DNA. This causes discordance of the tree topology based on how many alleles are 

maintained in a specific region of the genome during speciation events (10). At deeper 

time depths errors including saturation, misalignment of sequences, unrecognized 

homology between genes from duplication events and both unequal and asymmetrical 

molecular rates create tree discordance. The systematic error of saturation refers to the 

limited number of nucleotide substitutions that a sequence will allow before the 

substitutions recycle nucleotides that already have been substituted. This phenomenon 

prevents the accurate estimation of genetic distance within the alignment (10,11).  In 

order to help resolve gene relationships a different approach has been developed using 

the topology of genomes (12). Genomic architecture is the non-random arrangement of 

elements within a genome. Synteny is defined as the conserved gene order across 

lineages stemming from a common ancestor or from a single species genome, derived 

from whole genome duplication. Syntenic regions can be retained from one species to 

another through speciation events from a common ancestor. Whole genome duplication 

events, small-scale duplication events, and transpositions can disrupt synteny between 

two species. Figure 1 depicts a simplistic scenario using four of the same genomic 

regions from different species. This scenario depicts how the collinearity of a series of 

homologous elements in a region can be used to infer the ancestral state. With the rapid 
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sequencing of whole genomes from species across phylogenetic lineages, ancestral gene 

positions from common ancestors can be resolved. As more whole genomes are 

sequenced, the puzzle grows larger with an increase of data that can be analyzed. Synteny 

is a powerful tool to identify unique evolutionary paths of genes that can help support 

tree topologies and explain discordance (11-13). 

Genomic 	region 1 

Genomic 	region 2 

Genomic 	region 3 

Genomic 	region 4 

Inferred 	ancestral 	state 

Figure 	1. Inferring	Ancestral 	states. Four 	regions 	have 
obvious 	collinear 	genomic 	features 	displayed 	as 	colored 	blocks. 
Blocks 	that 	do 	not 	match 	up 	between 	each 	region 	can 	be 
logically 	arranged 	based 	on 	the 	remaining 	two 	regions 	inferring 
the 	ancestral 	genomic 	features 	of 	that 	region. 

To reconstruct the ancestral genomic state, one must understand the mechanisms 

involved in breaking synteny. Firstly, the genomic architecture from one species to 

another can differ through whole genome duplication (WGD) events known as 
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polyploidization, and the ensuing mass gene duplicate decay. Polyploids can originate 

from alleles within the same species; this is called autopolyploidization. Polyploids can 

also originate from alleles outside of the species via a hybridization event called 

allopolyploidization. Secondly, Small-scale duplication events can add to genome size 

and alter the synteny between two regions. These small-scale duplications can be created 

by four main mechanisms. Unequal crossing over or replication slippage can cause 

tandemly duplicated genes situated immediately adjacent to each other. Genetic elements 

that can amplify themselves through an RNA intermediate are called retrotransposons 

and are considered a class I transposon. Sequences downstream of retrotransposons can 

in some cases be amplified and inserted into the genome along with the transposon and 

lead to gene duplications. Double-strand breaks in DNA create free ends that are able to 

pair with short regions of homology to provide the polymerase with substrate to conduct 

repairs. These short regions of homology would then be duplicated in the strand that is 

being repaired. Strands of mtDNA and cDNAs derived from retrotransposons can be 

captured and integrated to the nuclear genome via double-strand break repair also causing 

duplicates of those genes (14,15). Both whole genome duplicates and small-scale 

duplicates have three possible fates: gene loss, subfunctionalization or 

neofunctionalization. Gene loss or gene decay occurs when a build-up of mutations 

results in a non-functioning gene. Gene loss can also occur through molecular 

mechanisms such as slippage where DNA polymerase slips forward along the DNA 

strand and misses a region during replication. Subfunctionalization occurs when duplicate 

genes share the ancestral gene’s functions. An example scenario for subfunctionalization 
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is if we were looking into gene X and its functions A, B and C. Gene X was duplicated 

and after the event it lost function C. The duplicate gene X’ lost both functions A and B. 

When both gene X and gene X’ functional capabilities are combined they share the 

ancestral gene X’s functions of A, B and C. Neofunctionalization occurs when one of the 

duplicates retains ancestral function but the other duplicate gains a new function. The 

retention of both duplicates leads to a growth in the size of the genome. The gene loss of 

one of the duplicates can cause an alteration of the gene family’s synteny and genomic 

architecture. Lastly, Class II transposons can disrupt synteny via transposition events. 

Class II transposons consist of DNA transposons. These transposons are able to cut-paste 

utilizing an enzyme called transposase that catalyzes the movement of the transposon and 

in some cases some surrounding genomic regions to other areas within the genome (15). 

Most duplicates are rendered non-functional due to a slow accumulation of 

deleterious mutations or from deletions after a WGD event. A lag time after a WGD has 

been identified as a period in which large-scale genome reorganization occurs to bring 

the organism back from a polyploid state to a diploid state. This phenomenon is referred 

to as diploidization. This rearrangement process is hypothesized to be a contributing 

factor for creating novel phenotypic states. The time period after the WGD has been 

correlated with periods of high species proliferation and diversification (16-18). Genes 

that code for proteins involved in kinase activity, protein binding, and transcription are 

common examples that have a lower rate of gene loss. The expression of these genes 

must be in a stoichiometric equilibrium to function properly. If this equilibrium is 

disrupted the organism will experience a deleterious dosage effect (19, 20). The gene 
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ontology categories that have high retention rates after WGD events tend to have a high 

gene decay rate after small-scale duplication events and vice versa: gene duplicates that 

have a low retention rate after whole genome duplications have a high retention rate after 

small-scale duplication events. Although whole genome duplicates can diverge 

functionally, some duplicated genes can retain ancestral function. This can create genetic 

redundancy within the genome. It has been documented that in many instances in place of 

functional divergence, expression relocation from one tissue to another can occur 

allowing the same function to take place but in a new location which is still considered 

neofunctionalization (21-24). 

There is a widespread consensus that two ancestral WGDs provide the most likely 

explanation for the rapid diversification of angiosperms (25-27). Angiosperms with 

unique adaptations to extreme ecological niches have very complex growth and 

development patterns. Studying the genomic architecture of lineages across the 

angiosperm phylogeny can help shed light on what has changed within the genomic 

architecture to allow for such complex phenotypes. This provides researchers with an 

opportunity to build a framework to test questions about plant development more 

specifically, including questions important to world economics such as plant medicinal 

capabilities, nutritional content, and biofuels. I sought to answer questions using 

comparative genomic techniques to identify the syntenic ancestral origins of genes 

important in plant development and to identify unique structures that may lead to a 

functional significance. I describe these studies in the three research chapters that follow. 

In the chapters I investigated the following three observations and corresponding aims: 
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1. I identified key evolutionary events of a gene family that has an important role on 

plant development. The TCP (Tensointe Branched 1/Cycloidea/PCF1) gene family is 

split into two classes, TCP I and TCP II. Only class II TCP’s have been well studied and 

the genes comprising the group have been functionally classified. TCP class I has yet to 

be resolved both evolutionarily and functionally. My research aim was to analyze the 

genomic architecture surrounding the class I TCPs to establish historical events relating 

to the evolution of this class in extant plants where traditional gene trees and collinear 

syntenic plots have been inconclusive. 

2. My collaborators and I compared the carnivorous plant Utricularia gibba and its 

drastic phenotypic differences to its close relative Mimulus guttatus. We used the genome 

of Utricularia gibba to identify genomic architecture changes that could lead to its 

unique characters. Utricularia gibba, an aquatic bladderwort carnivorous plant, has a tiny 

nuclear genome despite 3 species-specific WGDs. This massive genomic loss is due to a 

high deletion rate. Species-specific WGDs and the high deletion rate provide a unique 

opportunity to look at what genes are necessary for the survival without its so-called 

“junk DNA”. We aimed to analyze the genomic architecture and identify genes that may 

have contributed to the unique phenotype and carnivorous nature of Utricularia gibba. 

3. Genomic architecture between species with convergently evolving traits could 

elucidate the mechanism behind the phenotype. In theory, the most parsimonious way for 
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a trait to arise is through a common ancestor. These homologous traits would then have 

arisen just once. In order for distantly related organisms to all have a trait that their most 

recent common ancestor did not have, their DNA would all have had to converge on the 

same mechanisms independently. The number of ways the same pathways could be 

manipulated would be a limited number based on the regulatory regions and genes in the 

pathways responsible for the converged phenotype. My collaborators and I aimed to 

analyze regions with known carnivorous plant functions in a syntenic perspective to see 

comparatively how these regions are arranged compared to the most recent common 

ancestral state. 
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 Chapter II: Ancestral genomic rearrangements in the class I subclade of the TCP 

transcription factor family 

The TCP gene transcription factor family is an important developmental gene 

family in flowering plants. TCP gene members have been detected in modern day green 

algae, indicating that the origin of the family dates back before the diversification of 

angiosperms (1). There are two classes that differ slightly in the TCP domain’s amino 

acid composition with a four amino acid deletion in the class I relatives compared to class 

II. TCP class II is further separated into three subclades CIN, CYC and TB1. The 

subclades are involved in lateral organ development, floral symmetry, and apical 

dominance respectively. TCP I has been linked to regulating DNA replication and repair, 

cell cycle progression, plant defense, and leaf development, but their exact functions are 

still widely unknown (2, 3). The two WGDs prior to the rise of angiosperms created gene 

duplicates that were retained in the genomes. These genes were retained because they 

require a stoichiometric equilibrium for proper function. As time progressed, a portion of 

these genes duplicates had the opportunity to neofunctionalize. These neofunctionalized 

genes in developmental gene families, including the TCP gene family, have been 

hypothesized to lead to the development of novel phenotypes and subsequent lineage 

diversification (e.g. 4-6). Some of these gene duplicates may have caused complications 

in functional analyses by retaining ancestral functions and causing genetic redundancy. 

Genetic redundancy makes it difficult to identify a causal relationship between a function 

and a single gene. To cope with redundancy researchers have developed several 

approaches. One such approach implements a chimeric repressor gene-silencing 
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technology (CRES-T) that dominantly represses transcription targets even in the presence 

of redundant genes. Furthermore, molecular and bioinformatic approaches such as 

protein-protein interactions, phylogeny, and expression profiling have been conducted to 

try to cope with genetic redundancies by identifying paralogous genes. Paralogous genes 

are homologous genes stemming from a duplication event and these genes could have the 

potential for overlapping function (7). Both traditional wet lab and bioinformatics 

approaches have worked well to shed light on the class II TCPs, but have failed to 

elucidate the complex nature of the class I TCPs (7-9). 

With the limitation of traditional approaches, I chose to look at the TCP subfamily 

from a different perspective. Past syntenic analyses have used a collinear syntenic 

approach, where gene regions from different species that are syntenic to each other are 

illustrated on a linear plot. These plots have a limitation in how much data can be 

visualized. They depict genomic regions of interest, but lack a true way of linking 

distantly syntenic genes together using a large whole genome data set. In an approach to 

visualize the data in a different way, synteny networks can circumvent both problems. 

The networks are created using abstracted syntenic blocks from whole genome protein 

coding sequences with both intra- and interspecies comparisons. Nodes of the network 

indicate genes and edges or lines connecting the nodes indicate genes that are syntenic to 

each other. This allows for visualization of a gene family without showing flanking genes 

normally displayed by other methods. Network analysis using k-clique percolation 

statistics breaks down the network into three building blocks. The first basic block is an 
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individual clique or grouping of syntenic nodes. These cliques are determined by the k 

cut off value. A clique with a cut off of three is depicted as a triangle base illustrated in 

figure 2a. Two cliques are considered adjacent when they share k-1 nodes. A cut off of 

three would have two shared nodes illustrated in figure 2b. Two cliques are considered 

non-adjacent when they share less than k-1 nodes, illustrated in figure 2c. The union of 

all cliques that can be reached from each other through a series of adjacent cliques is 

called a k-clique community (Figure 2d). The overall shape of the community and the 

length of the edges do not matter. The number of connections (i.e., edges) defines the 

strength of the community. Within a single community if there are a high number of 

edges there is a strong syntenic connection among the nodes. When a single community 

has a twin cluster layout (Figure 2e), there will be two subclusters within the community 

with a higher number of intra-connections (connections within the subcluster) than inter-

connections (connections between subclusters). This twin cluster layout is usually the 

result from a deletion of a paralogous gene in one of the clusters. Large communities 

comprised of these subclusters indicate a long-conserved close genomic proximity of the 

genes (nodes) involved and can help deduce the path of gene evolution (10).  
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a b c 

Clique Two 	adjacent 	cliques Two 	non-adjacent 	cliques 

d e 

Figure 	2. Network 	components. 	(a) A 	diagram 	of a 	single 	clique 	or 	group 	of 
nodes 	that 	are 	syntenic 	to 	each 	other 	with a k 	cutoff 	value 	of 	3. 	(b 	and 	c) 
Two 	cliques 	connected 	by 	k-1 	(3-1=2) 	nodes 	and 	two 	cliques 	that 	are 	not 
connected 	by 	k-1 	nodes, 	respectively. A 	series 	of 	adjacent 	cliques 	form a 
community. 	(e) A 	twin 	cluster 	layout 	in a 	community 	of 	adjacent 	cliques. 
There 	are 	more 	intra-	connections 	than 	inter-connections 	between a 	series 
of 	nodes 	creating 	two 	subclusters 	within a 	community. 
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Methods 

Using the gene protein models from 51 genomes covering green algae, mosses, 

gymnosperms, and angiosperms, and an approach developed by Zhao et al. available at 

https://github.com/zhaotao1987/SynNet-Pipeline, I searched for TCP gene sequences and 

created a database for all of their intra- and interspecies syntenic connections using 

RapSearch and MCScanX (10-12). I created and used a TCP domain database to search 

for TCP family gene members using the program HMMER 3.1 and a cut off value of 10-

15 (13). The TCP-specific list of syntenic connections between genes was used as an 

input to Cfinder, a k clique percolation program using a k value of three (14). A cut off 

value of three was selected to best approximate the data as it is the least stringent and 

allows the visibility of distantly syntenic genes. The Cfinder results were then used to 

organize the syntenic network into communities. The network was visualized and force 

directed circular layout was conducted using Cytoscape 3.6.0 (15). The network did not 

contain any non-angiosperm species for one of two reasons. Firstly, the lack of non-

angiosperm species could be a result from the extreme phylogenetic distance between the 

non-angiosperm species that currently have their genome sequenced and the 

angiosperms. Secondly, low genome quality and/or poor gene model predictions could 

possibly obscure phylogenetic relationships. 
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Results and Discussion 

The TCP syntenic network clearly depicts five separate communities (Figure 3). 

Using Arabidopsis thaliana genes and gene annotations, community 2 (green) is 

comprised entirely of TCP Class II genes. The remaining four communities are 

comprised of TCP class I genes. All TCP genes from Arabidopsis were identified as 

members of one of these communities. The separation of the TCP class I subfamily 

represents individual transposition events. Genes from Amborella trichopoda, color-

coded in lime green in figure 4, are present in all four TCP I communities. This indicates 

that the transposition events occurred before the most recent common ancestor of the 

basal angiosperm Amborella trichopoda, and all other angiosperms. Depicted in figure 4, 

the nodes circled orange in community 0 are tandem duplicates that correspond with 

genes that are located right next to each other on their corresponding scaffolds. Since 

these transcription factors are more susceptible to disruption of stoichiometric 

equilibrium and are rare in this gene family, the finding of a small-scale duplication has 

very interesting functional implication. When community 1 is depicted using a force-

directed layout, a twin cluster layout by definition appears between the three subclusters 

(Figure 5). One might consider this to be a triplet cluster. This layout indicates long 

conserved close genomic proximity between the subclusters in the community. The 

subclusters illustrate the divergence in gene evolution of each cluster against the other 

two clusters. I hypothesize that duplication event(s) created 3 separate regions that were 
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all syntenic to each other, but through time had subsequent gene losses that deteriorated 

the syntenic signal between the three regions. 

Creating an accurate phylogenetic tree from the TCP gene family is complicated 

due to the high sequence divergence outside of the TCP domain and a high sequence 

similarity within the TCP domain between individual gene members. The synteny 

network analysis used here allows researchers to see the relationships between TCP genes 

without the use of sequence alignments. Synteny networks and the assertion that closely 

syntenic genes are more likely to have similar expression patterns and function, will aid 

researchers in identifying genetic redundancy. Genes that have been transposed or show 

twin layouts can be used to help design future functional studies. Using this novel 

approach can help shed light upon convoluted gene families across lineages that cannot 

be fully resolved using phylogenetic methods. Unraveling the mysteries of the TCP class 

I could help answer several questions arising from rapid evolutionary diversification of 

angiosperms have brought forth. 
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Figure	3.	The	TCP	specific	synteny	network.	The	network	is	
comprised	of	49	angiosperm	species.	The	network	is	divided	into	five	
separate	communities	all	depicted	in	different	colors.	Four	
communities	belong	to	TCP	class	I.	The	separate	communities	indicate	
transposition	events.	The	purple	nodes	indicate	non-adjacent	cliques	
that	do	not	meet	the	criteria	to	join	the	two	separate	communities	
together.	



	

		
	

 

 

 

 

 

 

 

	
	

	  
	 	  

	  
	 	  

	  
	 	 	 

	  
	 	 	 

	  
	 	 	 

	 	 	 	
	 	 	

	 	
	

	 	
	 	

Community 0 
Community 4 TCP Class I 
TCP Class I 

Community 3
TCP Class I 

Community 2
TCP Class II 

Community 1
TCP Class I 

Figure 	4. Amborella and 	the 	TCP 	specific 	syntenic 	network. The 
network 	is 	comprised 	of 	49 	species 	with Amborella 	trichopoda color 
coded 	in 	lime 	green. 	The 	presence 	of Amborella 	trichopoda 	indicates 	the 
transposition 	events 	in 	the 	TCP 	Class I 	subfamily 	forming 	the 4 	separate 
communities, 	occurred 	before 	the 	common 	ancestor 	of Amborella 
trichopoda and 	the 	rest 	of 	the 	angiosperm 	lineages. 
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Figure 	5. Force 	directed 	twin 	cluster 	layout. A 	circular 	force 	directed 
layout 	of 	community 	1. 	This 	force 	directed 	layout 	forms, 	by 	definition, 
a 	twin 	cluster 	layout 	between 	the 	three 	subclusters. 	This 	indicates a 
long 	historical 	syntenic 	relationship 	within 	the 	community. The 
formation 	of 	subclusters 	within 	the 	community illustrates 	divergence 
of 	the 	members 	of 	one 	cluster 	against 	the 	other 	two, 	most 	likely 	due 	to 
the 	gain 	of 	duplicate 	genes 	and 	subsequent 	losses 	creating 	syntenic 
relationships 	to 	deteriorate 	between 	the 	subclusters. Amborella 
trichopoda 	genes 	are 	circled 	in 	red, 
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Chapter III: Long read sequencing uncovers the adaptive topography of a 

carnivorous plant genome 

The following details summarize my contributions to the research published in 

PNAS (1). Carnivorous plants are scattered throughout the angiosperm tree and are 

considered a polyphyletic group. It appears that these very distantly related organisms 

converged on a molecular level for traits involved with digestion of prey to become 

carnivorous from common ancestors that were not carnivorous. Sequencing their whole 

genomes and looking at the genomic architecture of each lineage separately will help 

shed light upon the molecular mechanisms behind the evolutionary convergence of traits. 

Utricularia gibba has gone through at least two rounds of WGDs since the most 

recent common ancestor that it shares with Vitis vinifera. The genome contains genes 

from tandem duplication events and these genes were enriched in secondary metabolic 

activity (SI Appendix, Datasets S7 and S8). I used this information to explore highly 

expanded tandem duplicate gene arrays using a syntenic collinearity method. KCS6 and 

cysteine proteases are both genes involved in the unique carnivorous nature of 

Utricularia gibba. KCS6 is most likely involved in cuticle buttressing of the thin, two cell 

carnivorous trap and cysteine protease is an important digestive enzyme in digesting 

prey. I discovered both KCS6 and cysteine proteases were found in an island surrounded 

by retrotransposon based on the surrounding gene annotations (SI Appendix, Section 

2.5). This discovery mechanistically would explain the cause of the multiple tandem 

duplication events that produced these gene arrays. Within these arrays, genes were being 

expressed in the carnivorous traps (SI Appendix S2 and S8). These expanded gene arrays 

23 



	

		
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

play a role in the individualized adaptive genomic architecture of a carnivorous plant. 

Investigating into how phenotypic traits such as carnivory, arose will allow some insight 

on how mechanistically the angiosperms diversified. 
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Long read sequencing uncovers the adaptive topography of a carnivorous plant 
genome 

Tianying Lan, Tanya Renner, Enrique Ibarra-Laclette, Kimberly M. Farr, Tien-Hao 
Chang, Sergio Alan Cervantes-Pérez, Luis Herrera-Estrella, Chunfang Zheng, David 
Sankoff, Haibao Tang, Rikky W. Purbojati, Alexander Putra, Daniela I. Moses, Stephan 
C. Schuster*, Victor A. Albert* 
*Co-corresponding authors 

Abstract: 

Utricularia gibba is a bladderwort carnivorous plant that retains a tiny nuclear genome 

despite at least two rounds of whole genome duplication (WGD) since common ancestry 

with grape and other species. A new, third-generation nuclear genome assembly with 

several complete chromosomes permits an unprecedented opportunity for the discovery 

of genome-wide adaptive architectural features. We reconstructed the two most recent 

lineage-specific ancestral genomes that led to modern U. gibba genome structure. 

Patterns of subgenome dominance in the most recent WGD, both architectural and 

transcriptional, are suggestive of allopolyploidization, which may have promoted both 

genomic novelty and instantaneous speciation. Syntenic duplicates retained in polyploid 

blocks are enriched for transcription factor functions, whereas gene copies deriving from 

ongoing tandem duplication events are enriched in metabolic functions important for a 

carnivorous plant. Among these are tandem arrays of cysteine protease genes, with trap-

enhanced expression, that evolved within a protein family known to be useful in the 

digestion of animal prey.  These tandem duplicates existed prior to the most recent 

polyploidy event, but further diversified since then on both dominant and recessive 

subgenome blocks. Molecular evolutionary analyses suggest that some of the encoded 
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amino acid divergence among these duplicates was adaptive and located near the 

substrate-binding cleft of the proteins. Further enriched functions among tandem 

duplicates include peptide transport (intercellular movement of broken-down prey 

proteins), ATPase activities (bladder-trap acidification and transmembrane nutrient 

transport), hydrolase and chitinase activities (breakdown of prey polysaccharides), and 

cell wall dynamic components possibly associated with active bladder movements. 

Whereas independently polyploid Arabidopsis syntenic gene duplicates are similarly 

enriched for transcriptional regulatory activities, Arabidopsis tandems are completely 

distinct from those of U. gibba, while still metabolic and likely reflecting unique 

adaptations of that species. Taken together, these findings highlight the special 

importance of tandem duplications in the adaptive landscapes of plant genomes. 
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The architectural evolution of flowering plant genomes includes a long history of gene 

duplication and diversification. Tandem gene duplication is an ongoing but non-global 

process that generates coding sequence diversity in eukaryotic genomes through sub- or 

neofunctionalization of gene copies on an individual basis (1). On the other hand, 

polyploidy events provide scores of genomically balanced duplicate genes, all at once, 

upon which divergent selection pressures can act to generate phenotypic diversity (2, 3). 

Evidence from available plant genomes supports the theory that modular, dosage-

sensitive functions such as transcriptional regulation are enriched among duplicates 

surviving polyploidy events, whereas single-gene survivors of local duplication events 

have the opportunity to be enriched for dosage responsive functions, such as secondary 

metabolite production (4).  While it has been repeatedly noted that polyploidy events 

correlate with some major plant radiations (2, 5), the question as to whether tandem 

duplicates play equivalent or different roles in plant adaptation remains more poorly 

explored. 

Utricularia gibba is an aquatic carnivorous plant with an unusually small but highly 

dynamic nuclear genome that experienced at least two whole-genome duplication (WGD) 

events during its evolutionary history since divergence from grape, tomato, and other 

species (6).  Carnivorous plants are interesting model systems not only for understanding 

the molecular mechanisms underlying nutrient acquisition strategies, but also for 

discovery of the regulatory underpinnings of their novel trapping morphologies. U. gibba 

is of particular interest given previous publication of a ~82 Mb short-read assembly (6), 
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which revealed that its genome gained and deleted gene duplicates significantly faster 

than those of other genomes (7). Since the U. gibba genome descended via considerable 

shrinkage from an ancestral one that was up to 1.5 Gb in size (8), duplicates that survived 

deletion during its evolutionary history likely evolved under greater purifying selection 

pressure than in the more expansive genomes of most angiosperms. We therefore 

hypothesize that the deletion-prone genome of U. gibba could be particularly illustrative 

regarding the adaptive legacy of differential duplicate survival following their two modes 

of generation, with tandems highlighting aspects of the carnivorous lifestyle, and syntenic 

duplicates, transcriptional functions. 

To explore this possibility, we generated a new, highly contiguous nuclear genome 

assembly for U. gibba based on PacBio SMRT technology. Chromosome-sized contigs, 

unlike the available scaffolds from our previous short-read assembly (6), permit us to 

clearly discern WGD- versus tandem-derived gene duplicate portions of U. gibba’s 

genome adaptive landscape. 

We used 10 SMRT cells and P6-C4 PacBio chemistry to produce 521,937 raw and 

702,640 filtered subreads with N50s of 21,825 and 15,244 bp, respectively.  After 

assembly and polishing with HGAP.3, we produced a genome of 581 contigs with N50 of 

3,424,836 bp and 101,949,210 total bases (Supplementary Fig. 2). Four contigs 

represented complete chromosomes marked on either end by telomeres, including the 

longest contig of the assembly at 8,502,017 bp (Fig. 1). Twenty additional contigs had 

telomere repeats on one end (Fig. 1). After filtration for bacterial and other 
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contamination, the assembled genome amounted to 100,688,548 bp (on 518 contigs), 

including a 172,489 bp chloroplast contig and a 283,823 bp mitochondria-derived contig.  

In sum, therefore, our newly assembled genome gained 18,356,750 bp from the former 

assembly size of 81,875,486 bp. We found that 2,930,790 bp of the new genome (on 115 

contigs) comprised ribosomal DNA repeats. Syntenic comparison with the short-read 

assembly demonstrated that most of the DNA gained by PacBio sequencing contained 

repeated elements, particularly surrounding putative centromeres (Supplementary Figs 3-

6). No centromeric repeats of canonical size range were discovered, but complete or 

fragmented centromeric CRM gypsy retrotransposons homologous to those identified in 

other species (9, 10) were found in appropriate positions (Fig. 1, Supplementary Fig. 7). 

Our new genome assembly also permitted a much finer account of protein-coding gene 

number, which amounted to 30,689, 7.7% more than reported for the short-read 

assembly. Equally important was the new opportunity to characterize long, and in several 

cases, chromosomally complete genomic regions for evidence of internal synteny 

generated by ancient WGDs, and to more accurately determine the extent of tandem gene 

duplications. 

Through syntenic analysis using CoGe, we were able to identify 54 syntenic block pairs 

that descend from the most recent U. gibba WGD event (Supplementary Fig. 9). We 

were able to reconstruct the immediate, 9-chromosome pre-polyploid ancestor of the 

modern genome, following which numerous large-scale inversion events were required to 

account for modern gene order (Fig. 2). Further analysis permitted deconstruction of this 
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ancestral genome into an earlier, 6-chromosome pre-WGD ancestor that existed 

immediately prior to U. gibba’s second-most recent polyploidy event.  We could not 

reliably resolve the third WGD event previously reported (6), although microsynteny 

analyses did reveal many examples of 8 (or more)-to-one syntenic block relationships 

with the Vitis vinifera genome (Supplementary Information section 4.5). We were, 

however, able to carefully analyze the duplicate block pairs from the most recent WGD 

event to assess the degree of fractionation (gene loss) experienced by each subgenome 

following polyploidization (Supplementary Fig. 10). This analysis yielded a clear pattern 

of deletion bias characteristic of subgenome dominance inherited through a polyploidy 

event (11, 12).  Fractionation bias was matched by both subgenome expression 

dominance (13) and SNP-based evidence (14, 15) for stronger purifying selection on 

dominant blocks; together, these data suggest that the most recent WGD in U. gibba’s 

past was an allopolyploidization event (16) (Supplementary Figs. 10 and 11, 

Supplementary Tables 2 and 3), which through hybridization of two species can instantly 

generate a third species with novel and transcendent phenotypic traits (17). The modern 

genome displays highly heterogeneous patterns of heterozygosity (Supplementary Table 

3) that do not correlate with the structural limits of syntenic blocks, suggesting that 

outcrossing events subsequent to WGD were broad, but not broad enough to engender 

ploidy changes. 

We examined gene ontology (GO) functional enrichments among syntenically retained 

gene duplicates descending from U. gibba’s lineage-specific WGDs.  Duplicates retained 
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following WGD were mostly enriched for transcriptional regulatory functions 

(Supplementary Table 4). Highly similar results were obtained for Arabidopsis WGD 

duplicates discovered in the same manner (see also (4, 18, 19)) (Supplementary Table 5).  

However, when we compared the 522 U. gibba WGD duplicates with the GO “regulation 

of transcription, DNA-templated” to all U. gibba genes with this GO, no biological 

process categories were significantly enriched. Similar analysis of Arabidopsis WGD 

duplicates yielded only one significant biological process category, “response to jasmonic 

acid”, suggesting that in both species, transcriptional regulatory enrichment is generic. 

In contrast to functional enrichments of WGD duplicates, U. gibba genes calculated by 

DAGchainer (20) to be tandem duplicates in the modern genome (and therefore ignored 

in CoGe syntenic dotplot comparison) were enriched for many secondary metabolic 

functions, including specific functions that could be anticipated for a carnivorous plant 

(Supplementary Tables 6 and 7). Arabidopsis tandems discovered in the same manner 

were similarly enriched for secondary metabolic activities, although mostly entirely 

different ones (Supplementary Table 8). Among the most significantly enriched 

categories in U. gibba was the category “oligopeptide transporter activity”, assigned to 23 

members of the OPT gene family (21). Importantly, oligopeptide transport was also 

among the most significantly enriched functional categories of genes specifically and 

strongly expressed in the bladder traps (22), with 13 genes showing 4-400-fold trap-

enhanced transcription (Supplementary Table 1). Peptide transporters, which are 

involved in the plant nitrogen budget, have been identified as expressed in the trap 
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phloem of the pitcher plant Nepenthes (23, 24). The Nepenthes gene identified is, 

however, a member of the PTR family, which is highlighted among U. gibba tandems by 

the significantly enriched term “dipeptide transporter activity”, wherein there are 22 

family members, including 3 homologs of the Arabidopsis nitrate transporter gene 

NPF5.5 (25) (unitig_52.g17408.t1 and unitig_26.g9035.t1 had > 65-fold trap enhanced 

expression) (Supplementary Table 1). Carnivorous plants, bladderworts included, 

typically grow in nitrogen-poor habitats, where they compensate for deficiencies via prey 

capture and uptake of released nitrogen. 

Another highly enriched functional category among tandem duplicates was “ATPase 

activity, coupled to transmembrane movement of substances” (comprising 58 genes, 

mostly ABC transporters); proteins encoded by such genes are known from Nepenthes 

traps, where they are hypothesized to be responsible for maintaining trap acidity and 

various molecular transport functions (26). Several of these genes show > 9-fold trap-

specific expression (unitig_85.g27344.t1, unitig_85.g27345.t1, unitig_750.g28500.t1 and 

unitig_750.g28501.t1) (Supplementary Table 1). Another enriched category was 

“transmembrane transport", which highlighted all of the above genes and also included 8 

phosphate transporter genes homologous to PHT1 (27). PHT1-family genes, for example, 

are induced during nutritional phosphate deficiency, a condition that is characteristic of 

the carnivorous plant lifestyle (28). Of these, unitig_747.g21685.t1 and 

unitig_747.g21690.t1 showed 2 to 24-fold trap-enhanced expression.   
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Another significantly enriched functional category was “hydrolase activity, hydrolyzing 

O-glycosyl compounds”.  This GO term included a gene encoding a class III chitinase 

(unitig_60.g25630.t1, showing > 20-fold trap-enhanced expression) (Supplementary 

Table 1), representing one of the chitinase families (glycoside hydrolase [GH] family 18) 

that are active within the digestive fluid of both open and closed traps of different 

carnivorous plant species. In Nepenthes, the GH family 18 enzyme is encoded by a 

single-copy gene that is upregulated in response to prey in both the pitted glands and 

surrounding tissues (29). Galactosidases and xylosidases (30) are also among the genes 

with the hydrolase annotation, and enzymes encoding both been identified in the 

Nepenthes trap fluid proteome (31, 32). Nepenthes and Drosera digestive mucilage 

contains galactose and xylose (33), which may require breaking down for peptide and 

other nutrient absorption in U. gibba traps as well (34).  Three xylosidase genes, 

unitig_62.g23624.t1, unitig_62.g23625.t1, and unitig_748.g7352.t1, show 4- to 35-fold 

trap-enhanced expression (Supplementary Table 1). 

The traps of Utricularia operate through an intricate triggering mechanism (35). High-

speed snap-buckling movements (36, 37) occur following triggered release of negative 

internal trap pressure achieved by active pumping out of water (38). Prey is engulfed with 

the influx of liquid, after which the trap may reset itself with a new negative pressure 

potential. This repeating process likely demands highly dynamic cell wall changes. 

Indeed, the tandems-enriched GO category “cell wall” annotated 17 genes encoding 

expansins (39) (none of which, however, showed uniformly trap-enriched expression) 
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and 8 encoding xyloglucan endotransglycosylases (40) (of which unitig_749.g14196.t1 

and unitig_26.g9135.t1 showed > 6-fold trap-enhanced expression) (Supplementary 

Table 1). Seventeen encoded peroxidases homologous to PRX52, which cross-link cell 

wall strengthening extensins (unitig_26.g8978.t1 and unitig_22.g6605.t1 were > 14-fold 

trap enhanced), and 21 encoded polygalacturonases, which degrade cell wall pectin (41) 

(unitig_8.g3155.t1 and unitig_8.g3156.t1 were > 4-fold trap enhanced) (Supplementary 

Table 1). Members of these protein families have been identified as candidates for 

involvement in plant mechanical stimulation or movements (42-44). Another cell-wall 

modification related gene family under this GO term encoded a group of 19 pectin 

methylesterases and their inhibitors (45) (unitig_899.g15179.t1 and unitig_22.g5384.t1 

were 2- to 32-fold trap-enhanced). Interestingly, a second class of chitinases, the Class IV 

enzymes, was also highlighted as an expanded gene family under the GO “cell wall”, but 

none of these 5 genes showed trap-enhanced expression. Class IV chitinases are defense 

response proteins that represent a second family of chitinase (GH family 19) involved in 

plant carnivory (46). Finally, also with “cell wall”, 4 genes encoding beta-galactosidases 

(known from Nepenthes pitcher fluid (32)) appeared under the same GO, but did not have 

trap-enhanced expression in U. gibba. Another expanded GO category, “lipid catabolic 

process”, comprised members of various lipase gene families, among them genes 

encoding patatin-like and GDSL lipases (unitig_736.g22657.t1, unitig_37.g12702.t1, 

unitig_736.g22658.t1, unitig_37.g12699.t1 showed 35 to 180-fold trap-enhanced 

expression). A GDSL lipase likely related to carnivory was identified in the trap fluid of 

Nepenthes pitchers (47).  
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Strikingly, the most significantly enriched GO category among all tandemly duplicated 

genes, “senescence-associated vacuole”, pointed to a specific expansion in one gene 

family encoding cysteine proteases (Supplementary Table 7). Several other GOs are 

associated with this gene family. Cysteine proteases have been identified as major 

functional components of Venus flytrap (Dionaea muscipula) digestive fluid (48).  We 

found tandem clusters of homologous protease-encoding genes in the U. gibba genome 

that had demonstrably undergone tandem duplication both before and after the most 

recent WGD event in U. gibba’s evolutionary history (Fig. 3). Moreover, several of the 

genes within these clusters are specifically expressed in traps (Supplementary Table 1).  

These tandem cysteine protease arrays are assignable to both dominant and recessive 

subgenomic blocks, and they are more preserved on the dominant block, where enhanced 

purifying selection on gene space is expected (Supplementary Fig. 10).  Through gene 

deletion, U. gibba cysteine proteases have become nearly totally restricted to a single, 

specific subfamily - clearly indicating that diverse, related cysteine proteases known from 

various other species have become expendable during U. gibba genome evolution. 

We further examined the cysteine proteases for molecular evolutionary features, given 

that gene family members would have diversified in sequence and function in order to be 

retained by selection in the dynamically shrinking U. gibba genome. The alternative was 

that the observed duplicates were extremely recent, but analyses of protein evolution 

showed this not to be the case, although tandem duplications did continue following the 
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most recent WGD event that yielded arrays on both contigs 85 and 699 (Fig. 4A). 

Instead, we detected evidence for positive selection acting on specific amino acid 

residues in a lineage leading to several of the U. gibba cysteine protease duplicates (Fig. 

4A). When homology modeling these changes onto the Dionaea muscipula cysteine 

protease structure ((49), PDB ID: 5a24), we discovered that some of these amino acids 

are located within the substrate-binding cleft, near residues with known functions in 

protease activity (Fig. 4B and C). 

Additional cases of persistence of tandem duplicate arrays either through or since the 

most recent U. gibba WGD (respectively), for which some members had trap-enhanced 

gene expression, include SHORT VEGETATIVE PHASE (SVP) MADS box gene 

homologs and homologs of the cuticle biosynthesis gene 3-KETOACYL-COA SYNTHASE 

6 (KCS6; highlighted by the significantly enriched GO category among tandems, “wax 

biosynthetic process”) (Supplementary Table 7). Both of these examples were previously 

described, based on simple orthogroup clustering methods, as gene family expansions 

derived from unknown duplication mechanisms (7). Our highly contiguous PacBio 

genome now provides the structural context to discern that these duplicates are tandems. 

The SVP- and KCS6-like gene clusters may be involved with flowering phenology and 

cuticle buttressing in the thin, two-celled trap wall, respectively (50-52).  The SVP-like 

genes appear to have diversified anciently, whereas the KCS6-like array occurs in a 

region of the genome without internal synteny, so it is likely more recent than the last U. 

gibba WGD. Similar to the cysteine protease clusters, we discovered likely evidence for 
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protein functional divergence in both of these array types (Supplementary Table 8). Of 

further note is that both the cysteine protease and KCS6-like gene clusters occur within 

islands of mobile elements (Supplementary Information section 2.5), annotated as 

LARDs (Large Retrotransposon Derivatives) (53). We hypothesize that these repeated 

elements may have facilitated the tandem duplications that gave rise to these metabolic 

gene arrays. Finally, we hypothesize that these gene clusters could be co-regulated so as 

to act in concert, perhaps at particular plant developmental stages or under particular 

environmental stimuli. 

Taken together, our results on the size-limited U. gibba genome highlight the important 

role that tandemly duplicated genes, under substantial enough purifying selection to 

survive continual deletion pressure, may play in the individualized adaptive genomic 

architecture of a plant uniquely adapted for carnivorous morphology and physiology. 

While WGD duplicates are not enriched for such niche-specific functions, polyploidy 

events clearly potentiated the evolutionary influence of pre-existing tandem arrays. 

Data deposition: This Whole Genome Shotgun project has been deposited at the DNA 

Data Bank of Japan/European Nucleotide Archive/GenBank (accession 

no. NEEC00000000). The version described in this paper is version NEEC01000000. The 

assembly and gene models are also available 

at https://genomevolution.org/coge/GenomeInfo.pl?gid=29027. Supplementary data 

available at http://www.pnas.org/content/114/22/E4435/tab-figures-data. 
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Fig. 1. A chromosomal-scale view of the architecture of the U. gibba genome. Gene 
density, TE density tracks, telomeres, and the locations of CRM centromeric 
retrotransposon sequences are shown for all U. gibba contigs > 1 Mbp in size. Four 
complete chromosomal contigs are shown in blue, while partial chromosomes that have 
at least one end with telomere sequence are shown in orange. The size of each contig in 
Mbp is indicated with major tick marks every 5 Mbp and minor tick marks every 1 Mbp. 
Putative centromeric regions are visible as peaks of increased TE density and decreased 
gene density. Most CRM are localized at putative centromeric regions. 
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Figure 2 

Fig. 2. Reconstruction of U. gibba genome structural evolution through two 
rounds of WGD and subsequent diploidization. Internally syntenic blocks 
stemming from two ancient polyploidy events were identified in the highly 
contiguous genome assembly and tracked through multiple translocation, fusion, 
fission, and especially inversion events (diagramed at bottom) from two ancestral 
genomes, first an n = 6 chromosome pre-polyploid ancestor, and thereafter an n = 
9 ancestor. Panels (1)-(7) show the structural rearrangement history of 54 syntenic 
blocks identified among the modern genome contigs (7), with colors matching 
ancestral chromosomes. Numbers indicated block identities; “a” versus “b” 
represents subgenome pairs included in the most recent WGD event, which 
fractionation and expression and expression data suggest to have been an 
allopolyploidization. “-“ indicates inverted orientation, and underscore between 
blocks in the n = 6 ancestor link blocks from the second WGD to those of the first. 
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Fig. 3. Syntenic relationships between V. vinifera, S. lycopersicum and U. gibba 
regions containing tandemly duplicated cysteine protease genes. Some parts of these 
tandem arrays clearly pre-existed in U. gibba’s pre-polyploid ancestral genomes, with 
further tandem duplications having occurred since these events, together increasing 
functional potential for U. gibba’s carnivory. A typical ancestral region in Vitis can be 
tracked to up to 3 regions in Solanum (genome triplication) and up to 8 regions in U. 
gibba (where up to 3 WGDs are possible). Red connecting lines highlight matching 
cysteine proteases in the selected regions; genes otherwise syntenic are shown in gray. 
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Fig. 4. Molecular and structural evolutionary analysis of U. gibba cysteine proteases 
suggests adaptive protein evolution accompanying WGD and tandem duplication 
events. (A) Best-scoring tree from maximum-likelihood based searches with bootstrap 
support (BS) values ≥ 50 indicated at branches. Symbols on branches indicate significant 
evidence for positive selection (orange star), divergent selection (green circle), or 
asymmetrical sequence evolution (purple hexagon) as determined using PAML (54) 
(Supplemental Table 8). Heatmap above phylogeny shows entirely trap-dominant 
expression of particular homologs in U. gibba, based on trap, shoot, and inflorescence 
transcriptome data (55) (Supplemental Table 1). (B) The protein homology surface model 
for the catalytic domain of utg699.g19348 (based on the Venus flytrap [Dionaea 
muscipula] enzyme structure (49)) shows that some residues under positive selection lie 
within or near the substrate-binding cleft (arrow, Fig. 4A). The cleft is depicted in yellow 
and amino acid sites identified as under positive selection are indicated in red or cyan. 
Three (E24, V69, S160) amino acid sites under positive selection (BEB confidence > 
0.82, Bonferroni corrected p < 0.0015) are within five amino acids of known D. 
muscipula functional residues, where they line the substrate-binding cleft (red). (C) Plot 
of utg699.g19348 amino acid sites under positive selection with colors corresponding to 
particular sites in the surface model (Fig. 4B). 
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Chapter IV: Genome of the pitcher plant Cephalotus reveals genetic changes 

associated with carnivory 

The following details summarize my contributions to the research published in 

Nature Ecology and Evolution (1). Carnivorous plants, being a polyphyletic group, are a 

model system to study convergent evolution of traits. For this project we sequenced the 

genome of Cephalotus follicularis, a carnivorous plant with a pitcher-like trap, to study 

the molecular basis of carnivory in a plant that has both flat leaves and trap leaves. 

Simultaneously, the proteins of pitcher plants from several polyphyletic carnivorous 

plants across the angiosperm tree were sequenced. Preliminarily, I created a separate gene 

tree for nucleotide and amino acid sequences containing the genes found in the pitchers 

as well as the homologous genes in non-carnivorous species. When switching between 

the two types of trees I discovered the topology to be very different. This was true for all 

the trap proteins analyzed in the study. In standard phylogenetic inference, those 

independently occurring substitutions are often treated as a single substitution event, 

resulting in incorrect clustering of those genes that have a codon bias towards identical 

codons (2). This leads to discordance in the tree topology and explains why we see the 

difference between the nucleotide tree and the amino acid tree. We analyzed nine 

digestive enzyme families for nucleotide substitution bias and three of those nine had a 

significant p-value with Bonferroni correction. In other words these digestive enzymes 

are converging on the same nucleotide substitution more than what would be expected by 

chance (Figure 2). 
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I used collinearity to identify a transposition of the gene encoding RNase T2 in 

Cephalotus follicularis compared to its non-carnivorous relatives. I also found that this 

gene transposed directly next to another gene encoding a digestive enzyme named purple 

acid phosphatase in Cephalotus (Supplementary Figure 7). Both proteins were sequenced 

from the pitcher trap (Figure 2). This unique positioning could allow for co-regulation of 

these two enzymes to the pitcher traps compared to its ancestral function in non-

carnivorous plants. This gene combination is unique to Cephalotus. Non-carnivorous 

plants such as Arabidopsis thaliana express RNase T2 in the flat leaves (Supplementary 

Figure 5a-ah). 
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Genome of the pitcher plant Cephalotus reveals genetic changes associated with 

carnivory 

Kenji Fukushima, Xiaodong Fang, David Alvarez-Ponce, Huimin Cai, Lorenzo 
Carretero-Paulet, Cui Chen, Tien-Hao Chang, Kimberly M. Farr, Tomomichi Fujita, Yuji 
Hiwatashi, Yoshikazu Hoshi, Takamasa Imai, Masahiro Kasahara, Pablo Librado, Likai 
Mao, Hitoshi Mori, Tomoaki Nishiyama, Masafumi Nozawa, Gergő Pálfalvi, Stephen T. 
Pollard, Julio Rozas, Alejandro Sánchez-Gracia, David Sankoff, Tomoko F. Shibata, 
Shuji Shigenobu, Naomi Sumikawa, Taketoshi Uzawa, Meiying Xie, Chunfang Zheng, 
David D. Pollock, Victor A. Albert, Shuaicheng Li & Mitsuyasu Hasebe 

Abstract: 

Carnivorous plants exploit animals as a nutritional source and have inspired long-

standing questions about the origin and evolution of carnivory-related traits. To 

investigate the molecular bases of carnivory, we sequenced the genome of the 

heterophyllous pitcher plant Cephalotus follicularis, in which we succeeded in regulating 

the developmental switch between carnivorous and non-carnivorous leaves. 

Transcriptome comparison of the two leaf types and gene repertoire analysis identified 

genetic changes associated with prey attraction, capture, digestion and nutrient 

absorption. Analysis of digestive fluid proteins from C. follicularis and three other 

carnivorous plants with independent carnivorous origins revealed repeated co-options of 

stress-responsive protein lineages coupled with convergent amino acid substitutions to 

acquire digestive physiology. These results imply constraints on the available routes to 

evolve plant carnivory. 
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Carnivorous plants bear extensively modified leaves capable of attracting, trapping and 

digesting small animals, and absorbing the released nutrients independently in several 

lineages of flowering plants, providing a classic model for the study of convergent 

evolution3. Cephalotus follicularis (Cephalotus), a carnivorous plant native to southwest 

Australia that belongs to the monospecific family Cephalotaceae in the order Oxalidales, 

forms both carnivorous pitcher leaves and non-carnivorous flat leaves (Fig. 1). Co-

existence of the two types of leaf in a single individual plant provides a unique 

opportunity to understand the genetic basis of plant carnivory through comparative 

analysis of these serially homologous organs. To this end, we sequenced the Cephalotus 

genome. A total of 305Gb of Illumina reads were generated for contig assembly and 

scaffolding, and 17Gb of PacBio reads for intercontig gap filling (Supplementary Table 

1). The resulting assembly consists of 16,307 scaffolds totalling 1.61 Gb with an N50 

length of 287 kb (Supplementary Table 2), corresponding to 76% of the estimated 

genome size (Supplementary Fig. 1a). Long-terminal repeat retrotransposons account for 

76% of the genome (Supplementary Tables 3 and 4). Syntenic block comparison with the 

robusta coffee genome, which maintained diploidy since the ancient split from the 

Cephalotus lineage4, reveals mostly one-to-one mappings (Fig. 1c and Supplementary 

Table 5), indicating that the Cephalotus genome has not experienced further whole 

genome duplications since the hexaploidy event at the origin of core eudicots5 

(Supplementary Note 1). We annotated 36,503 protein-coding genes (Supplementary Fig. 
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1b–e), and 72 microRNA (miRNA) loci (Supplementary Table 6) and their potential 

targets (Supplementary Table 7) using RNA-sequencing (RNA-seq) data of 

representative tissues (Supplementary Tables 8–10). Orthologous gene groups 

(orthogroups) were defined using OrthoMCL6 for the complete gene sets of Cephalotus 

and eight eudicot species (Supplementary Tables 11 and 12). Analysis of shared 

singletons indicates that core eudicot genes are conserved in the Cephalotus genome 

(Supplementary Note 2 and Supplementary Table 13). 

Maximum-likelihood gene gain and loss analysis detected lineage-specific expansion of 

492 orthogroups in Cephalotus (Supplementary Table 14). Gene ontology (GO) 

enrichment analysis (Supplementary Tables 15–21) highlighted Cephalotus-expanded 

orthogroups containing purple acid phosphatases, known as a typical component of 

digestive fluids1,7 (Supplementary Table 17). RNase T2, also known as a constituent of 

digestive fluids1,8,9, is enriched among orthogroups composed only of genes from 

Cephalotus and another carnivorous plant Utricularia gibba (Supplementary Table 18). 

Also, the enriched GO term ‘cellular response to nitrogen levels’ included ten 

Cephalotus-specific singleton genes encoding dihydropyrimidinases, which have the 

potential function of acquired nitrogen recycling (Supplementary Table 19). Nitrogen is, 

in turn, known to be one of the primary limiting nutrients that carnivorous plants derive 

from prey1,10. 

As we succeeded in regulating the developmental switch between pitcher and flat leaves 
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by ambient temperature (Fig. 1b and Supplementary Fig. 1f,g), their transcriptomes were 

compared. The pitcher transcriptome was differentially enriched with cell cycle- and 

morphogenesis-related GO terms (Supplementary Table 22), which may reflect the 

morphological complexity of pitcher leaves. Although both developmental and 

thermoresponsive genes may change their expression in the temperature-dependent leaf 

switching, certain developmental regulators related to adaxial–abaxial polarity (for 

example, AS2, YAB5, and WOX1 orthologues) showed higher expression levels in shoot 

apices bearing pitchers than those terminating in flat leaves (Supplementary Fig. 2), 

implying the involvement of such factors in pitcher development and evolution. In 

contrast, the flat leaf transcriptome was enriched with photosynthesis-related GO terms 

(Supplementary Table 23). These results are compatible with the distinct functional 

specializations of carnivory-dominated pitcher leaves versus photosynthesis-dominated 

flat leaves. 

Carnivorous plants attract potential prey by nectar, coloration and scent1,11,12. GO 

terms enriched in the pitcher transcriptome included ‘starch metabolic process’ and 

‘sucrose metabolic process’ (Supplementary Table 22), which may be related to the 

production of attractive nectar. Indeed, we detected transcriptional upregulation of certain 

sucrose biosynthetic genes and members of sugar efflux carriers in pitcher leaves 

(Supplementary Fig. 3). 

The epidermis of carnivorous pitfall traps often develops a slippery, waxy surface that 

promotes prey capture and prevents them from scaping1,13. A cytochrome P450 (CYP) 
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orthogroup was expanded in the Cephalotus lineage (Supplementary Table 14). In a 

phylogenetic tree, these CYP genes belonged to a clade containing Arabidopsis genes 

involved in wax and cutin biosynthesis (CYP86 and CYP96A)14 (Supplementary Fig. 4). 

These genes, as well as wax ester synthase orthologues (WSD1)15, showed pitcher-pre-

dominant expression and are tandemly duplicated in the genome (Supplementary Fig. 4), 

suggesting possible co-regulated involvement of the clusters in slippery surface 

formation. 

Carnivorous plants secrete digestive enzymes for degradation of trapped animals1,11,12. 

Previous studies on several digestive enzymes of Nepenthes spp., Drosera spp., Dionaea 

muscipula and Cephalotus indicate that pathogenesis-related proteins were co-opted for 

digestive function as well as for preventing microbial colonization of digestive fluid (refs 

16–19 and refs in Supplementary Table 24). To further investigate the origin and 

evolution of digestive enzymes of Cephalotus and three other distantly related 

carnivorous plants (Drosera adelae, N. alata and Sarracenia purpurea), we sequenced 

fragments of digestive fluid proteins and identified 35 corresponding genes (Fig. 2a and 

Supplementary Tables 25–28). As Drosera and Nepenthes trace back to a common 

carnivorous origin in Caryophyllales3,20, the four species including Cephalotus therefore 

cover three independent origins of plant carnivory. Together with previously identified 

enzyme sequences including proteins from Dionaea (Supplementary Table 24), we 

inferred phylogenetic relationships among the digestive fluid proteins (Fig. 2b and 

Supplementary Fig. 5a–ah). Glycoside hydrolase family 19 (GH19) chitinase, β-1,3-
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glucanase, PR-1-like protein, thaumatin-like protein, purple acid phosphatase and RNase 

T2 genes showed orthologous relationships among carnivores despite their multiple 

origins. This result suggests that orthologous genes were repeatedly co-opted for 

digestive functions in independent carnivorous plant lineages. 

To infer putative ancestral functions of these independently arisen digestive fluid 

proteins, we examined the expression patterns of their phylogenetically most closely 

related Arabidopsis genes (Supplementary Fig. 5a–ah). Compared with other genes in the 

same families, these Arabidopsis genes showed a significant tendency to be upregulated 

on various biotic and abiotic stresses (P < 0.02, randomization test) (Supplementary Fig. 

5ai). This result suggests that co-option from stress-responsive proteins is a general 

evolutionary trend in the repeated evolution of carnivorous plant enzymes. Whether they 

are currently bifunctional having both carnivorous and non-carnivorous roles is unclear, 

but tissue-specific basal expression is probably optimized for carnivory in Cephalotus 

and N. alata, as the genes are preferentially expressed in their pitcher traps (Fig. 2c,d). 

In Cephalotus, three aspartic proteases were identified in the digestive fluid proteome. 

We found three genomic clusters of aspartic protease genes containing both pitcher-

preferential and constitutively expressed genes (Supplementary Fig. 5a–c). Together with 

the inferred tandem duplications of CYP, this result highlights the roles of gene 

duplication and subsequent functional divergence in carnivorous plant evolution. 

The repeated evolutionary utilization of similar genes may have been accompanied by 
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convergent responses to carnivory-specific selective pressures at the amino acid 

substitution level. To test this, we developed a tree-based method for the detection of 

molecular convergence in multigene families, using phylogeny reconciliation between 

third codon position-derived gene trees and a consensus species tree (Supplementary 

Note 3, see Methods for the choice of a species tree). Using reconciled trees, the number 

of digestive enzyme-specific convergent substitutions was inferred on the basis of 

Bayesian ancestral sequence reconstructions (Fig. 3a,b and Supplementary Fig. 6). By 

comparing convergent substitution numbers and empirically calculated background-level 

expectations21, we found that GH19 chitinases (Fig. 3a,b), purple acid phosphatases 

(Supplementary Fig. 6i,j) and RNase T2s (Supplementary Fig. 6m,n) significantly 

accumulated convergent amino acid substitutions. For all three enzymes, two pitfall-type 

carnivorous pitcher plants, Cephalotus and N. alata, were associated as convergent 

branch pairs. Furthermore, for RNase T2, significant molecular convergence was also 

detected between Cephalotus and the common ancestor of the three Caryophyllales 

species, D. adelae, D. muscipula and N. alata, which produce sticky, snap and pitfall 

traps, respectively. Parsimonious inference of character evolution indicates that trapping 

strategy diversified after the establishment of carnivory in the Caryophyllales3,20. 

Therefore, molecular adaptation of RNase T2 probably occurred both during the 

evolution of carnivory and subsequently during the establishment of the specific capture 

strategy of pitfall traps. It is noteworthy that the Cephalotus RNase T2 and purple acid 

phosphatase genes are located adjacent to each other within a 40 kb interval of the 
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Cephalotus genome (Supplementary Fig. 7). This placement could indicate an 

arrangement favoured by adaptive, positionally correlated co-expression22 of these 

modified carnivorous enzymes (Supplementary Note 4). In light of similar cases of 

convergent evolution shown for animal digestive enzymes23,24, we propose that major 

changes in nutritional strategy impose a selective pressure strong enough to override 

evolutionary contingency in both plants and animals. 

As protein structure imposes major constraints on amino acid substitutions25–27, we 

mapped amino acid residues identified as convergent onto corresponding 3D enzyme 

models. Convergent positions do not overlap with or cluster around catalytically essential 

amino acids (Supplementary Fig. 8). Instead, they tend to be located at exposed positions 

to an extent comparable to divergent substitutions (Fig. 3c), despite the prediction that 

more exposed positions result in lower convergence probability28. Exposed sites are 

structurally less constrained, and substitutions in such sites are likely to change their 

interactions with other molecules in solution, rather than changing protein 

conformation25–27. During the evolution of digestive enzymes, selective pressures may 

have come from the digestive fluid environment, which include the presence of insect-

derived substrates, high endogenous proteolytic activity, low pH and microbial invasion 

or symbiosis1,11,12. As exposed residues constitute the protein–environment interface, 

the convergent amino acid substitutions may have been critical factors for the convergent 

establishment of carnivory across the angiosperms. 
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In the final phase of carnivorous plant physiology, digested molecules are absorbed into 

the plant body to promote growth and reproduction1,29. We found that various 

transporters were preferentially expressed in pitcher leaves (Supplementary Table 29). 

One pitcher-predominant transporter showed phylogenetic affinity to the AMMONIUM 

TRANSPORTER 1 (AMT1) subfamily (Supplementary Fig. 9), which contains the 

previously characterized carnivory-related D. muscipula gene DmAMT130. This result, 

together with the repeated co-option of digestive enzymes already described, indicates 

utilization of common genetic programs and evolutionary pathways in independently 

evolved carnivorous plant lineages. 

The Cephalotus genome has allowed us to discover numerous genes associated with 

evolutionary transition to carnivory in plants. In particular, the high degree of convergent 

evolution in digestive enzymes indicates that there are few available evolutionary 

pathways for angiosperms to become carnivorous. 

Methods 

Plant materials and culture conditions. Axenically grown plants of C. follicularis were 

obtained from CZ Plants Nursery (Trebovice, Czech Republic) and were maintained in 

polycarbonate containers (60 × 60 × 100 mm) containing 31 half-strength Murashige and 

Skoog solid medium supplemented with 3% sucrose, 1× Gamborg’s vitamins, 0.1% 2-

(N-morpholino)ethanesulfonic acid, 0.05% Plant Preservative Mixture (Plant Cell 

Technology) and 0.3% Phytagel, at 25 °C in continuous light. For transcriptome 
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sequencings, D. adelae was cultivated in a peat pot in an incubator at 25 °C in continuous 

light. N. alata was grown in soil in a greenhouse. S. purpurea was grown in peat-based 

soil and was maintained in a eld. For digestive uid sampling, C. follicularis, D. adelae, N. 

alata and S. purpurea were grown in a greenhouse. 

Culture conditions for leaf fate regulation. Shoot apices with one or two expanded 

leaves were collected with fine forceps from plants grown at 25 °C and planted on 

medium. The plantlets were grown for 12 weeks under a light intensity of 20–40 µmol 

m−2 s−1. Numbers of youngest pitcher and flat leaves on main shoots were counted for 

each plantlet (Fig. 1b). Leaves with intermediate shapes were counted as either of the two 

categories based on morphological similarity. 

DNA isolation. Total genomic DNA was isolated from young flat leaves and pitcher 

leaves of axenically grown plants. Collected leaves were homogenized in liquid nitrogen 

using a mortar and pestle. The homogenate was transferred into 2× CTAB extraction 

buffer (2% cetyltrimethylammonium bromide (CTAB), 1.4 M NaCl, 100 mM Tris-HCl 

(pH 8.0), 20 mM EDTA (pH 8.0)) preheated to 80 °C and was gently agitated at 60 °C 

for 1 h. An equal volume of chloroform:isoamyl alcohol (25:1) was added and agitated 

using a rotator at 20 r.p.m. for 10 min 

at room temperature. After centrifugation at 9,000 × g for 30 min at room temperature, 

supernatants were transferred to new tubes and supplemented with 1/10 volume of 10% 

CTAB and an equal volume of chloroform:isoamyl alcohol (25:1). The tubes were 

58 



	

		
	

 

 

 

 

shaken with a rotator for 10 min. After centrifugation, supernatants were again 

transferred to new tubes and an equal volume of isopropanol was added. The tubes were 

centrifuged and supernatants were discarded. The crude DNA pellet was rinsed with 5 ml 

of 70% EtOH and air- dried for 10 min. The pellet was dissolved in 200 µl of TE (pH 

8.0) containing 0.1 mg/ml RNase A, and gently agitated for 60 min at 37 °C. A 1/20 

volume of 20 mg ml−1 Proteinase K was added, and tubes were incubated at 56 °C for 30 

min. Subsequently, the DNA solution was further purified using Qiagen Genomic-tip, 

following the manufacturer’s instructions. DNA concentration was determined using 

fluorometry with Qubit 2.0 (Life Technologies). 

Genome sequencing. Whole-genome shotgun short-read sequences were generated with 

an Illumina HiSeq 2000 to a depth of approximately 150-fold of the 2 Gb Cephalotus 

genome using paired-end and mate-pair protocols, according to the manufacturer’s 

instructions (Supplementary Table 1). For long read sequencing, genomic DNA samples 

were sheared to 6 kb or 10 kb using g-Tube (Covaris, Massachusetts). Libraries were 

prepared with DNA Template Prep Kit 2.0 (Pacific Biosciences, California) (3–10 kb) 

following the manufacturer’s instructions and sequencing was performed using PacBio 

RS with C2 chemistry, P2 polymerase and 45-min movies. Using 158 cells, a total of ca. 

17 Gb were generated with a quality cut-off value of 0.75 (Supplementary Table 1). 

Genome size estimation. The size of the Cephalotus genome was estimated by k-mer 

frequency analysis using JELLYFISH32 (Supplementary Fig. 1a). 
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Genome assembly. Illumina paired-end reads with all insert sizes, and mate-pair reads 

with insert sizes of 2 and 5 kb, were first assembled into 43,308 scaffolds using Allpaths-

LG v4238133. Fragment filling was applied to paired-end libraries with insert sizes of 

170 bp and 250 bp. Standard deviations of insert sizes were set to 10% of insert sizes. 

Gap filling and further scaffolding were performed by adding mate-pair reads with longer 

inserts using SSPACE34 and GapCloser35. PacBio reads were subjected to two rounds of 

error correction using Sprai v0.2.2.3 (http://zombie.cb.k.u-tokyo.ac.jp/sprai/) and used for 

four rounds of iterative gap filling with PBJelly v12.9.1436. The final assembly included 

16,307 scaffolds with N50 of 287 kb (Supplementary Table 2). 

Repeat identification. Repetitive elements of the Cephalotus genome were first 

identified and masked for gene prediction (Supplementary Tables 3 and 4). De novo 

prediction of transposable elements was performed using RepeatModeler 

(http://www.repeatmasker.org/RepeatModeler.html) and LTR_FINDER 

(http://tlife.fudan.edu.cn/ltr_finder/). Known transposable elements were found using 

RepeatMasker and RepeatProteinMask (http://repeatmasker.org). Tandem repeat 

sequences were screened using Tandem Repeats Finder37. 

RNA extraction. Plant materials were ground in liquid nitrogen using a mortar and 

pestle. Total RNA was extracted using the PureLink Plant RNA Reagent (Life 

Technologies) and subsequently purified using the RNeasy Mini Kit (QIAGEN). DNase 

treatment was performed during the column purification. Total RNA was qualified using 

a 2100 Bioanalyzer (Agilent). 
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Transcriptome sequencing. Extracted RNA was subjected to two rounds of mRNA 

enrichment using Dynabeads mRNA Purification Kit (Life Technologies) according to 

the manufacturer’s instructions. RNA-seq libraries were prepared using TruSeq RNA 

Sample Preparation kit v.2 (Illumina). Strand-specific mRNA libraries were constructed 

using the dUTP second-strand marking method38. These libraries were sequenced on an 

Illumina HiSeq 2000 with three biological replications (Supplementary Table 8). 

Gene prediction. For gene predictions, we used homology-based, ab inito and transcript-

based methods. Protein data sets of Arabidopsis thaliana, Linum usitatissimum, Manihot 

esculenta, Populus trichocarpa and Ricinus communis (Supplementary Table 11) were 

aligned to the Cephalotus genome using tblastn (cut-off: 1e−5) and then homology-based 

gene predictions were generated using GeneWise39. We also used Augustus 

(http://augustus.gobics.de/), GENSCAN (http://genes.mit.edu/GENSCAN.html), 

GlimmerHMM (https://ccb.jhu.edu/ software/glimmerhmm/) and SNAP 

(http://korflab.ucdavis.edu/software.html) for ab initio predictions, with model 

parameters trained using 730 Cephalotus gene models that were well supported by 

homology evidence. RNA-seq data generated from 16 samples (Supplementary Table 8) 

were used for transcript- based predictions with the Bowtie–Tophat–Cufflinks pipeline40. 

These models were merged using GLEAN (http://glean-gene.sourceforge.net/). Finally, 

gene models that were not in the GLEAN non-redundant gene set but supported by both 

homology and RNA-seq evidences, or homology-based models (frame shift mutation not 

allowed and aligning rate >50%), or RNA-seq models encoding proteins ≧120 amino 
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acids in length, were further added. 

Gene annotation. Gene functions were assigned using BLAST searches (E-value cut-off 

of 10−5) against the following databases: KEGG (Release 58), nr (NCBI release 

20130904), Swissprot and TrEMBL (Uniprot release 201203). Conserved protein 

domains were assessed by InterPro41 and InterProScan42 with applications including 

HMMPfam, HMMPanther, ProfileScan, HMMSmart, FPrintScan and BlastProDom. 

Evaluation of genome assembly and gene prediction. Gene coverage of predicted gene 

sets was evaluated using CEGMA 2.443 (Supplementary Fig. 1b). Read mapping rates of 

15 RNA-seq libraries from five tissues ranged from 74.4% to 83.6% (Supplementary 

Table 9), indicating consistency between the assembled genome and the sequenced 

transcriptome. 

Small RNA extraction and sequencing. Plant tissues were ground in liquid nitrogen 

using a mortar and pestle. Total RNA was extracted using PureLink Plant RNA Reagent 

(Life Technologies) and subsequently purified using the miRNeasy kit (QIAGEN). 

DNase treatment was performed during the column purification. Briefly, for each sample, 

RNA of the desired size range (18–30 nucleotides) was size-fractionated and ligated with 

the 5' adapter and, subsequently, the 3' adapter. Ligated RNA was then subjected to PCR 

with reverse transcription (RT-PCR) to produce sequencing libraries. Small RNA-seq 

was performed on an Illumina HiSeq 2000 (Supplementary Table 10). 

miRNA prediction and target prediction. Cephalotus miRNA loci were predicted in 
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the genome by both transcriptome- and homology-based methods (Supplementary Table 

6). Small RNA-seq reads were mapped onto genomic inverted repeats predicted by 

EMBOSS einverted44. miRNA loci were identified from the mapping results using 

ShortStack v1.2.345. For homology-based prediction, 7,385 mature miRNA sequences of 

Viridiplantae species were retrieved from miRbase release 2046. These miRNA 

sequences were mapped onto the Cephalotus genome using patscan47, allowing one 

mismatch. Putative loci mapped by less than five independent miRNAs were excluded. 

Secondary structures were identified from flanking regions of mapped loci (±350 bp) 

using RNAfold of Vienna RNA Package 2.048, and putative miRNA loci were predicted 

using miRcheck with default parameters49. When putative miRNAs were predicted on 

both strands of the same loci, the minor locus was collapsed. Putative targets of annotated 

miRNAs were identified using psRNATarget50 using default settings (Supplementary 

Table 7). 

OrthoMCL gene classification. Orthologues were clustered by comparison of protein 

data sets among A. thaliana, C. follicularis, Theobroma cacao, Vitis vinifera, Prunus 

persica, Coffea canephora, Solanum lycopersicum, U. gibba and P. trichocarpa using 

BLASTP (cut-off: 10−5) and OrthoMCL6 (Supplementary Tables 11 and 12). Protein 

data sets of the nine genomes were BLAST searched against nr (NCBI release 20140407; 

BLASTP, E-value cut-off of 10−5). Functional terms (GO and enzyme codes) were then 

assigned to each query sequence using Blast2GO (https://www.blast2go.com/). 
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Maximum-likelihood inference of orthogroup gains and losses. We estimated the 

divergence times of the surveyed species using RAxML version 851, employing tree 

topologies published previously52–54. The reported placement of P. persica (Rosales) is 

discrepant between plastid-54 and nuclear-based analyses52,53. 

To account for that, we analysed phylogenetic relationships using the single-copy 

orthologue alignment (see below). Although the bootstrap supports were low, the 

maximum-likelihood tree supported the nuclear-based topology (Supplementary Fig. 1h), 

and therefore we placed P. persica as sister to the clade containing 

A. thaliana, T. cacao, P. trichocarpa and C. follicularis. The placement of V. vinifera is 

also different among previously published phylogenies52–54. To account for that, two 

alternative tree topologies with different placements of V. vinifera were assumed in this 

analysis. For that, we leveraged the amino acid sequence data of all single-copy 

orthologues, as defined by OrthoMCL (1,836 1:1 orthologues), after excluding all 

putative TE sequences identified in BLAST searches against different TE databases 

(TIGR Plant Repeat Databases55, TransposonPSI (http://transposonpsi.sourceforge.net) 

and NCBI's non-redundant (nr) protein database). We then aligned the sequences of each 

orthogroup with the program M-Coffee56 and used trimAl57 to automatically remove 

poorly aligned regions. The best-fit amino acid substitution model for each multiple 

sequence alignment was selected using ProtTest58 and specified in the RAxML analysis 

under a partitioned scheme. We finally used r8s59 to obtain the ultrametric trees required 
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for the BadiRate60 analysis, by applying the nonparametric rate smoothing algorithm59 

to the maximum-likelihood trees and fixing the age of the root to 113 Myr in both cases. 

This date, a compromise for the two trees we tested, was derived from the average of the 

2 BEAST point estimates for the earliest split within the rosid clade (with Vitaceae as one 

sister lineage), as calculated in ref. 54 (their Fig. 1 and Table 2). The two trees tested are 

detailed below. 

Tree 1: 

((V_vinifera:92.251246,(((T_cacao:72.791098,A_thaliana:72.791098): 

5.199433,(P_trichocarpa:72.150935,C_follicularis:72.150935):5.839595): 

5.054431,P_persica:83.044961):9.206285):20.748754,(U_gibba:101.840606, 

(C_canephora:89.804910,S_lycopersicum:89.804910):12.035696):11.159394). 

Tree 2: 

(((U_gibba:82.830331,(C_canephora:74.586612,S_lycopersicum:74.586612): 

8.243718):14.783045,(((T_cacao:74.611384,A_thaliana:74.611384):5.510359, 

(P_trichocarpa:73.737693,C_follicularis:73.737693):6.384050):5.848981, 

P_persica:85.970724):11.642652):15.386624,V_vinifera:113.000000). 

To identify gene families specifically expanded in the Cephalotus genome, we followed 

the method implemented in refs 4 and 61, accepting a weighted Akaike information 

criterion (wAIC) ratio of 2.7 for the best-fit branch model to the second-best-fit model. 
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We ran BadiRate60 twice, once for each of the two alternative topologies shown above. 

Only those families strongly supported as expanded (wAIC ratio >2.7) under both of the 

two alternative topologies were considered for further analyses (Supplementary Table 

14). 

GO enrichment analysis. Supplementary Table 12 shows the per species summary of 

orthogroups and singletons in nine plant species. Before BadiRate analyses, orthogroups 

containing sequences with significant similarity to transposable elements (resulting in E-

values <10−15 in TBLASTX searches against sequences of the RepBase v19.12 

database)62 were filtered out from all nine genomes. The functional categories (generic 

GO terms) differentially represented among 493, 495 and 492 Cephalotus-specific 

expanded genes families (grouping 2,560, 2,567 and 2,557 total genes, respectively), as 

identified in BadiRate analyses performed using tree 1, tree 2 and the intersection of both 

trees, are displayed in Supplementary Tables 15, 16 and 17, respectively. Similarly, 

differential representation of GO generic terms among 2,716 Cephalotus-specific 

singletons, 237 Cephalotus-specific two-gene families (474 total genes) and Cephalotus-

specific 201 multigene families (1,714 total genes) are shown in Supplementary Tables 

19, 20 and 21, respectively. Finally, differential representation of GO generic terms 

among five pairs of genes unique to Cephalotus and U. gibba is presented in 

Supplementary Table 18. We performed significance analyses of differential distribution 

of GO terms by comparing different subsets of genes with the entire complement of 

genes in the genome using Fisher’s exact test (seefor example, ref. 4). To control for 
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multiple testing, the resulting P values were corrected according to ref. 63. 

Selection of differentially expressed genes. Strand-specific RNA-seq reads were 

mapped to gene models on the genome assembly using Tophat264 with minimum and 

maximum intron lengths of 20 and 20,000 bp, respectively (Supplementary Table 9). 

Transcript abundances calculated by featureCounts65 were normalized using the iterative 

differentially expressed gene elimination strategy (iDEGES)66, which consists of 

sequential TMM-(edgeR-TMM)n normalization67,68. Using the normalized reads per 

million mapped reads (RPM) values, differentially expressed genes were identified by an 

exact test for a negative binomial distribution69 and subsequent multiple correction by 

adjusting the false discovery rate to q < 0.01 (ref. 63; Fig. 2c,d and Supplementary Figs 

2–5 and 9). Normalized RPM values are used in Fig. 2c,d, whereas unnormalized RPM 

values are plotted in Supplementary Figs 2–5 and 9. The significantly differentially 

expressed genes were subjected to a subsequent GO-enrichment analysis (Supplementary 

Tables 22 and 23). 

Protein sequencing of digestive fluids. Digestive fluids of C. follicularis, D. adelae, N. 

alata and S. purpurea were collected from soil-grown plants in a greenhouse. Fluids were 

freeze dried and stored at room temperature. Dried samples were dissolved in a protease 

inhibitor cocktail (cOmplete, Mini, EDTA-free, Roche), precipitated with 8% 

trichloroacetic acid (TCA) and then washed with 90% acetone. They were dissolved in 

SDS sample buffer (62.5 mM Tris-HCl, 2% SDS, 0.25% BPB, 10% glycerol, 5% 2-
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mercaptoethanol, pH 6.8), denatured at 95 °C for 3 min and then separated by 12% SDS-

polyacrylamide gel electrophoresis. Negative staining was performed using the Gel-

Negative Stain Kit (Nacalai Tesque) according to the manufacturer’s instructions. After 

destaining, proteins were transferred to polyvinylidene difluoride (PVDF) membranes. N-

terminal sequences of each protein band were determined by the Edman degradation 

method using an ABI Procise 494-HT instrument (Applied Biosystems). To obtain 

internal protein sequences, protein bands were dissected from the gel, destained, 

dehydrated with 100% acetonitrile for 5 min, dried using an evaporator and then reduced 

by incubating in 10 mM DTT and 25 mM ammonium bicarbonate at 56 °C for 60 min. 

After washing with 25 mM ammonium bicarbonate, the proteins were alkylated in 55 

mM iodoacetamide and 25 mM ammonium bicarbonate for 45 min at room temperature. 

After washing with 50% acetonitrile containing 25 mM ammonium bicarbonate, the 

samples were dried using an evaporator. The proteins were in-gel-digested with 10 ng 

µl−1 trypsin in 50 mM ammonium bicarbonate, 10 ng µl−1 lysyl endopeptidase in 25 

mM Tris- HCl (pH 9.0) or 20 ng µl−1 V8 protease in 50 mM phosphate buffer (pH 7.8) 

at 37 °C overnight. The digested peptides were extracted twice by sonication in 50% 

acetonitrile containing 5% trifluoroacetic acid (TFA) for 10 min. The peptides were 

separated by high-performance liquid chromatography (HPLC) using the Pharmacia 

SMART System and a reverse-phase column (µRPC C2/C18 PC 3.2/3, GE Healthcare 

Life Sciences, or XBridge C8 5 µm 2.1×100 mm, Waters) under the following 

conditions: constant flow rate of 200 µl min−1; solvent A, 0.5% TFA, solvent B, 

acetonitrile containing 0.5% TFA; linear gradient from 10 to 40% (B over A in % (v/v)) 
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over 30 min (1% min−1). Separated peptides were then used for protein sequencing by 

the Edman degradation method. 

Transcriptome assembly and identification of transcripts encoding biochemically 

identified proteins. RNA-seq reads of D. adelae, N. alata, and S. purpurea 

(Supplementary Table 8) were assembled into transcripts using Trinity (version r2013-

02-25)70 with a 200 bp minimum contig length cut-off. Partial amino acid sequences of 

digestive fluid proteins were subjected to TBLASTN searches71 against the 

transcriptome assemblies and the Cephalotus gene models to identify the corresponding 

transcripts (Supplementary Tables 25–28). Sequence variants within a Trinity’s 

component were considered as originating from the same gene. 

Preparation of digestive fluid protein data sets. In addition to proteins identified in this 

study (Supplementary Tables 25–28), we obtained for phylogenetic analyses a number of 

previously published sequences of digestive fluid proteins8,9,72–78 (Supplementary 

Table 24). Although many protein and transcript sequences for possible digestive 

enzymes are available (for example, refs 17,79–84), we included only genes for which 

complete coding sequences were available and for which their presence in digestive fluid 

had been biochemically validated (Supplementary Table 24, last searched 20 January 

2016). 

Phylogenetic analyses of gene families. Phylogenetic relationships of digestive enzyme 

genes and other carnivory-related genes were analysed along with their homologues in 
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the annotated genomes of ten angiosperm species (Supplementary Table 11). TBLASTX 

searches71 were performed against the above coding sequence (CDS) data sets with an 

E-value cut-off of 10. After sequence retrieval, multiple alignments were prepared using 

MAFFT 6.95685, and ambiguous codons were removed using trimAl57 implemented in 

Phylogears2-2.0.2013.03.15 (http://www.fifthdimension.jp/products/phylogears/) with 

the ‘gappyout’ option. Poorly aligned sequences were removed using MaxAlign86. 

Phylogenetic trees were reconstructed by the maximum-likelihood method using RAxML 

v8.0.2651 with the general time-reversible (GTR) model of nucleotide substitution and 

four discrete gamma categories of rate heterogeneity (‘GTRGAMMA’ option). Support 

for nodes was estimated by rapid bootstrapping with 100 replicates. Trees were rooted at 

the midpoint between the two most divergent genes. Gene duplication events shown in 

Figs 2b and 3a were inferred on the basis of species overlap between partitions87 using a 

Python package ‘ETE3’88. The trees were visualized using iTOL89. 

Detection of orthologous relationships. Orthology of Cephalotus genes and digestive 

enzyme genes was inferred on the basis of tree topologies reconstructed by the 

maximum-likelihood method using the ten plant genomes described above 

(Supplementary Figs 2, 4 and 5). As we cannot exclude the possibility of parallel gene 

losses, a clade containing genes from at least five plant genomes was designated as a 

putative orthologous unit. 
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Expression profiling of Arabidopsis genes. Affymetrix ATH1 (25K) microarray data 

sets on stress-related experiments were retrieved from ArrayExpress90 if two or more 

replicates were available on wild-type Arabidopsis plants (Supplementary Table 30). 

Robust multi-array average normalized expression data91 were subjected to heatmap 

visualization using the R package ‘gplots’. Dendrograms were constructed using the 

furthest neighbour method with Euclidian distances. Significance of differential 

expression was analysed by a randomization test with 10,000 iterations in which 

resamplings were performed in each gene family and the sum of expression changes was 

compared with the original value. 

Evaluation of detection methods for molecular convergence. To evaluate different tree 

reconstruction methods, simulated gene sequences were generated using the R package 

‘Phylosim’92. We used publicly available simulated data sets for 16 fungi species93,94. 

These data sets contain 1,000 simulated tree topologies of gene families, each of which 

was generated under observed gene duplication and loss rates. Sequences of 300 codons 

were simulated on the tree topologies of the fungi data set. Codon usage was sampled 

from the actual frequencies in Saccharomyces cerevisiae95. The κ 

(transition/transversion rate) was set to 1. The ω (nonsynonymous / synonymous 

nucleotide substitution rate ratio (dN/dS)) of each codon position was randomly sampled 

from a gamma distribution (shape = 0.5, rate = 1). To mimic molecular convergence, two 

genes were randomly selected to be converged. In terminal branches of selected genes, 

codon usage of S. cerevisiae was replaced with a biased matrix in which frequencies of 
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codons coding for two randomly selected amino acids were increased. Increased 

frequency was calculated by multiplying the original value by 100, and then total 

frequencies of all codons were scaled to 1. Gene trees were inferred by the maximum-

likelihood method using first, second, third and all codon positions as well as 300 

nucleotide random sequences. To obtain a robust tree topology, the gene trees were 

reconciled with the species tree using Treefix 1.1.1094, which incorporates duplication-

loss parsimony and a test statistic for likelihood equivalence. Reconciliation was 

accomplished using default settings for which 1,000 iterations of topology searches were 

performed and rearrangements were accepted when likelihood was not significantly 

reduced by the Shimodaira–Hasegawa test96 (P value threshold of 0.05). Branch 

lengths of reconciled trees were optimized using RAxML51. Finally, the numbers of 

convergent and divergent substitutions were estimated from the inferred tree topologies 

and the original simulated alignments using CodeMLancestral21 (Supplementary Fig. 

10). Substitution pairs that result in the same descendant amino acid at the same 

alignment position in both branches were categorized as convergent changes, whereas the 

remaining substitution pairs were counted as divergent changes21,28. 

Detection of molecular convergence in digestive fluid proteins. Genes encoding 

digestive fluid proteins identified in this study (Supplementary Tables 25–28) and 

previous research (Supplementary Table 24) were analysed. When corresponding gene 

sequences for a given species clustered together in the maximum-likelihood trees 

(Supplementary Fig. 5), they were considered to represent the same gene, whereafter we 
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retained our own sequences to circumvent incorrect inference of gene duplication events 

in phylogeny reconciliation. A maximum-likelihood tree was reconstructed using third 

codon position sequences of the trimAl-processed alignments, and it was subsequently 

reconciled with a species tree prepared 

from a dated large-scale plastid phylogeny of flowering plants54 using Treefix94 with 

default parameters, except with the number of iterations increased to 1,000. Although the 

plastid-based topology54 is partly different from nuclear-based topology52,53 

(Supplementary Fig. 1h), we employed it because of the necessity to include carnivorous 

lineages in which nuclear genome sequences are unavailable (for example, Drosera, 

Nepenthes and Sarracenia). Branch lengths of the reconciled trees were optimized 

against trimAl-processed CDS alignments using RAxML51. The trees were subsequently 

used for Bayesian ancestral state reconstruction using PhyloBayes97 over 12,000 

generations (2,000 generations of burn-in) with an infinite mixture of GTR substitution 

models (CAT-GTR model) of amino acid substitution and five discrete gamma categories 

of rate heterogeneity to calculate posterior numbers of convergent and divergent 

substitution pairs. Background levels (null hypothesis) of convergent substitution pairs 

were estimated by a linear regression in which the posterior numbers of convergent 

changes were predicted by divergent changes21. Over-accumulation of convergent 

changes in a tree was examined by one-sided single-sample proportion tests98 with 

Yate’s continuity correction99 and subsequent Bonferroni adjustment for multiple 

comparisons100. Digestive enzyme branch pairs among independent carnivorous plant 
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lineages were examined in the statistical test. Corrected P values are shown in Fig. 3b 

and Supplementary Fig. 6. 

Homology modelling of protein structures. Protein structures of digestive enzymes 

were analysed using the SWISS-MODEL Workspace101. Template models were selected 

using the ‘Template Identification’ tool. SWISS-MODEL Template Library IDs of 

selected templates were 2dkv.1.A, 3zk4.1.A and 1dix.1.A for GH19 chitinases, purple 

acid phosphatases and RNase T2s, respectively. Predicted models were visualized using 

UCSF Chimera 1.10102. Relative exposure of amino acid surfaces was calculated by 

dividing solvent-accessible surface in protein structures by the theoretical maximum of 

corresponding amino acids in Gly-X-Gly tripeptide contexts103. The relative solvent-

accessible surface area for a paired amino acid substitution was reported by averaging 

values in proteins constituting the two clades (Supplementary Fig. 8). 

Data availability. The Cephalotus genome assembly and gene models are available from 
the DNA Data Bank of Japan (DDBJ) with the accession numbers BDDD01000001 to 
BDDD01016307. The genomic sequences, gene models and other source data are also 
available at CoGe (Genome ID = 29002) and Dryad (doi:10.5061/dryad.50tq3). The 
DDBJ accession numbers for DNA-seq (DRR053706–DRR053720), mRNA-seq 
(DRR053690–DRR051749; DRR029007–DRR29010) and small RNA-seq 
(DRR058704–DRR058708) are shown in Supplementary Tables 1, 8 and 10, 
respectively. DDBJ accessions and gene IDs for coding sequences of digestive fluid 
proteins are provided in Supplementary Tables 25–28. 
https://www.nature.com/articles/s41559-016-
0059?dom=icopyright&src=syn#supplementary-information 
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Figure 1: Cephalotus morphology and genome. 

a, Pitcher and flat leaves. b, Flat and pitcher leaves predominantly produced at 15 °C 
and 25 °C, respectively, under continuous light conditions. Diamonds and error bars 
indicate means and standard deviations, respectively. Each filled circle represents an 
independent experiment with 45 plants. c, Synteny block matching of 
the Cephalotus genome against the coffee genome4 revealed a one-to-one matching in 
most genomic loci. 
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Figure 3: Molecular convergence of digestive enzymes. 

(Supplementary Fig. 8e), data from GH19 chitinases, purple acid phosphatases and 
RNase T2s are pooled. The bottom panel shows posterior probabilities (PP) of 
convergent (pink) and divergent (light blue) substitution pairs. The top panel shows 
density distributions of convergent and divergent loci (PP ≥ 0.5, filled pink and light 
blue in the lower panel) as well as non-detected positions (PP < 0.5, filled grey with 
outline colour according to the substitution types). P value indicates a statistical 
difference of medians (vertical lines) (randomization test). 
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Chapter V: Discussion 

Using genomic architecture to study the “abominable mystery” of the flower plant 

lineage diversification allows researchers to identify the evolutionary paths that caused 

similarities and differences between angiosperm lineages (1). Identifying ancient 

duplication events and transposition events using syntenic approaches will help resolve 

complicated gene family relationships within gene families, an area where more 

traditional where phylogenetic approaches often fall short. The resolved relationships 

within gene families will provide information for functional studies to move forward with 

new precision. 

Throughout my journey as a PhD student, I have sought to explore the depths 

within evolutionary history that synteny could reach. Synteny networks clearly illustrate 

the complex evolutionary patterns that are not easily depicted using traditional 

phylogenetic trees. Resolving the evolutionary past of gene families allows for a clearer 

understanding of long extinct ancestral states and their relation to modern diversification. 

It also provides insights on when evolutionary events can lead to functional differences in 

extant species. Utilizing syntenic approaches in closely related angiosperms allow for the 

identification of altered genomic arrangements. These altered arrangements between 

close relatives can help direct researchers to how unique phenotypes evolved abruptly. 

Convergently evolving species have been shown to inhabit similar ecological 

niches throughout the world. Carnivorous plants, with a few exceptions, inhabit nutrient 

poor, moist and sunny habitats. For example, the bromeliad Brocchinia reducta is 

epiphytic and lives in sand savannas and bogs in the Guayana Highlands.  Aldovandra, 
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Biovularia, Byblis, Cephalotus, Darlingtonia, Dionaea, some Drosera, Genlisea, 

Heliamphora, Pinguicula, Polypompholyx, Sarracenia, and most Utricularia are all 

examples of carnivorous plants from the polyphyletic group that inhabit nutrient poor, 

moist and sunny habitats (1). Functional studies using the differences in genomic 

architecture can help explain how traits arose convergently. My collaborators and I 

discovered how digestive enzymes in carnivorous plants have converged on amino acid 

sequence beyond what is expected to happen by chance. We also have identified regions 

in which transposition events can affect expression patterns and create gene duplicate 

arrays. 

The number of citations of Darwin’s “abominable mystery” has reached over 

150,000 according to Google Scholar (1). The breadth to which this mystery reaches 

across fields of study is wide. Investigators studying theoretic principles, development, 

physiology, ecology, mathematics, bioinformatics, genomics, genetics, molecular 

biology, and evolutionary biology to name a few, are all scientific fields that seek to learn 

form this phenomenon. Investigating into how angiosperms diversified will continue to 

be one of researches favorite topics because the rapid rise and diversification of 

angiosperms allow researches to capture genetic, epigenetic, genomic, and molecular 

signals before time deteriorates them. 
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