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Abstract

The 1,000 Plants (1KP) initiative was the first large-scale effort to col-
lect next-generation sequencing (NGS) data across a phylogenetically rep-
resentative sampling of species for a major clade of life, in this case the
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Viridiplantae: green
plants; eukaryotes with
primary plastids and
chlorophyll b, which
include land plants
(embryophytes) and
green algae
(nonmonophyletic;
composed of
chlorophyte and
streptophyte algae)
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Viridiplantae, or green plants. As an international multidisciplinary consortium, we focused on
plant evolution and its practical implications. Among the major outcomes were the inference of a
reference species tree for green plants by phylotranscriptomic analysis of low-copy genes, a survey
of paleopolyploidy (whole-genome duplications) across the Viridiplantae, the inferred evolution-
ary histories for many gene families and biological processes, the discovery of novel light-sensitive
proteins for optogenetic studies in mammalian neuroscience, and elucidation of the genetic net-
work for a complex trait (C4 photosynthesis). Altogether, IKP demonstrated how value can be
extracted from a phylodiverse sequencing data set, providing a template for future projects that
aim to generate even more data, including complete de novo genomes, across the tree of life.
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INTRODUCTION

The 1,000 Plants (1KP) initiative generated transcriptomics data for over a thousand phylogenet-
ically diverse species across the tree of life for green plants (Viridiplantae, a clade of at least 500,000
species of major ecological and economic importance). As a public-private initiative, the project’s
goals included basic and applied research. 1KP was launched in January 2009 at an organizational
meeting hosted on the campus of the University of British Columbia in Vancouver, Canada. II-
lumina (Solexa) had just introduced their next-generation sequencing (NGS) platform (12, 149),
and in subsequent years, many genomes were sequenced by NGS. Most of this effort was focused
on economically important species. This included the publications of de novo genome assemblies
for potato (107), Brassica rapa (150), and tomato (138), among many others. The mood of the era
was succinctly captured by Jun Wang at BGI-Shenzhen, who stated, “If it tastes good, let’s se-
quence it.” This paraphrased the priorities of funding agencies worldwide, which understandably
favored economically important species and placed a lower importance on the sequencing of phy-
logenetically diverse species. The objective of 1KP, by contrast, was to sample molecular diversity
across the green plant phylogeny. We therefore employed transcriptome sequencing with de novo
assembly to capture many thousands of expressed gene sequences from each selected species, at a
fixed and affordable cost per sample. A reduced representation approach was necessary because,
even today, with the $1,000 human genome a reality for resequencing, plant genomics can still
be expensive for certain species. Genome sizes vary by 2,342-fold within land plants (74) and by
4,680-fold within green algae (65).

Once committed to sequencing a phylogenetically representative collection of the Viridiplantae,
many technical challenges had to be resolved. First, live tissues had to be collected at stages where
homologous gene sets would be expressed in species with strikingly different life cycles. Because
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major plant lineages can differ with respect to the dominance of either a diploid or a haploid
generation, obtaining sufficient material from homologous phases of the life cycle was not always
possible. RNA extractions were mostly carried out by laboratories close to the source so that more
plant materials could be quickly provided when RNA of suitable quality and quantity was not
obtained. No single RNA isolation protocol worked on all of the samples, but RNA was obtained
for most of the targeted species using just a handful of protocols (63, 64). Second, de novo assembly
of short NGS reads was not demonstrated for eukaryotes until 2010, upon publication of the
panda genome (79). However, algorithms that were developed for genomes with uniform read
coverages did not work on transcriptomes where read coverages vary with gene expression levels.
The first algorithms to meet this challenge were Trans-ABySS (114) and Trinity (41). 1KP used
a newer assembler, SOAPdenovo-trans (158), which performed at least as well as, and in some
cases better than, Trinity (53). Likely sample misidentifications, mislabelings, and contaminations
were detected by a comparison of 18S ribosomal RNA sequences with the SILVA database (159).
Other problematic samples were detected by manual inspection of the computed gene trees in a
comparison to the known species relationships.

A total of 1,342 transcriptomes [each with on average 2.2 gigabase pairs (Gbp) of high-quality
raw sequence] were produced from 1,173 species representing all major Viridiplantae clades (19a).
This substantially increased the number of genes for green plants, relative to what was then in the
public sequence databases, especially in previously undersampled lineages (Figure 1). Researchers
around the world were invited to analyze these data, and publications arising from these collabora-
tions were compiled on a public website, https://wiki.cyverse.org/wiki/display/iptol/OneKP+
companion+papers. For this review, we eschewed an exhaustive tabulation of 1KP papers to focus
on a broader discussion of how one might extract value from a data set of gene sequences sampled
over multiple species representing the diversity of a large taxonomic group. We begin at the high-
est level of abstraction, i.e., species, and move progressively to ever greater levels of detail, from
genomes to gene families and from protein characterizations to complex genetic networks. The
first three sections consider fundamental evolutionary questions and, in particular, discuss species
tree inferences through phylotranscriptomic analyses, a survey of paleopolyploidy events across
the tree of life for green plants, and assessments of gene family expansions (and contractions) in
relation to the emergence of evolutionary innovations. The last two sections consider more ap-
plied issues, showing how quantitative protein characterizations facilitated optogenetic studies in
mammalian neuroscience and how convergent evolution is a powerful method for investigating
the evolution (or engineering) of complex traits like C4 photosynthesis. Altogether, the multidis-
ciplinary studies conducted for 1KP show how characterization of sequence diversity can have
profound implications for human health, nutrition, and technology development.

EVOLUTIONARY HISTORIES

Akey objective of 1KP was to improve our understanding of genome and gene evolution across the
Viridiplantae. This requires a robust hypothesis of species relationships. When 1KP was launched,
many of the outstanding uncertainties in the species tree were associated with poor taxon sampling
and/or long branches leading to phylogenetically critical taxa. Plant molecular phylogenetics at
that time was dominated largely by plastid markers and a handful of nuclear genes. The limita-
tions of using uniparentally inherited nonrecombining loci, such as the plastome, were not being
ignored; rather, large sets of nuclear encoded genes were not yet readily available, and scalable
methods to account for complex gene histories (e.g., gene duplication and loss, incomplete sort-
ing of the ancestral allele pool) were not yet developed. It was hoped that improved taxon and
gene sampling would help break these long branches and provide a data set that more accurately
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Gene tree:
phylogenetic history of
an individual gene;
sometimes used as a
proxy for species-level
phylogenetic history

Species tree:
phylogenetic history of
species relationships
estimated from aligned
gene sequences or
gene trees, which may
be concordant or
discordant with
speciation history

Phylotranscriptomics:
comparative analysis of
homologous RNA
transcripts from
multiple organisms;
aims include inference
of species phylogeny
and related elucidation
of gene, gene family,
and genome evolution

Paleopolyploidy:
whole-genome
duplication in an
ancestral lineage

C4 photosynthesis:
a supplementary
method of carbon
dioxide uptake that
involves altered leaf
anatomy and
production of a
4-carbon molecule
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Figure 1

Number of plant genes (assemblies longer than 500 bp) sequenced by the 1,000 Plants (1KP) consortium
versus the National Center for Biotechnology Information (NCBI) protein database (release 205.0). Branch
widths are weighted by gene counts with a nonuniform scale along the vertical axis; black bars to the right
indicate widths for one million genes [i.e., to create a tapered appearance, one million genes are depicted
more narrowly as we progress from the leaf (f0p) to the root (bottom) of the tree]. The median ratio of 1KP to
NCBI gene counts for families and orders is 66 and 46, respectively.

reflected the complex speciation history of nuclear genomes. However, we had no a priori idea
of the extent to which this might ameliorate the difficulties of inferring deep phylogenies (104).
Even before the full complement of 1KP analyses was complete, these data improved the under-
standing of diversification within and among plant lineages where few nuclear gene sequences
were previously available. For example, research on fern relationships and diversification was ad-
vanced using low-copy nuclear gene sequences from 1KP (117). 1KP data also helped to facili-
tate the development of microsatellite primers and probes for target enrichment (49). This re-
view focuses on a capstone analysis (73) of the full 1KP data set, with a particular emphasis on
the inferences of evolutionary histories that are reflected in the gene tree and species tree esti-
mates. As a primer for the nontaxonomist readers, http://www.mobot.org/MOBOT/research/
APweb/trees/modeltree3.gif shows the relationship between key model organisms and major
angiosperm clades.

Phylotranscriptomics-Inferred Species Trees

Even as plant phylogenetics moved to large-scale phylogenomic investigations, as opposed to
inferences based on small sets of markers, reconstructions of plant species relationships fo-
cused mostly on sequencing and analyzing plastid genomes (56, 72, 99, 139). Later studies using
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low-copy nuclear gene sequences extracted from genomes (126), transcriptomes (152, 160), and
gene capture data (45, 46) were mostly consistent with the plastome-based phylogenies, albeit with
occasional conflicts. Analyses of the full 1KP data set used both plastid-encoded genes and 410
low-copy nuclear genes that were mined from the transcriptomics data. Nuclear gene sequences
yielded robust and consistent phylogenetic inferences for most Viridiplantae clades regardless of
how the DNA or amino acid sequence alignments were analyzed, either as concatenated super-
matrices or as species tree analyses that accounted for incomplete lineage sorting (ILS) (73). More
importantly, species trees inferred from the nuclear gene sequences were largely concordant with
species trees inferred from coding portions of the plastid genome.

It is, however, noteworthy that discordances among the gene histories for some important
nodes in the species tree are still observed. For example, coalescence-based analyses of nuclear
genes recovered a clade of extant bryophytes (mosses, liverworts, and hornworts), in contrast to a
previous plastid-based inference that recovered liverworts as sister to all other extant land plants
and hornworts as sister to the vascular plant clade (108). Another example concerns the relation-
ships among core eudicot lineages, which comprise 75% of angiosperms. Plastid gene and genome
analyses gave strong support for the placement of a clade incorporating the orders Celastrales, Ox-
alidales, and Malpighiales (COM) within Fabidae, a large subclade of rosids. In contrast, analysis of
low-copy nuclear genes placed these orders within another major rosid subclade, Malvidae. It is
unclear whether discordances between plastid and nuclear trees are a consequence of ILS (Figure
2b), introgressive hybridization (Figure 2c¢), or nonorthologous gene retention (Figure 2d) fol-
lowing the gamma genome triplication that predated rapid core eudicot diversification (59).

Large-scale sampling of nuclear genes is necessary to characterize discordance not only be-
tween plastome and nuclear genomes but also among nuclear genes. All of the processes shown
in Figure 2 can give rise to heterogeneous gene histories and gene tree—species tree discordance.
Horizontal gene transfer involving movement of genes between distantly related organisms can
typically be diagnosed using gene tree comparisons (78), but ILS generates subtle gene tree—
species tree discordance that can be difficult to distinguish from gene tree estimation error. In
the 1KP analyses, discordance among individual gene histories was common. When most of the
sampled genes share a fundamentally concordant history, concatenating individual gene align-
ments into a supermatrix and using an appropriate nucleotide or amino acid substitution model
can mitigate many of the problems associated with the analysis of large nuclear gene sets (18, 103).
For example, likelihood and Bayesian analyses can employ parameter-rich models to account for
variation in substitution rates among aligned sites within and among genes sharing the same phy-
logenetic history (133). However, when many genes have conflicting histories, concatenation of
individual gene alignments can be statistically inconsistent (70, 115) and methods are required to
account for processes such as ILS.

ILS occurs when ancestral allelic variation is retained between speciation events, and random
fixation of these allele lineages within the resulting species gives rise to gene tree—species tree
discordance (Figure 2b). The nonparametric summary methods implemented in the species tree
estimation program ASTRAL II (87, 121) have been shown to accurately reconstruct species re-
lationships by assessing the frequencies of species quartets observed within and across gene tree
estimates (86). Although parametric methods can recover species trees with greater statistical effi-
ciency when genes evolved under a pure coalescence model (110), the nonparametric species quar-
tet summary method implemented in ASTRAL II is robust in the presence of low-to-moderate
rates of horizontal gene transfer (23). Moreover, summary methods that aim to identify a species
tree exhibiting maximum quartet support across estimated gene trees may also be robust to gene
tree discordance due to interspecific gene flow (Figure 2¢) or gene duplication/loss (Figure 2d), if
the probability of hybridization or retention of paralogous gene copies decreases with increasing
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Supermatrix: DNA or
amino acid alignments
where individual genes
are concatenated into a
single data matrix for
phylogenetic analysis

Incomplete lineage
sorting (ILS):
retention of ancestral
polymorphisms
through successive
speciations, such that
individual gene tree
histories do not
necessarily match
species history
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Homoplasy:

trait similarity due to
evolutionary
convergence,
parallelism, or reversal
(i.e., similarity not due
to common ancestry)

Hemiplasy:
homologous (i.e.,
sharing a common
ancestry) character
states that, due to
incomplete lineage
sorting, appear
homoplasious when
mapped onto a species
tree
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Figure 2

Gene genealogies within species trees, adapted from References 75 and 81, illustrating how (#,5) coalescence,
(¢) gene flow, and (d) gene duplication can produce gene trees that are (#) concordant or ()—d) discordant with
species trees. The species trees all depict the same two speciation events, but the ancestries of the sampled
genes differ, exhibiting (#) shallow coalescence, (#) deep coalescence due to incomplete lineage sorting
between speciation events, (c) gene flow, and (d) retention of paralogous genes (blue and orange) following an
ancient gene duplication. Black/gray dots represent sampled genes and their ancestors with lines tracing the
ancestry of sampled genes. Gray wedges represent barriers to gene flow.

time between speciation, similar to the probability of ILS. Many critical relationships throughout
the diversification of plants are characterized by short branches that represent brief times between
successive speciations, so the use of summary methods that account for processes disproportion-
ately affecting these nodes was essential. Critically for 1KP analyses, ASTRAL II can rapidly es-
timate species trees from large data sets with thousands of genes and taxa. Gene tree summary
methods are also robust to missing data (88, 157) when the most fragmentary sequences (<33 %
complete) are removed from the gene sequence alignments (122). This is important because in-
complete sampling of expressed genes and fragmentary gene assemblies are common issues for
transcriptomics data.

Comparative analyses typically aim to map ecological or phenotypic trait changes onto an
estimated species tree to determine if those traits arose once or multiple times and whether trait
changes are associated with species diversification. Traits with simple genetic architectures may
appear to arise multiple times as a result of homoplasy (i.e., parallel or convergent evolution), but
this could also reflect discordance between the species phylogeny and the histories of the genes en-
coding a particular trait. The latter is referred to as hemiplasy (3) and is a clear possibility for those
nodes in a species tree with extensive discordance among the gene trees due to ILS, introgressive
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hybridization, gene duplication/loss, or rapid radiations in which more than two daughter species
are derived from a single ancestral species (i.e., hard polytomies) (98). Nodes exhibiting extensive
gene tree discordance and increased opportunity for hemiplasy include those representing the last
common ancestors of the core eudicots, land plants, and green algal class Ulvophyceae. In the face
of true gene tree—species tree discordance, no single bifurcating species tree adequately describes
the history of all the genes. Importantly, many of the historically problematic relationships in the
plant tree of life have been characterized by varying levels of gene tree discordance. This includes
the monophyly of bryophytes, the monophyly of conifers, the placement of Amborelln as the
sister group of all other living flowering plants, and the placement of Equisetales as sister to the
remaining extant monilophytes (ferns). All of these inferred relationships exhibited robust support
in species tree estimates despite moderate levels of gene tree discordance (73). Conversely, posi-
tioning of the Gnetales within conifers, positioning of the Bryopsidales among chlorophyte algae,
and resolution of the early radiation of core eudicots all exhibited stronger support for alternative
hypotheses in analyses of concatenated gene alignments (73). For the latter cases, well-supported
conflict among gene trees suggests that the genes do not share the same evolutionary history and
that concatenation of gene alignments in a supermatrix analysis may be problematic.

Ancient Whole-Genome Duplications

Renewed interest in polyploidy dates back to the sequencing of the Arabidopsis genome, which, de-
spite having only five chromosomes and being approximately 150 megabase pairs (Mbp) in length,
experienced at least three rounds of whole-genome duplications (WGDs) in its evolutionary his-
tory (16, 147). There is now evidence for many tens, perhaps even hundreds, of ancient plant
WGDs (8,129, 143, 151). The data suggest that one-third of all plant species are paleopolyploids
(6, 84, 156). There is also a correlation between recent polyploidy and domesticated plants (119).
What is still being debated is whether recently formed polyploid species diversify at higher rates
than their diploid relatives (32, 66, 83, 84, 123, 128). Another issue is the link between ancient
WGDs and the evolution of plant diversity (30, 135). Despite this flurry of activity, many impor-
tant questions remain unanswered due to poor or phylogenetically unbalanced sampling of plant
genomics data (Table 1).

Analysis of the full 1KP data set produced the first comprehensive survey of paleopolyploidy
across the green plant phylogeny (73). Using a combination of gene age distributions (7, 9) and
multispecies phylogenomic methods (80), evidence was found for 244 putative WGDs, of which
138 were not previously reported. These include putative WGDs in all extant monilophytes
(ferns and their close relatives), all extant mosses, and WGDs deep in hornwort and liverwort
history. These investigations also recovered support for the placements of many previously re-
ported WGDs in plant phylogeny, including one in seed plants (60, 80), an ancestral angiosperm
case (1), and hexaploidization in the core eudicots (59, 146). Consistent with previous work (5),
the only major land plant clade with no evidence of paleopolyploidy was the lycophyte Selaginella.
This may be why they have some of the smallest genomes and the slowest rates of genome-size
evolution among vascular plants (4). Given that the genomes of many other land plants have been
duplicated at least once, Selaginella is an intriguing outlier and an exemplar for evolution of land
plant genomes in the absence of polyploidy.

A major insight from 1KP was that the incidence of paleopolyploidy differs substantially across
lineages of green plants. WGDs were relatively rare among the green algae (both chlorophytes
and streptophytes). In contrast, species within most clades of land plants experienced one to two
rounds of WGDs, with many angiosperms demonstrating evidence for least five rounds of WGDs
(Figure 3). Intriguingly, the green algal clade with a frequency of paleopolyploidy most similar
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Table 1 Omic resources by species for land plants and relatives®

NCBI [or
Number of | 1KP tran- Phytozome]
Higher-level taxonomy Major clade families scriptomes genomes

Red algae 28 4 (1]
Glaucophytes 4 0[0]
Green plants/chlorophyte algae 112 31 (8]
Green plants/streptophyte algae 46 1[0]
Streptophytes/embryophytes/bryophytes Mosses 111 41 11[2]
Liverworts 87 22 1[1]

Hornworts 5 8 0 [0]
Streptophytes/embryophytes/vascular plants Lycophytes 3 21 2[1]
Monilophytes (ferns) 48 77 0[0]
Streptophytes/embryophytes/vascular plants/seed plants | Gymnosperms 12 82 5 (0]
Vascular plants/seed plants/angiosperms/ANA-grade Amborellales 1 1 1[1]
angiosperms Nymphaeales 3 2 01[0]
Austrobaileyales 3 4 0 [0]
Angiosperms/magnoliids Canellales 2 2 0 [0]
Laurales 7 11 0 [0]

Magnoliales 6 6 0[0]

Piperales 3 6 0 [0]
Angiosperms/unplaced Ceratophyllales 1 1 0 [0]
Chloranthales 1 2 0[0]
Angiosperms/monocots Acorales 1 1 0 [0]
Alismatales 14 4 2 (2]

Asparagales 14 45 4[0]

Dioscoreales 3 1 1[0]

Liliales 10 6 0 [0]

Pundanales 5 5 1[0]

Petrosaviales 1 0 0 [0]
Angiosperms/monocots/commelinids Arecales 2 5 3 [0]
Commelinales 5 0 1[0]

Poales 14 27 38[12]

Zingiberales 8 7 312]
Angiosperms/eudicots Buxales 1 1 0 [0]
Proteales 4 6 1[0]

Ranunculales 7 22 1[1]

Trochodendrales 1 1 0[0]
Angiosperms/eudicots/core eudicots Gunnerales 2 1 0 [0]
Dilleniales 1 2 0 [0]
Angiosperms/eudicots/core eudicots/superrosids Saxifragales 15 24 0[2]
...Superrosids/rosids Vitales 1 3 3[1]
...Superrosids/rosids/fabids Celastrales 2 2 0[0]
Cucurbitales 8 4 5[1]

Fubales 4 27 16 [5]

Fagales 7 11 4 [0]

Malpighiales 36 43 8 [6]

Oxalidales 7 4 1[0]

Rosales 9 25 17 [3]

Zygophyllales 2 3 0[0]

(Continued)
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Table 1 (Continued)

NCBI [or
Number of | 1KP tran- Phytozome]
Higher-level taxonomy Major clade families scriptomes genomes
...Superrosids/rosids/malvids Brassicales 17 23 28 [10]
Crossosomatales 7 2 0 [0]
Geraniales 2 4 0 [0]
Huerteales 4 1 0 [0]
Malvales 10 10 10 3]
Myrtales 9 30 4 1]
Picramniales 1 0 0 [0]
Sapindales 9 14 93]
Angiosperms/eudicots/core eudicots/superasterids Berberidopsidales 2 2 01[0]
Caryophyllales 38 66 11 [2]
Santalales 0[0]
...Superasterids/asterids Cornales 7 9 0 [0]
Ericales 22 25 6 [0]
...Superasterids/asterids/campanulids Apiales 7 12 1[1]
Agquifoliales 5 4 0[0]
Asterales 11 39 5[1]
Bruniales 2 0 0[0]
Dipsacales 2 6 0 [0]
Escalloniales 1 2 0 [0]
Paracryphiales 1 0 0[0]
...Superasterids/asterids/lamiids Boraginales 1 15 0 [0]
Garryales 2 2 0 [0]
Gentianales 5 17 3[1]
Icacinales 2 2 11[0]
Lamiales 24 64 15 [1]
Metteniusales 1 0 0 [0]
Solanales 5 24 19 [2]
Vabliales 1 0 0[0]

*Contrasting taxonomic diversity of transcriptomes generated by the 1,000 Plants (1IKP) consortium with public genomes from the National Center for
Biotechnology Information (NCBI) Genome database (https://www.ncbi.nlm.nih.gov/genome) and the Phytozome v12.1 database (https://phytozome.
jgi.doe.gov/pz/portal.html), both as of August 2017.

to land plants was Zygnematophyceae, although those WGDs were concentrated in one clade of
this class. Zygnematophyceae have recently been recognized as the most likely sister lineage to land
plants (73, 136, 152). This finding suggests that the proclivity for polyploidy in land plants has
very deep evolutionary roots.

Clearly, paleopolyploidy has been rampant in Viridiplantae evolution, but a mechanistic un-
derstanding of the consequences of WGDs for plant evolution is still the subject of vigorous
debate (34, 129, 143). For example, there are claims that they explain major evolutionary transi-
tions like the sudden appearance and radiation of flowering plants (Darwin’s abominable mystery)
(60). They may also be a mechanism for increasing diversification rates (6, 135). Although math-
ematical models (95) and a recent yeast experiment (124) suggest that polyploid genomes can
generate and harbor more genetic variation than diploid genomes, much remains to be done to
connect microevolutionary processes with macroevolutionary patterns of evolution. For instance,
notwithstanding the many WGDs inferred for some plant lineages, there is a limited range of
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variation in the number of polyploid lineages that survive long term within these clades. One ex-
planation for the restricted number of WGDs in the ancestry of each lineage is that the probability
of polyploid survival may increase due to the reduced competitive pressure that occurs during pe-
riods of environmental upheaval (143). If so, the number of rounds of WGDs should reflect the
number of climatic perturbations, and there would be a similar number of rounds of WGD among
lineages. Alternatively, the observed incidences may simply reflect differences in the average rates
of diversification of polyploid and diploid species (84, 123).

The relative scarcity of WGDs in algae studied by 1KP, as compared to land plants, raises
additional questions. Although it may be that polyploid speciation is more frequent or has more
advantages on land, it is not clear why the incidence of paleopolyploidy would have shifted with
the colonization of land. The transition to land is associated with other genome-level changes,
such as an increase in the number of genes (54, 137). This increase may be related to shifts in gene
and genome duplication rates among different lineages of green plants. Whatever the resolution
of these questions might be, 1KP data will invigorate research into the century-old question of
why polyploidy is so common in many plant groups (89, 94).

Evolution of Known Genes and Processes

1KP collaborators performed many studies of genes and processes of wide interest. A partial listing
of the studied genes (or gene families) includes LEAFY transcription factors (120), the horizon-
tally acquired neochrome photoreceptor (78), auxin efflux carriers (11), phytochromes (76), pho-
totropins (77), nitric oxide synthase-like genes (57), NAC transcription factors (82), microbial-type
terpene synthase genes (58), histone deacetylases (15), hydroxyproline-rich glycoproteins (62), and
strigolactone receptor genes (19). Typically, expert consultants were needed to define the bioin-
formatic algorithms for identifying genes, and in one instance, a novel algorithm was developed
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to detect intrinsically disordered proteins (61). Other investigators studied multiple (different)
genes associated with specific biological processes, such as fruit development (96), crassulacean
acid metabolism (CAM) and C, photosynthesis (21), arbuscular mycorrhizal symbiosis (24), and
leaf evolution (145). The capstone analysis of the full 1KP data set (73) also considered N-fold
(or multifold) changes in gene family sizes that are only discernable within larger gene families,
given the limitations of transcriptomics data. Arabidopsis, for example, has 26 gene families with
at least 53 members (91). The majority of these are transcription factors; many others are genes
involved in signaling pathways with regulatory functions. Among the 23 large gene families that
were analyzed, there were 6 births, 41 expansions, and 9 contractions across Archaeplastida (Plantae)
history. Not including births, the most prominent events were expansions of 39.5- and 13.5-fold
in size. All expansions occurred early in streptophyte evolution, and only one coincided with the
244 ancient WGDs identified across the green plants.

On the early appearance of land plant genes. Recent transcriptomic and genomic studies of the
closest algal relatives of land plants (streptophyte algae) have documented that the molecular tool
kit for life in a terrestrial environment was already present in streptophyte algae (10, 26), before
the origin of land plants. Genes once thought to have been restricted to land plants are now being
detected in streptophyte algae. Examples include those involved in symbiotic interactions with soil
microbes (24), secondary metabolism and phytohormonal signaling (27, 50, 54, 144), desiccation/
stress responses (51, 52), plastid/nucleus communication (28), and cell-wall biosynthesis (85, 130).
Critically, many transcription factors thought to be specific to land plants not only originated in
streptophyte algae but also expanded significantly there. NAC transcription factors, one of the
largest families of plant-specific transcription factors, are involved in many biological processes
including organ development and response to biotic and abiotic stresses (90). They have been
detected in subgroups of streptophyte algae using data from 1KP (82). Similar results have been
reported in other transcription factors such as LEAFY (120) and GRAS (73). Of the large gene
families analyzed for the 1KP capstone, seven revealed a minimum of threefold expansions in
streptophyte algae, compared with three in other green algae and two in vascular plants. Of the
six gene births, two were found in streptophyte algae, four in other green algae, and none in em-
bryophytes. These findings raise many new questions about the functional role of land plant genes
that appeared substantially earlier in green plant phylogeny and highlight the need to develop a
genetically tractable model system for streptophyte algae (29, 111).

It is a longstanding misconception that terrestrial habitats supported no photosynthetic or-
ganisms until the origin of land plants. In reality, many photoautotrophic microorganisms can
inhabit terrestrial habitats, growing when water is available and persisting in a dry state when
it is not. Microbial crusts, containing mostly cyanobacteria, have covered terrestrial surfaces for
billions of years. It is highly likely that the origin of plastids and therefore Plantae (Archaeplas-
tida) occurred in a subaerial/terrestrial environment (14, 106). Two of the three Plantae clades
are either exclusively seen in freshwater (glaucophytes) or likely had a subaerial/terrestrial origin
(red algae). It has even been argued that streptophyte algae were terrestrial from the beginning
(44). Subaerial/terrestrial versus aquatic habitats often coexist or are identical and only temporally
separated (e.g., when a puddle dries out, or when a depression fills with water after rain), so strep-
tophyte algae have experienced both submerged and dry environments since their origin. Even for
subgroups of streptophyte algae that now exclusively thrive in aquatic habitats (Coleochaetophyceae,
Charophyceae), persistence in a subaerial/terrestrial environment is possible (42, 116).

Recent phylogenomic analyses have concluded that the Zygnematophyceae represent the most
likely sister group of land plants (73, 136, 152, 155). When compared to the more deeply di-
verging Charophyceae and Coleochaetophyceae, Zygnematophyceae are structurally simple (unicells or
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unbranched filaments). This is now interpreted as a secondary simplification, related to adaptation
to drier habitats (26, 152). Consistent with this finding, lineages that span the earliest splits in the
Zygnematophyceae phylogeny tend to thrive in subaerial/terrestrial environments. Like many other
organisms with assumed terrestrial ancestry and external fertilization, such as fungi, red algae, and
pennate diatoms, Zygnematophyceae apparently lost all flagellate stages early in their evolutionary
history. Copious extracellular polysaccharides are produced by these organisms, not only to aid in
sexual reproduction but also to slow down desiccation. Later in their evolution, many species and
lineages of Zygnematophyceae adapted to a specific aquatic habitat (nutrient-poor bogs) in which
production of their anionic extracellular polysaccharides would have conferred a selective advan-
tage by trapping and thus concentrating scarce cations (nutrients).

There is now a compelling argument that adaptation to subaerial/terrestrial habitats is a
feature of streptophyte algae, arising from their dual existence in aquatic and subaerial/terrestrial
environments throughout their evolutionary history. Genes/proteins involved in adaptation to
subaerial/terrestrial habitats were gradually acquired in streptophyte algae, ultimately culminating
in the common ancestor of Zygnematophyceae and embryophytes. Mapping traits, gene families,
and their expansions on the streptophyte phylogeny (Figure 4), in conjunction with functional
studies in model streptophytes, may provide clues as to the sequence of evolutionary steps that
were important to set the stage for the emergence of land plants, which forever changed the
surface of our planet.

The importance of a more phylodiverse sampling. Continuing growth in the number of plant
genomes available in databases like Phytozome (36), which had 77 (mostly angiosperm) genomes
as of August 2017, is a positive for comparative plant genomics, but the collections of species in
these databases remain an enormously biased subset of Viridiplantae lineages (Table 1). This re-
flects historical funding priorities, which focused mostly on crops, model plants, and their close
relatives. Although the associated research programs have been spectacularly successful in expand-
ing our understanding of plant functional, molecular, and developmental biology, initiatives such
as 1KP and the Amborells Genome Project (1) point to a growing appreciation of the need for
more broadly based comparative genomic tools in plant biology.

Broader sampling of green plant diversity is required to discern those gene families or gene
regulatory networks that are localized to specific subclades of the Viridiplantae versus those that
had a more ancient origin. For example, some gene regulatory networks related to the angiosperm
carpel, the edible angiosperm reproductive structure in all grain and fruit crops, utilize homologs
that originated in recently evolved clades of angiosperms (such as Brassicales). The availability
of nonangiosperm genomes has allowed us to infer that significant portions of the carpel gene
regulatory networks originated much earlier in land plant evolution, before the origin of the carpel
or even flowering plants. However, significant phylogenetic gaps in genome availability prevent us
from understanding exactly where and how they originated. For example, carpel-related genes like
SPATULA (SPT) and ALCATRAZ (ALC) are present in the common ancestor of seed plants but
not in mosses or Selaginella (101, 102) and may be shared with ferns. To examine this possibility,
future analyses will need to include a fern genome.

Better-populated studies will allow us to capture hidden gene duplication events, which if
missed can lead to inaccurate orthology assessments, inaccurate predictions of gene function, and
underestimates of the age and diversity of gene families (97). Correct orthology assessment is also
an implicit requirement for understanding neo- and subfunctionalization following gene dupli-
cation (55). This is best performed with a phylogenetic approach, as was done for a study of leaf
development regulators, which identified a probable neofunctionalization in the ancestor of eu-
phyllophytes (145). Understanding homology in a phylogenetic context also allows us to identify
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Figure 4 (Figure appears on preceding page)

Mapping the origins (births) and expansions of large gene families (known from Arabidopsis) onto streptophyte branches of a simplified
1,000 Plants (1KP) phylogeny for the Plantae (Archaeplastida). The purple colors link the step numbers (1 through 4) to the
corresponding branches of the species tree. Transcription factors involved in stress responses and interactions of plants with soil
microbes, traits known to be important for the process of terrestrialization, originated/expanded throughout the evolution of
streptophyte green algae, but mostly in step 1 (early) and step 4 (late). In the case of GRAS, the asterisk (*) indicates that this gene
family was born and expanded on this branch. Notice that evolution of structural complexity in streptophyte algae (step 2) did not
coincide with births or expansions of these large gene families. Algae photographs are courtesy of the Culture Collection of Algae at the
University of Cologne (http://www.ccac.uni-koeln.de), Gerd Giinther (http://www.mikroskopia.de/index.html), and Ingo Botho
Reize (http://www.fotosdernatur.de). Photos of Arabidopsis, Picea, Azolla, and Marchantia are adapted from Wikimedia Commons,
public domain. Abbreviations: AM, arbuscular mycorrhizal; bBHLH, basic helix-loop-helix; Mya, million years ago.

Optogenetics:
techniques using light
to control living cells
that have been
genetically modified to
express light-sensitive
proteins
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horizontal gene transfers. 1KP examples include horizontal gene transfers of light-sensing (78)
and terpene synthase (58) genes.

The paucity of phylogenetically representative large-scale omic resources has long stymied
studies of gene functional diversity outside of model-plant systems (69, 112, 125). 1KP was but
a start in the effort to correct this shortfall. One might also hope that access to phylodiverse
sequence data would allow researchers to explore previously untapped pools of biological inno-
vation and facilitate the improvement of crop plants (13). The practical implications, however,
extend beyond crop plants. In the final two sections of this review, we describe the less conven-
tional approaches used by 1KP investigators to successfully solve engineering challenges that were
otherwise intractable to more traditional methods.

DIVERSITY APPLICATIONS

The genome sequences of all extant species constitute a record of the outcome of billions of years
of evolutionary experiments, with the life of each individual in each species representing a sepa-
rate experiment. As scientists, we cannot hope to replicate the number of experiments that were
performed over the eons, and the challenge for us is learn how to read from evolution’s laboratory
books. This can be done at two levels of complexity. The simplest approach is to search for useful
biomolecules, e.g., secondary metabolites or proteins. However, many of the traits that charac-
terize species are complex, necessitating the solution of genetic networks for a hundred or more
genes. This is obviously a much more difficult problem.

Quantitative Protein Characterizations

Perhaps the most oft-cited application of biodiversity is the discovery of a novel bioactive or
medicinal compound. There is no question that many approved therapeutic agents are either
natural products or directly derived from them (92). However, to the extent that the bioac-
tive compound is a secondary metabolite, it is difficult to predict what metabolites are pro-
duced by a plant species, given just its genome or transcriptomes. Algorithms to do so are in
their infancy at best, and 1KP was not funded to do metabolomics. In addition, even if we
were given a species of known medicinal value, it is difficult to identify what the bioactive com-
pound might be. We therefore took a different approach to bioprospecting, focusing instead on
proteins and searching for quantitative differences in categories of proteins with known uses.
The importance of quantitative differences is not well appreciated in biology, but it is con-
ventional wisdom in engineering (71). People who create tools for biological research under-
stand this—particularly those in optogenetics (17), the Method of the Year 2010 for Nature
Methods.
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In its most common incarnation, optogenetics is the use of light to activate genetically
and spatially defined cells in intact tissues of awake and behaving animals. For example, one
experiment created false memories of an active fear response in mice, by manipulating memory
engram-bearing cells in their hippocampus (109). The most prevalent optogenetics tool is a blue-
light-activated cation channelrhodopsin, ChR2, originally found in Chlamydomonas reinhardtii.
This is put into a gene therapy vector and injected into a live animal. Cell-type-specific gene
expression is achieved through cell-specific promoters. Implanting a fiber-optic cable in the brain
provides spatial control of neuronal activation, with millisecond temporal resolutions that are
compatible with neuronal action potentials. Prior to 1KP, researchers had spent nearly a decade
trying to improve the ChR2 protein with the goal of making it more sensitive, more efficacious
(larger photocurrent), faster, or red-shifted, which is important because red light penetrates deeper
into the brain. However, the latter spectral-shifting efforts were largely in vain. By contrast, we put
our faith in biodiversity and searched 1KP for novel channelrhodopsin sequences. Ed Boyden’s
laboratory at MIT heterologously expressed these genes in mouse neurons and quantified their
functional parameters using an automated microscope customized for whole-cell electrophysi-
ology. The results were reported in a pair of papers (48, 68). In Chlamydomonas noctigama, they
discovered Chrimson, which is still the most red-shifted channelrhodopsin known. Chronos, an
unusually fast blue-channelrhodopsin, was found in Stigeoclonium helveticum. Other discoveries
included a very strong channelrhodopsin, CoChR, and a blue-shifted channelrhodopsin, Cheriff.
These new proteins are now among the fastest spreading molecular tools in neuroscience. Most of
the initial publications arising from these discoveries have been on Drosophila, simply because flies
grow faster than mice. For example, light-sensing proteins encoded by these new genes have been
used to deliver wake-promoting signals (105) and to trigger neural circuits in a demonstration of
a novel method that labels active neural circuits in vivo (33).

Another example of the power of searching biodiversity was the discovery of channelrhodopsins
to inactivate neurons in response to light. The original channelrhodopsins admitted positively
charged ions and as such were called cation channelrhodopsins. Anion channelrhodopsins (ACRs)
were not previously known to exist. By mutating a single amino acid, E90, it is possible to con-
vert a cation channelrhodopsin into an ACR (153), but the response to light is not very strong.
When the first naturally evolved ACR was finally discovered, in Guillardia theta (39), it proved to
be a hundred times stronger. Upon further examination of other naturally evolved ACRs in ma-
rine cryptophytes, it became apparent that none changed E90, and many other amino acids were
changed instead (40). In other words, evolution found a better solution, but it is more complicated.
ACRs have already been used to inhibit cardiomyocyte electrical activity (38), and the search for
even better variants continues, again using the biodiversity approach.

Optogenetics is a widely used tool in biological research because much of what we as biol-
ogists do is done under a light microscope. Channelrhodopsins allow us to couple light to the
electrical signals of the brain, but cells can also communicate by chemical signals. Proteins that
couple light to the myriad of chemical signals used by cells have the potential to greatly expand
the applicability of optogenetics. LOV proteins combine a light actuator LOV domain with one
or more effector domains and are among the most commonly used optogenetic tools for perturb-
ing intracellular signaling; for example, controlling organelle transport and positioning (142). A
bioinformatics survey of the public and 1KP databases (35) identified putative effector domains
that had not been previously observed, e.g., GTP cyclohydrolase type II, lipase, and glutamine
aminotransferase. Effectors thought to be rare turned out to be common, e.g., regulators of G
protein signaling. The most important finding of general relevance to bioprospecting, which is
reproduced in Figure 5, showed that architectural complexity from this survey of LOV proteins
scaled better with evolutionary diversity (as measured by the number of phyla) than with other
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Figure 5

Architectural complexity among LOV domain photoreceptor genes correlates with evolutionary diversity.
Figure modified from Reference 35 with permission from the authors. (z2) Computed complexity quotient for
each kingdom quantifies domain architectural complexity as the product of the average number of effector
domains per LOV photoreceptor and the total number of different effector types observed. (b—4) Complexity
quotients for each kingdom plotted against (b) the total number of putative LOV sequences identified, (c) the
total number of organisms searched for LOV sequences, and (d) the total number of phyla searched for LOV
sequences. Kendall’s rank correlation tau coefficients and their accompanying p-values are shown on each
scatterplot. A strong correlation between the number of phyla searched and the complexity of the resulting
LOV photoreceptors suggests that evolutionary diversity is a greater predictor of complexity than sample
size. Abbreviation: LOV, light-oxygen-voltage sensing.

metrics of sample size. Not coincidentally, most of the novel architectures were found in algae
(and in bacteria). This is consistent with the well-known result from population genetics that mi-
crobial species with large population sizes and short generation times tend to be more genetically
diverse (43) and is another reason why 1KP tried to maximize the number of phyla sequenced.

Solving Genetic Networks for Complex Traits

One of the landmarks of synthetic biology was the Keasling laboratory’s production, in yeast, of a
precursor to the antimalarial drug artemisinin (113). Artemisinin was originally isolated from the
sweet wormwood, Artemisia annua, which had long been used in traditional Chinese medicine.
Youyou Tu was awarded the 2015 Nobel Prize in Physiology or Medicine for extracting and char-
acterizing this medicinal compound (132). Inspiring as this story is, it remains a formidable chal-
lenge to solve a biosynthetic pathway to the level of detail that is necessary to reconstitute it in a
synthetic organism, regardless of how much omics data is generated. For example, over two years
of work was required to identify four enzymes that catalyze the first six steps in the biosynthesis
of cyclopamine, a promising anticancer medicinal compound derived from the monocot Veratrum
californicum (2). Most of that effort was devoted to validating leads generated from transcriptomic
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and metabolomic data. The process is sequential, i.e., not amenable to parallelization, and scales
nonlinearly with the number of steps. It speaks to the inherent difficulty of solving genetic net-
works for complex traits. More generally, imagine if there were a hundred genes and no simple
procedure, e.g., correlations between transcriptomic and metabolomic data, to generate leads for
validation. This is the reality for many complex traits, and although there is no general-purpose
solution, it is sometimes possible to reduce the noise in comparative genomics data when the trait
of interest is convergently evolved. Here, we present an example from C4 photosynthesis, which
was initiated as a subproject of 1KP.

In tropical and subtropical regions, the C4 pathway represents a more efficient form of photo-
synthesis than the C; pathway from which it emerged. This transition occurred independently at
least 65 times within the angiosperms, and it is one of the most remarkable instances of conver-
gent evolution known (118). The differences between the two pathways include alterations to leaf
development, cell biology, and biochemistry. More than a hundred genes are likely to be involved.
Some of the earlier 1KP studies looked at key enzymes, including PEPC (21) and FisZ1-FisZ2-
RP5B-PARCG6 (131). However, these investigators were members of an international consortium
dedicated to creating a Cy rice (47, 148). A more comprehensive understanding of the pathway
was required, and it was unclear if traditional methods, such as gene knockouts, would identify all
of the requisite components. Hence, they devised a complementary approach using comparative
genomics, generating expression data for 30 C,4 and 17 C; species representing 18 independent
origins of Cy. This included all seven orders within the eudicots that are known to perform Cy
photosynthesis. The comparisons identified 149 genes with consistently altered abundances, 113
(or 36) of which were more (or less) abundant in all C, species when compared to related C;
species. The list included many genes already known to be differentially expressed in C4 versus
C; species. But it also identified four novel metabolic pathways not previously linked to C4 pho-
tosynthesis, including a novel mechanism for concentrating CO, (67). Several algorithms were
developed to address certain analytic challenges, such as the assessment of transcriptome assem-
blies in the absence of reference genomes (127) and inference of orthogroups from transcriptome
assemblies (31). In the following two paragraphs, we discuss why convergent evolution is a pow-
erful tool for solving complex traits, the implications for creating a Cy rice, and the underlying
nature of convergent evolution for this and possibly other traits.

It is always a statistical challenge to reduce the many tens of thousands of genes that are en-
coded in a plant genome to the hundred or so genes (or whatever that number might be) that are
relevant to a trait of interest. One can always exchange sensitivity for specificity but it is difficult
to have both, yet both were achieved using convergent evolution to elucidate the genes for Cy4
photosynthesis. Good sensitivity was reflected in the fact that all previously known pathways (and
some new ones) were detected through comparative genomics. Good specificity was reflected in
the fact that most of the identified genes were plausibly related to C,4 photosynthesis. This is be-
cause the species analyzed were evolutionarily diverse, and hence, their gene expression patterns
often share little in common other than C; versus C; status. Importantly, there was no a priori
reason to expect that evolutionarily diverse species would have independently selected the same
149 genes some 18 times. In fact, the chances of this happening are astronomically small. More
likely in our conception is that a few master regulators were selected. These regulators could take
any form, including transcription factor genes, noncoding binding motifs, microRNAs, and so on.
A famous example of how just a few regulators can trigger a complex process was the discovery
by Yamanaka and colleagues (93, 134) that four transcription factors induce pluripotent stem cells
from adult mouse fibroblasts. The more direct evidence for this hypothesis is the observation that
the monocot Eleocharis vivipara switches between C; and C4 photosynthesis in response to envi-
ronmental stimuli (140, 141), implying that all necessary genes for both forms of photosynthesis
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are present in this one (and presumably other) species, and that a few simple regulatory changes
may be all that is needed to create a Cj4 rice.

Among the 149 genes identified by the 1KP study, four transcription factors were more abun-
dant in all Cy species (67). While intriguing, direct experimentation is needed to prove that transi-
tions between C; and C4 photosynthesis can be induced by just a few master regulators. If so, this
would be another instance of preadaptation, or in less teleologically loaded terms, exaptation (37).
Consistent with this hypothesis, molecular alterations defined by 1KP support phenotypic studies
indicating that early modifications to leaf anatomy in C, plants are associated with processes un-
likely to impact photosynthesis and more likely to affect water storage (22, 154). As a mechanism
for convergent evolution of complex traits, exaptation is appealingly simple, but we do not yet
know how often this might be true. We may get an answer to this question in the near future,
as convergent evolution has been reported in other important biological processes, for example,
nitrogen fixation by root nodule and plant-cyanobacteria symbioses (25). Convergent evolution
studies are already under way at BGI-Shenzhen for both forms of nitrogen fixation by bacterial
symbiosis. It would be ironic if, in the process of studying important agricultural traits, we discover
something even more profound about the evolution of complex traits.

FUTURE DIRECTIONS

As the first next-generation sequencing project focused on the diversity of a major clade of life,
1KP inspired similar projects for other taxa, e.g., insects, https://1kite.cngb.org/home; fish,
https://db.cngb.org/fishtlk/; and birds, https://b10k.genomics.cn. Given the incomplete na-
ture of transcriptomics data, it is unavoidable that some 1KP results, notably the WGD and gene
family analyses, await complete genomes to resolve finer points that cannot be resolved by tran-
scriptomics alone. With the continually decreasing cost of sequencing (https://www.genome.
gov/sequencingcosts), there are now plans to study every known form of life (100), starting with
10,000 plant genomes (20). We hope that such initiatives will fill the many gaps in the currently
available plant genomes (Table 1). Of note, the most significant gaps include streptophyte algae
(particularly Zygnematophyceae), almost all of the nonflowering plant lineages, angiosperm lineages
outside of the core eudicot and grass clades, and many other lineages within these clades.
Evolutionary insights are the most immediate outcome from the sequencing of phylogenet-
ically diverse species. Any benefits to industry, although not unrealistic in the long term, must
navigate a gauntlet of unlikely interpersonal ties. For example, the 1KP optogenetics work was
led by protein engineers with no interest in or ability to generate sequence data, let alone do the
database searches. They also had no knowledge of or access to many of the phylodiverse species
that were sequenced. Conversely, few of the 1KP contributors had ever heard of optogenetics
when this project began. Serendipity often plays a major role in such discoveries. Our success was,
in large part, a consequence of being given the freedom to develop collaborations that were not
even remotely hinted at in our initial funding application. We are forever grateful that we were
not subjected to a project management fixed-timetable deliverables approach to grant oversight.

1. Sequencing of phylogenetically diverse species has greatly expanded the number of gene
sequences for green plants and generated the most comprehensive phylogenomic anal-
yses to date for Archaeplastida.

Wong et al.


https://1kite.cngb.org/home
https://db.cngb.org/fisht1k/
https://b10k.genomics.cn
https://www.genome.gov/sequencingcosts

2. Single-copy gene phylogenies are largely concordant with each other and with previous
species tree estimates, but elevated gene tree discordance at some nodes in the species
tree alludes to periods of rapid radiation.

3. Circumscription and analyses of multicopy gene families have identified 138 whole-
genome duplications that were not previously described.

4. The birth and diversification of many gene families contributing to the developmental
complexity of land plants occurred in their algal ancestors, substantially earlier than the
origin of land plants.

5. Over a billion years of green plant evolution have produced a cornucopia of protein
diversity that is proving invaluable for a wide range of pharmaceutical, industrial, and
biotech applications.

6. Sequencing of phylogenetically diverse species exhibiting a convergently evolved trait is
a statistically powerful method to solve gene regulatory networks.
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