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Darwin’s “Abominable Mystery”: The Role of RNA

Interference in the Evolution of Flowering Plants
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1Sackler Institute for Comparative Genomics, American Museum of Natural History,
New York, New York 10024; °The New York Botanical Garden, Bronx, New York 10458;
3Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724; “The New York
Plant Genomics Consortium, Center for Genomics and Systems Biology, Department of
Biology, New York University, New York, New York 10003*

Correspondence: martiens@cshl.edu

Darwin was famously concerned that the sudden appearance and rapid diversification of flowering plants in the mid-
Cretaceous could not have occurred by gradual change. Here, we review our attempts to resolve the relationships among the
major seed plant groups, i.e., cycads, ginkgo, conifers, gnetophytes, and flowering plants, and to provide a pipeline in which
these relationships can be used as a platform for identifying genes of functional importance in plant diversification. Using
complete gene sets and unigenes from 16 plant species, genes with positive partitioned Bremer support at major nodes were
used to identify overrepresented gene ontology (GO) terms. Posttranscriptional silencing via RNA interference (RNAi) was
overrepresented at several major nodes, including between monocots and dicots during early angiosperm divergence. One of
these genes, RNA-dependent RNA polymerase 6, is required for the biogenesis of frans-acting small interfering RNA
(tasiRNA), confers heteroblasty and organ polarity, and restricts maternal specification of the germline. Processing of small
RNA and transfer between neighboring cells underlies these roles and may have contributed to distinct mutant phenotypes in
plants, and in particular in the early split of the monocots and eudicots.

In an 1879 letter to J.D. Hooker, Darwin described the
sudden appearance and rapid diversification of flowering
plants in the mid Cretaceous as an “abominable mystery.”
Indeed, angiosperm diversification patterns presented an
exception to his notion that nature evolves gradually
natura non facit saltum (Friedman 2009). The key evolu-
tionary processes that enable plants to adapt and diversify
are only partially understood and mostly at the level of
species, not at the level of major nodes, and less at the
level of the evolving genome. On the 150th anniversary of
On the Origin of Species (Darwin 1859), Darwin’s mys-
tery remains a fundamental issue in plant evolutionary
biology not only within the angiosperms, but also within
the gymnosperms. Namely, what are the fundamental
evolutionary processes that enable plant species to adapt
and diversify? One approach to understanding the origin
and diversification of angiosperms and other seed plants
is to identify genes or sets of genes that were critical in the
divergence of key branches in plant evolution. By know-
ing gene function in at least some extant species, it should
then be possible to correlate functional processes of inter-
est with key steps such as the transition of plants from
water to land or the evolution of the seed.

*Members of the Consortium are Gloria Coruzzi (New York
University), Rob DeSalle (American Museum of Natural History),
Dennis Stevenson (The New York Botanical Garden), W. Richard
McCombie (Cold Spring Harbor Laboratory), Ernest Lee (American
Museum of Natural History), Sergios-Orestis Kolokotronis (American
Museum of Natural History), Manpreet Katari (New York University),
A.C.J. (American Museum of Natural History/The New York Botanical
Garden), A.C.-J. (The New York Botanical Gardens), and R.M. (Cold
Spring Harbor Laboratory).

In principle, genes that were functionally important for
branch divergence and plant diversification will have a
phylogenetic signal that we can measure when we recon-
struct phylogenies, through analysis of their effect on tree
topology and branch support. Phylogenetic incongruence
between a partitioned functional class of genes and the
organismal phylogeny would suggest that the partition
has experienced a unique evolutionary history relative to
the organisms involved. In this way, incongruence of a
particular class of genes in a partitioned analysis allows
us to establish hypotheses about the evolution and poten-
tial function of these gene classes. Here, we use congru-
ence measures of character evolution to mine genomes
for patterns of protein function. In particular, we use mod-
ified elaborations of Bremer support—partitioned branch
support (PBS) (Baker and DeSalle 1997), and partitioned
hidden branch support (PHBS) (Gatesy et al. 1999).
These measures can be used to evaluate the overall con-
tribution (positive, negative, or neutral) of a particular
gene to the various nodes or branches in a phylogenetic
hypothesis. If one assumes that the tree obtained best rep-
resents the evolutionary history of the taxa involved, par-
titions that are in agreement or in conflict with the overall
evolutionary history of the groups in the analysis can be
detected and used to explain some of the more interesting
organismal differences among taxa. This phylogenomic
framework is powerful because it integrates experimental
and genomic data to enable predictions of gene function,
allowing us to tease apart the role of evolutionary change
in protein function (Eisen 1998; Eisen and Fraser 2003;
Sjolander 2004; Brown and Sjolander 2006).
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Plant phylogenies to date are based on a few nuclear and
plastid markers (for review, see APGIII 2009; Mathews
2009). By making use of the increasingly available ge-
nomic and expressed sequence tag (EST) data, as well as
in-house data provided by The New York Plant Genomics
Consortium, it was possible to construct a phylogeny of
protein sequences from 2557 orthologous genes spanning
16 plant species. Species were chosen as representatives of
major groups of angiosperms, gymnosperms, and nonseed
plants, and measures of support were used to identify pro-
teins and characters that may have functional significance
across those 16 taxa (Cibrian-Jaramillo et al. 2010).

Our phylogenomic approach allows all character infor-
mation to interact freely and reveal a more accurate
description of species relationships, and at the same time,
it makes it possible to observe snapshots of how genes or
groups of genes may have evolved in the context of the
overall phylogeny. These sets of genes themselves are a
hypothesis, and their relevance to that node can be tested
further based on measures of selection and explicit exper-
imental analyses. It is clear that genome-level sequencing
and large EST studies are rapidly growing, expanding the
number of gene partitions and ways of partitioning phy-
logenetic information that are available. Our platform can
easily incorporate the information simultaneously, con-
tributing to the efficient integration of genomic and
experimental data and enlightening the evolutionary
processes driving plant diversification (Chiu et al. 2006;
Cibrian-Jaramillo et al. 2010).

METHODS

Expanding on the analysis of De la Torre-Bércena et al.
(2009), we assembled a matrix of all available genomic
and EST data to date for 16 plant species including 11 seed
plants—five angiosperms (Amborella, rice, Arabidopsis,
poplar, and grape) and six gymnosperms (Cryptomeria,
pine, two cycads, gingko, Gnetum, and Welwitschia)—and
four seed-free plants—Filicalian fern (Adiantum), a thal-
loid liverwort (Marchantia), a moss (Physcomitrella), and
a Lycophyte (Selaginella) (Table 1).

Orthology of genes was established using OrthologID
(Chiu et al. 2006), http://nypg.bio.nyu.edu/orthologid.
OrthologID is an automated approach to sort query
sequences into gene family membership and determine
sets of orthologs from the gene trees. All ortholog groups
reflecting coding genes are then assembled into a con-
catenated matrix of 1,062,841 amino acids representing
2557 proteins (genes), with delineated data partitions for
each gene (for other methodological details, see Cibrian-
Jaramillo et al. 2010). A maximum parsimony tree was
generated using all concatenated genes in a simultaneous
analysis (SA) and individually (partitioned data). Parsi-
mony analysis was performed in PAUP* 4b10 using equal
weights (Swofford 2003). Branch support was evaluated
using the nonparametric bootstrap (2000 replicates) and
jackknife (50% and 30% removal) methods in PAUP
(Felsenstein 1985; Farris et al. 1996).

Once the most parsimonious tree is identified through
character congruence, we can examine the partitions to say

Table 1. List of Species and Genomic Sources

Species Genomic database
Adiantum capillus-veneris TIGR PlantTA
Amborella trichopoda TIGR PlantTA
Arabidopsis thaliana® TAIR

Cryptomeria japonica TIGR PlantTA

Cycas rumphii CSHL/TIGR PlantTA
Ginkgo biloba CSHL/TIGR PlantTA
Gnetum gnemon CSHL/TIGR PlantTA
Marchantia polymorpha JCVI

Oryza sativa® JGI

Pinus taeda TIGR PlantTA
Populus trichocarpa® JGI

Selaginella moellendorffii TIGR PlantTA

Vitis vinifera® Genoscope
Welwitschia mirabilis TIGR PlantTA

Zamia fischeri CSHL/TIGR PlantTA

2Complete genomes: (TIGR) http://compbio.dfci.harvard.edu/
tgi/plant.html; (PlantTA) http:/plantta.jevi.org; (CSHL) http:/
www.cshl.edu; (JCVI) http://www.jevi.org; (JGI) http://www.jgi.
doe.gov; (Genoscope) http:/www.genoscope.cns.fr/spip.

something about their function. The delineation of data
partitions allows the contribution of a gene (partition) to
a branch to be assessed using congruence measures of
support. We used a customized Perl script to calculate in-
dividual tree statistics including PBS and PHBS (Cibrian-
Jaramillo et al. 2010). By definition, for a particular
combined data set, a particular node (branch), and a partic-
ular data partition, PBS is the minimum number of charac-
ter steps for that partition on the shortest topologies for the
combined data set which do not contain that node, minus the
minimum number of character steps for that partition on the
shortest topologies for the combined data set that do contain
that node (Baker and DeSalle 1997). PHBS is the difference
between PBS for that data partition and the Bremer support
value (Bremer 1988, 1994) for that node for that data parti-
tion (Gatesy et al. 1999). Values for these metrics can be
positive, zero, or negative, and the value can indicate the
direction of support for the overall concatenated hypothesis:
Positive lends support, zero is neutral, and negative gives
conflicting support (Gatesy et al. 1999).

A gene ontology (GO) term was established for each
gene based on orthology with an Arabidopsis gene ID num-
ber using the current TAIR v8 database (http://www.arabi
dopsis.org). To determine which branch contains enrich-
ment of a certain molecular or biological function, statisti-
cally overrepresented GO categories at each partition were
compared to the distribution of that GO term in the
Arabidopsis genome (considered a “baseline distribution”;
Cibrian-Jaramillo et al. 2010). Because each branch is
composed of partitions which represent genes that provide
positive, negative, or neutral support, genes were first
grouped into four sets: (1) genes that had a positive value
for PBS (apparent), (2) genes that had a positive value for
PHBS (hidden) support, (3) genes with neutral PBS, and
(4) genes with neutral (zero) PHBS (no evolutionary sig-
nature for each branch).

Sungear (Poultney et al. 2007) implemented in Virtual
Plant (http://www.virtualplant.org) was used to compare
different sets of gene lists against Arabidopsis. GO term
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overrepresentation is measured by a z-score representing
the number of standard deviations by which a particular
observation (i.e., number of genes) is above or below the
mean (Dudoit et al. 2004; Gutiérrez et al. 2007). Partitions
with overrepresented GO terms and positive PBS within
the angiosperms, nodes 4 through 7, were further investi-
gated using Biomaps (Wang et al. 2004) as implemented in
VirtualPlant. This tool provides a different measure of over-
representation by using a hypergeometric distribution and
significance based on a p-value (p < 0.05). Biomaps was
used to compare the observed distribution of genes at each
branch to the distribution of those GOs terms associated
with Arabidopsis genes found in the matrix.

RESULTS

The resulting tree is identical in topology to a tree previ-
ously obtained with maximum parsimony (MP) and maxi-
mum likelihood (ML), although with fewer partitions
(1200) and various combinations of ingroup and outgroup
taxa (De la Torre-Barcena et al. 2009) (Fig. 1). Other tree
manipulations and details regarding phylogenetic analyses
are summarized in De la Torre-Barcena et al. (2009) and
Cibrian-Jaramillo et al. (2010). A subset of Arabidopsis
orthologs 1503 (58.7%) had at least one functional GO cat-
egory (the total number of GO categories matched is 1872).
The overall GO term distribution of the matrix had no sig-
nificant biases (that would suggest a methodological bias)
compared to Arabidopsis (Cibrian-Jaramillo et al. 2010).

brassinosteroid synthesis

A number of genes were found belonging to GO cate-
gories with very low probabilities of occurring by chance
at the observed frequencies (z-scores) for both positive
PBS and PHBS, with no significant outliers with neutral
PHBS or PBS. Positive PHBS genes provide additional
support at a particular node in the simultaneous analysis
of all data partitions. Figure 2 illustrates the distribution
of sets of overrepresented genes (represented by vessels)
for PHBS values at each node in the tree. Node 6
(Arabidopsis, Populus, Vitis) and node 7 (Populus, Vitis)
have the largest outlier vessels.

Within the angiosperms (Biomaps), overrepresented
GO terms with both PBS and PHBS support included
photosynthesis, development, and hormone-related func-
tional categories (Figs. 1 and 2). A functional group was
of exceptional interest: genes involved in posttranscrip-
tional gene silencing, in particular AGO! and RDR6
within the rosids (4rabidopsis, Populus, Vitis). Notably,
character comparison for AGO! (not shown) and RDR6
(Fig. 3) revealed a number of amino acid substitutions at
regions in proteins with known functional importance
(Marchler-Bauer et al. 2007). For RDR6, the SHOOT
LESS2 gene (SHL?2) is the rice ortholog of RDR6 in
Arabidopsis. The shi2-10 allele, shi2, has a G614D muta-
tion, responsible for that mutant phenotype (Nagasaki et
al. 2007). This specific site is one of those supporting
cladogenetic variations in our matrix (Fig. 3), providing
positive branch support as apomorphic for monocots
(Cibrian-Jaramillo et al. 2010).

Amborella
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Figure 1. Phylogenetic relationships of seed plants using 2557 proteins inferred with maximum parsimony. All nodes showed boot-
strap (2000 replicates) and jackknife (1000 replicates) support values above 99%. Overrepresented GOs with the most important func-
tional categories are shown at the base of the nodes. (Modified, with permission, from Cibrian-Jaramillo et al. 2010 [© Oxford

University Press].)


http://symposium.cshlp.org/
http://symposium.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from symposium.cshlp.org on January 7, 2014 - Published by Cold Spring Harbor Laboratory Press

270 CIBRIAN-JARAMILLO AND MARTIENSSEN

mannose biosynthesis
cyanate metabolic process
siRNA binding

Node9

~ o
o %

SR

photosynthetic NADP+ reduction
de
\'\0 —~
embryonic root morphogenesis =
virus-induced gene silencing  “V

gene silencing by miRNA ks
plastid inner membrane eo

siRNA binding

Noée

DNA-directed RNA polymerase Il, core complex

siRNA binding
starch biosynthesis

embryonic root morphogenesis

node?
siRNA binding
mismatched DNA binding

Figure 2. Distribution of genes across nodes. Sungear allows for the visual and statistical analysis of overlapping relationships among
different lists of data and Boolean combinations. Each polygon corresponds to a particular node in the phylogeny. The circles with
arrows within the polygon are called vessels, which represent genes with a positive z-score, from the set of categories with positive
PHBS values. The position and the arrows of the vessels identify which node the genes are from, and the size of the vessel is relative
to the number of genes in that vessel. The most interesting gene categories are written on each node (red categories are only found in
that node, whereas yellow categories are shared across various nodes).

DISCUSSION

The topology described here recovers major groups of
seed plants as all previous morphological analyses and
most molecular analyses with monophyletic seed plants
have done: the cycads, the conifers, the gnetophytes, and
the angiosperms. We support the gnetophytes as the sister
group to all other gymnosperms, congruent with phylo-
genetic studies using phytochrome genes (Mathews and
Donoghue 2000; Schmidt and Schneider-Poetsch 2002;
Mathews 2009), AGAMOUS-like genes (Winter et al.
1999; Becker et al. 2003), and FLORICAULA/LEAFY
(Frohlich and Parker 2000). These results are to a great
extent congruent with the angiosperm phylogeny group
(APG III) (APGIII 2009). A more detailed explanation of
the importance of a simultaneous analysis, as well as of
support dynamics, the role of outgroup choice, taxon
sampling, and missing data is presented elsewhere (De la
Torre-Barcena et al. 2009; Cibrian-Jaramillo et al. 2010).

Genes with Evolutionary and Functional Relevance

Overrepresented functional categories that are common
throughout nodes are largely metabolic processes, such as
photosynthesis. This distribution is concordant with their
importance in key biochemical pathways that plants have
developed in response to major environmental stress. For
example, changes in photosynthetic chemical pathways
are used not only to adapt to novel light conditions, but

also to reduce evaporative water loss that was probably
required from the transition from water to land and when
plants colonized new environments (Bohnert et al. 1988).
Interestingly, the Gnetophyta (node 13) had the highest
number of overrepresented photosynthetic genes (Ci-
brian-Jaramillo et al. 2010). The gnetophyte Welwitschia
mirabilis has a crassulacean acid metabolism (CAM) pho-
tosynthetic pathway in which stomata are open at night,
avoiding water diffusion during the day (von Willert et al.
2005). Another member, Ephedra, is found in semiarid to
desert conditions exposed to water stress during part of the
year. Most Gnetum species are distributed in lowland trop-
ical rainforests and are uniquely characterized by a rela-
tively lower photosynthetic capacity as well as reduced
capacity for stem water transport (Feild and Balun 2008).

At the other end of the spectrum are overrepresented
gene categories directly related to specific traits or phe-
notype characteristics of that clade. For example, over-
represented amylopectin genes at the conifers (node 9)
and mannose biosynthesis genes at the cycad node (node
11) may have a direct association to their morphology
(Fig. 2). Amylopectin is fundamental to the manoxylic
wood in cycads, and it differs from the pycnoxylic wood
in conifers and the Gnetales, in which mannose is an
important component (Greguss 1955).

Within the angiosperms, plant hormones and genes
involved in circadian clock and photoperiodism were
among the most interesting overrepresented partitions.
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Figure 3. Character comparison for RDR6 among angiosperms reveals amino acid substitutions at regions in proteins with known
functional importance. Shown is part of the alignment in our matrix that corresponds to the RDR6 domain. The SHOOTLESS?2 gene
(SHL2) is the rice ortholog of RDR6 (from Arabidopsis). In the shi2-10 allele, shi2 has a G614D mutation, responsible for the mutant
phenotype, i.e., functionally important site (Nagasaki et al. 2007). This site is one of those supporting cladogenetic variations in our
matrix, i.e., providing positive branch support for the split between monocots and the rest of the angiosperms. Substitutions unique to
rice throughout the domain are underlined in red. Approximations of domain span are based on Marchler-Bauer et al. (2007).
(Modified, with permission, from Cibrian-Jaramillo et al. 2010 [© Oxford University Press].)

Brassinosteroid genes were found to be uniquely overrep-
resented in the angiosperm clade (node 4) (Fig. 2).
Brassinosteroid hormones differ in their signaling from
other hormones, with a relatively longer pathway than
either auxin or gibberellin (Bajguz and Tretyn 2003).
Carotenoid biosynthesis factors, involved in shoot-
branching and long-range signaling (Mouchel and Leyser
2007), were identified in the same node. Genes that are
involved in the regulation of the circadian clock, pho-
toperiodism, and growth habit (Balasubramanian et al.
2006) are overrepresented in the rosids (node 6). Patterns
of hormone expression and regulation of circadian clock,
and their specific function in the rest of the angiosperms,
must be tested in future molecular and developmental
studies, but their relevance is highlighted here.

RNAI in Plant Evolution

Genes involved in posttranscriptional regulation by
small RNAs are highly overrepresented functional cate-

gories in both gymnosperms and angiosperms (Fig. 1).
They have among the highest significance values for
overrepresented genes in the split between Amborella and
the rest of the angiosperms (node 4) and in the split
between monocots and eudicots (node 5). microRNAs
(miRNAs) and small interfering RNAs (siRNAs) are
important for developmental phenotypes (Willman and
Poethig 2005; Sunkar and Zhu 2007; Wang et al. 2007),
and some are highly conserved.

Two genes in particular, Argonaute (AGO1) and RNA-
dependent RNA polymerase 6 (RDRG), are critical in
developmental aspects of RNAi. They have roles in vari-
ous stages of embryo and leaf development, polarity, and
shape through frans-acting siRNA and miRNA pathways
(Kidner and Martienssen 2004, 2005; Peragine et al.
2004). AGO1 provides positive phylogenetic support for
the angiosperm clade (node 4), for the split of Amborella
and the rest of the angiosperms (node 5), and for the eudi-
cot clade only (node 6). RDR6 provides support for the
split of the eudicots from Amborella and rice (node 6).
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Their overrepresentation and phylogenetic contribution
are highly relevant given character analysis in our phy-
logeny. In particular, we found a number of amino acid sub-
stitutions among species in the clades with high support, at
regions in proteins with known functional importance. For
AGOI, mutations unique to rice were found in the PAZ
nucleic-acid-binding interface and in regions that corre-
spond to the 5 guide strand anchoring domain and the
PIWI catalytically active domain. Interestingly, mutants in
RDRG6, which support the dicot clade, have much milder
phenotypes in Arabidopsis (Adenot et al. 2006; Fahlgren et
al. 2006; Garcia et al. 2006) than in the monocot rice
(Nagasaki et al. 2007). Asymmetry and shoot meristem
organization in the monocotyledonous embryo of rice are
strongly affected, whereas the dicotyledonous embryo of
Arabidopsis remains radically symmetric and germinates
normally. In terms of target gene expression, rice rdr6
mutant embryos lose some of their asymmetry, resembling
dicotyledonous embryos in this respect, although profound
differences remain. Unique changes to rice are sites of
potentially important mutants. Overall, AGOI and RDR6
(and then, the processing or transport of trans-acting
siRNA) are implicated in this defining feature of the
angiosperm seed. Recently, RDR6 has also been implicated
in small-RNA-mediated suppression of gamete formation
in the Arabidopsis ovule, a phenotype related to asexual
seed formation, or apomixis (Olmedo-Monfil et al. 2010).
Expression analysis using these sequence variants will con-
firm a role for these amino acid residues in determining
significant phenotypic effects of ecological and evolution-
ary importance.

CONCLUSIONS

We demonstrate a novel method using phylogenomic
tools to postulate hypotheses of gene function in the evo-
lution of major plant groups. Functional hypotheses can
be further coupled with expression and genetic data to
arrive at better gene annotations and functional analyses
for genome-level studies. Our findings help to guide plant
ecological genomics studies and enlighten the precise
evolutionary mechanisms driving the diversification of
plant species, helping to gradually unravel Darwin’s abid-
ing and perplexing mystery.
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