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Abstract Transcriptome sequencing or RNA-Seq is one of the most efficient and cost-effec-
tive methods currently available for gene discovery in non-model organisms. Recent studies
have demonstrated the utility of these data for resolving the relationships of diverse lineages
of organisms, by extracting sequences of a large number of single-copy nuclear genes from
transcriptomes of the taxa under study (i.e., RNA-Seq phylogenetics). Comparative transcrip-
tomics has also been applied in several other areas in systematic biology, especially concern-
ing polyploidy, introgression, hybridization, and horizontal gene transfer, as well as character
evolution, including the identification of likely key innovations. This review focuses on the
utility of transcriptomics in phylogenetic inferences and character evolution, and discusses
the analytical framework, challenges, and prospects of transcriptome data in plant systemat-
ics, especially in phylogenetics. The main limitations are related to the high RNA-grade tissue
quality requirement, the comparisons among expressed genes at a particular time point or
developmental stage, orthology determination, and sequencing that arises from coding regions
only, as well as several bioinformatics and analytical challenges. Comparative transcriptomics
offers a rich set of genic sources for phylogenetic inference and single- or low-copy nuclear
marker development. As whole genomes and genomic data become less costly and more preva-
lent, comparisons among transcriptomes will increase. With transcriptome- and genome-scale
bioinformatics continuing to develop, we expect that the utility of transcriptomics will only
increase in systematic biology, and that the RNA-Seq approach will offer tremendous insights
into the understanding of the ontogeny and evolution of characters in the next decade.
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INTRODUCTION

Transcriptome sequencing or RNA-Seq (Wang & al., 2009) involves extract-
ing RNAs from a specific tissue or sets of tissues of an organism, converting
a population of RNA (total or fractionated, such as poly(A)+) to a library of
cDNA fragments with adaptors attached to one or both ends, and sequencing
the cDNAs using high-throughput sequencing platforms (Martin & Wang,
2011; Ozsolak & Milos, 2011; Wolf, 2013). The study of transcriptomes is
also known as transcriptomics (Wang & al., 2009). Transcriptome sequences
have been shown to provide a rich set of characters to produce phylogenies in
eukaryotes, particularly non-model organisms and/or those with very large
genomes. They are more efficient and cost-effective than traditional PCR- and
EST-based methods (Zimmer & Wen, 2012; Lemmon E.M. & Lemmon, 2013).

Recent studies have demonstrated the utility of transcriptome data for
resolving the relationships of diverse lineages of organisms, such as annelids
(Struck & al., 2011; Weigert & al., 2014), mollusks (Kocot & al., 2011; Smith
& al., 2011), tetrapods (including the group consisting of turtles, birds and
crocodiles, Chiari & al., 2012; and rodents, Lin & al., 2014), arthropods (e.g.,
Hedin & al., 2012; Brewer & Bond, 2013), including several studies on vari-
ous insect groups such as mosquitoes (Hittinger & al., 2010), Hymenoptera
(Johnson B.R. &al., 2013) and Lepidoptera (Bazinet & al., 2013), Ecdysozoa (a
large clade of arthropods, nematodes, and several smaller phyla, Borner & al.,
2014), land plants (Timme & al., 2012; Wickett & al., 2014), seed plants (Xi &
al., 2013); angiosperms (Xi & al., 2014; Zeng L. & al., 2014), and the grape plant
family (Wen & al., 2013a) (see Table 1 below). With the speed and decreas-
ing cost of next-generation sequencing (NGS) approaches, phylogenomics,
including transcriptomics and whole-genome sequences, may soon become
the standard for generating large phylogenetically informative datasets for
many previously unresolvable lineages (Straub & al., 2012; McCormack & al.,
2013a, b; Soltis & al., 2013; Wen & al., 2013a, b). Recent broad-scale phyloge-
netic studies have used both transcriptome and available whole-genome data
to explore deep relationships in plants (Xi & al., 2013, 2014; Wickett & al.,
2014; Zeng L. & al., 2014).

A number of studies have taken advantage of the rich resources of nuclear
genes in transcriptomes and whole genomes, and mined single-copy nuclear
markers for use in phylogenetic analyses at various taxonomic levels (e.g.,
Rothfels & al., 2013; also see Lemmon A.R. & al., 2012). In particular, tran-
scriptome assemblies have been used to help design target enrichment probes
for many exons (e.g., Mandel & al., 2014, 2015; Weitemier & al., 2014). This
approach takes advantage of the power of RNA-Seq in efficiently obtain-
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ing the expansive nuclear gene sampling and the stable DNA resources for
enabling large taxon sampling.

Beyond its utility in phylogenetics and gene discovery, transcriptomics
has been applied in other areas of systematic biology in the last few years
(Fig. 1). Transcriptome data also have been widely used for exploring character
evolution, and show great promise to bridge phylogeny with gene expression
differences and adaptation (e.g., Garg & al., 2013; Xin & al., 2013; Hileman,
2014; Yoo & Wendel, 2014; Zhang D. & al., 2014) (see Table 2 below). Many
studies have employed paralogous information from transcriptome data
to explore the evolution of paleopolyploidy (e.g., Barker & al., 2008, 2009;
McKain &al., 2012). Furthermore, comparative transcriptomics has provided
important insights into detecting horizontal gene transfer (e.g., Li F.-W- &al.,
2014b; Zhang D. & al., 2014). The 1KP (the 1000 Plants Initiative) collabora-
tive transcriptome project has also generated large-scale gene sequence infor-
mation for many different species across the entire plant tree of life (http:/
www.onekp.com/). This review emphasizes the utility of transcriptome data
in phylogenetic inferences and character evolution, and discusses the overall
challenges and prospects of transcriptome data for plant systematics.

Mining nuclear markers Fig.1. I\/.Iajonr areas
RNA-Seq Hyb-Seq of application of
phylogenetics Target enrichment comparative tran-

\ / scriptomics in plant
Hybridization systematics.

. | i
Polyploidy ___/ Comparative ~ ntrogression
Genome duplication Transcriptomics ~ Horizontal
/ gene transfer

Character evolution Gene expression
Key innovations Functional genomics

RNA-SEQ PHYLOGENETICS—A SURVEY OF STUDIES

A wide range of recent studies have used transcriptome data from multiple
taxa to generate nuclear marker sets conserved among these taxa with which
to generate phylogenetic hypotheses (we herein refer this approach as RNA-
Seq phylogenetics; methods explained in further detail in the “Analytical
Strategies” section). Transcriptomes are useful for compiling nuclear marker
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sets even without the comparison to published genomes. Large datasets of
single-copy orthologous genes extracted from de novo transcriptome assem-
blies have been used to resolve phylogenetic relationships. Primarily they have
been applied to questions of deep divergences and, to a lesser extent, to some
evolutionary radiations in various groups of organisms. A few case studies are
discussed below (see Table 1 for the available examples).

Resolving phylogenetic relationships of deep divergences and radiations. —
The identification of the sister lineage to land plants has been highly contro-
versial and represents one of the deepest evolutionary divergences in plants.
Finet & al. (2010) focused on 77 ribosomal protein genes extracted from tran-
scriptomes, which supported the charophyte order Coleochaetales as the sister
lineage to land plants. A subsequent transcriptomic analysis by Wodniok & al.
(2011) used an a priori set of selected genes of six species of charophyte taxa,
and found support for a tree topology with Zygnematales sister to the land
plants. Without the a priori gene selection, Timme & al. (2012) conducted a
160-nuclear-gene phylogenomic analysis from transcriptome data that also
supported the Zygnematales as the closest living relative to land plants. The
most recent phylotranscriptomic analysis of the origin and early diversifica-
tion of land plants (Wickett & al., 2014) employed a much broader taxon set
(transcriptome data for 92 streptophyte taxa along with 11 published plant
genomes) and many more nuclear genes (up to 852 nuclear genes and 1,701,170
aligned sites) than the previous land plant studies (Timme & al., 2012), which
were more algae-centric. A sister-group relationship between land plants and
the green algae Zygnematophyceae still was robustly supported (Wickett &
al., 2014). Mosses, liverworts and hornworts were each supported to be mono-
phyletic, but the clade of liverworts and mosses was, however, inconsistent
with the widely accepted view of early land plant evolution. This study by
Wickett & al. (2014) also performed a series of analyses to assess systematic
errors in phylogenetic inference caused by sampling artifacts and model mis-
specification for the large transcriptomic dataset.

The deep relationships of the eight major lineages of the mollusks (snails,
clams, octopuses, and their close relatives) were highly controversial when
molecular phylogenies used a few genes. Two independent studies (Kocot &
al., 2011; Smith S.A. & al., 2011) have employed the RNA-Seq phylogenetic
approach, yielding essentially the same results concerning the deep back-
bone relationships: Bivalvia, Gastropoda and Scaphopoda formed a clade
(the B-G-S clade); Cephalopoda was sister to the B-G-S clade (the C-B-G-S
clade or the Conchifera clade); Neomeniomorpha and Chaetodermomorpha
constituted a clade, that was sister to Polyplacophora (the N-C-P clade or the
Aculifera clade); and the Aculifera clade was sister to the Conchifera clade
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Table 1. Phylogenetic case studies using transcriptome data.

Group Subgroup Category Reference
Plants Land plants (Charophytes) 77 ribosomal genes Finet & al., 2010
extracted from transcrip-
tomes—RNA-Seq phylo-
genetics
Plants Land plants (Charophytes)  Selected genes from Wodniok & al.,
transcriptomes—RNA-Seq 2011
phylogenetics
Plants Land plants (Charophytes) =~ RNA-Seq phylogenetics Timme & al.,
2012
Plants Land plants RNA-Seq phylogenetics Wickett & al.,
2014
Plants Seed plants RNA-Seq phylogenetics Xi &al., 2013
and whole-genome
sequencing
Plants Angiosperms RNA-Seq phylogenetics Zeng L. & al,,
and whole-genome 2014
sequencing
Plants Angiosperms RNA-Seq phylogenet- Xi &al., 2014
ics and whole-genome
sequencing
Plants Vitaceae (the grape RNA-Seq phylogenetics Wen & al., 2013a
plant family)
Plants Brassicaceae (the mustard ~ RNA-Seq phylogenetics Ma & al,, 2015
plant family)
Plants Betulaceae (the birch RNA-Seq phylogenetics Ma &al., in press
plant family)
Plants Flaveria (Asteraceae) RNA-Seq phylogenetics Lyu & al., 2015
Plants Parasitic plant family 14 nuclear markers Naumann & al.,
Hydnoraceae extracted from transcrip- 2013
tome data
Plants Compositae (the sunflower — Targeted sequence capture ~ Mandel & al,,
plant family) 2014
Plants Milkweeds (Asclepias) Hyb-Seq: targeted gene Weitemier & al.,
enrichment 2014
Plants Ferns Mining single-copy nuclear Rothfels & al.,
markers 2013
Arthropods  Insects: Mosquitoes RNA-Seq phylogenetics Hittinger & al.,
2010
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Table 1. Continued.

Group Subgroup Category Reference
Arthropods  Insects: Advanced moths RNA-Seq phylogenetics Bazinet & al.,
and butterflies 2013
Arthropods  Insects: Hymenoptera RNA-Seq phylogenetics Johnson B.R. &
(ants, bees, wasps) al,, 2013
Arthropods ~ Dating deep divergences RNA-Seq phylogenetics Rehm & al,, 2011
of arthropods
Arthropods  Harvestmen (Arachnida, RNA-Seq phylogenetics Hedin & al,,
Opiliones) 2012
Arthropods ~ Millipedes Ordinal-level RNA-Seq Brewer & Bond,
phylogenetics 2013
Arthropods  Centipedes RNA-Seq phylogenetics Fernandez & al.,
2014
Ecdysozoa Arthropoda, Nematoda, RNA-Seq phylogenetics Borner & al.,
and several smaller phyla 2014
Mollusks Deep relationships RNA-Seq phylogenetics Kocot & al.,
2011; Smith S.A.
&al., 2011
Annelids Basal radiation of annelids ~ RNA-Seq phylogenetics Struck & al.,
2011; Weigert &
al., 2014
Invertebrates Ten non-model inver- Comparative transcrip- Riesgo & al.,
tebrate species across tomics 2012
five phyla (Annelida,
Arthropoda, Mollusca,
Nemertea, Porifera)
Myzostomids A group of symbiotic (or RNA-Seq phylogenetics Hartmann & al,,
parasitic) protostomes 2012
that are either placed with
annelids or flatworms
Metazoans Sponges (Porifera): eight RNA-Seq phylogenetics Riesgo & al.,
sponge species in four 2014
classes (Hexactinellida,
Demospongiae, Homo-
scleromorpha, Calcarea)
Tetrapods Rodents RNA-Seq phylogenetics Lin & al., 2014
Tetrapods Deep relationships RNA-Seq phylogenetics Chiari & al,,
2012
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(cf. Kocot & al., 2011, and Smith S.A. & al., 2011). Furthermore, the deep rela-
tionships were consistent across analytical methods, phylogenetic inference
programs, and gene number. These congruent and consistent phylogenetic
results on an extremely difficult group were persuasive in assuring the sys-
tematics community of the resolving ability of RNA-Seq data for discerning
relationships of deeply divergent taxa.

The deep basal radiation of the annelids was resolved based on 68,750-
170,497 amino acid sites from 305-622 proteins extracted from transcrip-
tome data of 60 annelid species, representing 39 annelid families (about one-
third of the total number of approximately 125 annelid families) (Weigert
& al., 2014; also see Struck & al., 2011). Chaetopteridae, Amphinomidae,
Sipunculidae, Oweniidae, and Magelonidae were placed in the basal part of
the annelid tree. Myzostomida was previously suggested to belong to the
basal radiation, and was found to be nested within Annelida as sister group
to Errantia in most analyses. This largest dataset of annelids provided a
robust phylogeny overall.

The phylogenetic relationships of Ecdysozoa (arthropods, nematodes, and
several smaller phyla, Dunn & al., 2008) were inferred based on a multigene
dataset of 63 taxa and 24,249 amino acid positions (Borner & al., 2014). Phy-
logenetic analyses employing various models supported the monophyly of
Ecdysozoa and a clade constituting Priapulida and Kinorhyncha (i.e., Scali-
dophora) as the first diverged branch within Ecdysozoa. Arthropoda were
suggested to be allied with Nematoda and Tardigrada. Most clades within
Arthropoda were strongly supported. However, the relationships within the
Euchelicerata were largely unresolved. The Bayesian and maximum likeli-
hood analyses using slowly evolving genes recovered Tardigrada as a sister
group to Arthropoda, but analyses of the full dataset, and of subsets contain-
ing genes evolving at fast and intermediate rates identified a clade of Tardi-
grada and Nematoda.

Peters & al. (2014) constructed the evolutionary history of holometabo-
lous insects using amino acid sequence data of 1343 single-copy orthologous
genes derived from de novo transcriptome sequencing. Hymenoptera are
placed as the sister group to all remaining holometabolan orders. The results
showed several other highly supported relationships within Neuropterida
and Antliophora based on the transcriptome data, although the monophyly
of Coleopterida (Coleoptera and Strepsiptera) remains ambiguous in the
analyses of the transcriptome data. The study generally does demonstrate the
utility of well-resolved phylogenies and well-documented extensive morpho-
logical datasets for reconstructing complex morphological transformations
in insects.
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Bazinet & al. (2013) used RNA-Seq data to test if such data could increase
the support for relationships among the advanced moths and butterflies
(insect superfamilies of the Apoditrysia clade) over that found in a previous
19-gene study (Regier & al., 2013). Phylogenetic analysis of a dataset with 46
taxa and 741 genes yielded an overall increase in bootstrap support for deeper
nodes within Apoditrysia as compared to results from the 19-gene analyses.
Strong support was primarily restricted to the large subclade Obtectomera, in
which 11 of 12 nodes subtending multiple superfamilies had bootstrap sup-
port of 100%. The strongly supported nodes showed little conflict with group-
ings from previous studies, and were not affected by different taxon sampling
strategies, suggesting that they reflect true phylogenetic signal rather than
artifacts of massive gene sampling. However, strong support was obtained for
only two of the eleven deeper nodes among the “lower” non-obtectomeran
apoditrysians. The results in this case may be related to the higher resolution
power of transcriptome data at an intermediate depth, rather than very deep
in the phylogeny.

Relationships at taxonomic levels with divergences within 100 million years.
— Few attempts have been made to use RNA-Seq phylogenomic data to con-
struct phylogenies at the intermediate or low taxonomic levels with diver-
gences within 100 million years. With potentially more serious issues related
to orthology inference at very deep levels and the potential lack of sufficient
variation in expressed single-copy orthologous genes across very closely
related taxa, ultimately the utility of RNA-Seq data may turn out to be most
productive at these intermediate phylogenetic levels.

Hittinger & al. (2010) pioneered the use of non-normalized transcrip-
tomes in phylogenetic inference and showed that large phylogenetic data
matrices can be accurately assembled de novo from short transcript sequences
of ten species of mosquitoes (the genus Aedes). These matrices of primar-
ily highly expressed genes contained very few orthology assignment errors.
Phylogenetic inferences based on the RNA-Seq data matrices were robust for
this clade of Aedes, that was estimated to have diverged from its sister genus
Eretmapodites at 64.44 Ma with the credibility interval of 94.85-38.93 Ma
(Reidenbach & al., 2009).

Wen & al. (2013a) resolved the intergeneric relationships of the grape fam-
ily (Vitaceae), a member of the basal rosid clade of the flowering plants, with
the oldest fossil record for the family dated in the late Cretaceous around 66 Ma
(Manchester & al., 2013) and the split between Vitaceae and its sister Leeaceae
dated to about 95 Ma of the mid Cretaceous (Wen & al., 2013a). The study
employed 417 orthologous single-copy nuclear genes from the de novo tran-
scriptome assemblies of 15 species of the family, spanning the generic diversity
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of the family. The 417-gene phylogeny provided robust support for the deep
relationships, showing the phylogenetic utility of transcriptome data for plants
over a time scale at least since the mid-Cretaceous. Yang Y. & Smith (2014) re-
analyzed the Vitaceae dataset and used different strategies for orthology infer-
ence. They obtained much larger ortholog sets with full taxon occupancy com-
pared to the 417 (before filtering) and 229 (after filtering) orthologs of Wen
& al. (2013a) using the program Hcluster_sg (Li H. & al., 2006). Overall the
topology for the grape family from the re-analysis by Yang Y. & Smith (2014)
was well supported and congruent with that reported by Wen & al. (2013a), but
the reanalysis suggests the need to test the position of the Cissus clade, which
also had a long branch in the analyses by Wen & al. (2013a).

A few studies conducted comparative transcriptome analyses at even
lower taxonomic levels, e.g., on Camelina sativa (Liang & al., 2013), Artemisia
tridentata (Bajgain & al., 2011), Ranunculus (Pellino & al., 2013), and Flave-
ria (Lyu & al., 2015). RNA-Seq is potentially useful at lower taxonomic levels
from a technical point of view or the data itself, but it is rather expensive in
comparison to RAD-Seq or genotyping-by-sequencing (GBS) data (Zimmer
& Wen, in press).

In summary, most studies utilizing the direct transcriptome approach
have been at the higher taxonomic ranks or involving deep divergences.
Orthology inference is one of the most critical and challenging steps in RNA-
Seq phylogenetics and can be problematic in transcriptomes that include
incomplete genomic data and contain errors and multiple isoforms and data-
sets lacking appropriate outgroups (Ebersberger & al., 2009; Kocot & al., 2013;
Yang Y. & Smith, 2014). The utility of orthologous gene sequences obtained
directly from transcriptome data at lower taxonomic ranks such as within a
plant genus or among closely related genera needs to be rigorously explored
(Lyu &al., 2015). The promising Hyb-Seq approach as described in Weitemier
& al. (2014) enables targeted sequencing of hundreds or thousands low-copy
nuclear exons and the flanking regions for phylogenetic inference. Neverthe-
less, for any particular study it is necessary to rigorously test the approximate
phylogenetic depth for using RNA-Seq data, that is to determine the utility of
comparative transcriptomics across a clade and its outgroup(s). Furthermore,
as RNA-Seq datasets are usually much bigger than other types of phylogenetic
datasets, they add more computational complications. Most commonly used
phylogenetic programs will need to be improved to handle large phyloge-
nomic datasets. There are also analytical challenges concerning the fact that
large RNA-Seq datasets still may lead to erroneous but well-supported results
(Wen & al., 2013a; Davis & al., 2014). See the section on Analytical Strategies
in this chapter for more information.
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MINING SINGLE-COPY NUCLEAR MARKERS FROM TRANSCRIPTOMICS

Phylogenetic reconstruction of evolutionary histories in plants has histori-
cally been based largely on plastid DNA markers such as matK, atpB, rbcL,
trnL-F and psbA-trnH. In part, this has been due to the effectively non-recom-
bining nature of the chloroplast genome that minimizes problems of paralogy
and multiple amplicons, as well as ease of amplification of plastid markers
due to their high copy number within the cell. These plastid sequences have
been the foundation for many of the phylogenies underlying the ongoing revi-
sion of classification in angiosperms (Angiosperm Phylogeny Group, 2009).
Mitochondrial genes, such as 16S, CO1, and Cytb, that evolve very rapidly
have been widely used as phylogenetic markers in animalia (e.g., Nicolas & al.,
2012; Mandal & al., 2014), unlike those of plant mitochondria, that evolve very
slowly. Phylogenetic hypotheses based on organellar markers are not with-
out problems, as plastid markers are usually maternally inherited (Zimmer
& Wen, 2012), fail to resolve many divergences (Ren & al., 2014) and, like
mitochondrial markers in animals, they are in some cases incongruent with
nuclear markers due to processes such as chloroplast capture and hybrid spe-
ciation (Pillon & al., 2013; Yi & al., 2015).

The use of chloroplast DNA for phylogeny and divergence dating can
be particularly problematic for non-photosynthetic, parasitic plants due to
the breakdown of the chloroplast genome likely due to a decrease in selective
constraint. Transcriptomics has helped overcome this barrier. Naumann &
al. (2013) extracted 14 single-copy nuclear genes from the transcriptome of
Hydnora visseri (Hydnoraceae) a highly derived, haustorial parasitic plant, by
comparison with a single-copy nuclear gene dataset compiled by Duarte &
al. (2010) from the Arabidopsis, Vitis, Populus, and Oryza genomes. This top-
down approach allowed the placement of Hydnoraceae within Piperales and
the first divergence date estimates for several parasitic plant lineages.

Until the advent of next-generation sequencing technologies, the cre-
ation of nuclear markers for phylogeny reconstruction had been slow due to
the technical challenges of creating primers that target known single-copy;,
orthologous gene regions. This has been particularly challenging for plant
biologists due to the prevalence of whole-genome duplications over plant evo-
lutionary history. While plastid genomes have served the phylogenetic com-
munity well, they are often less variable than nuclear markers and present
only a single parental history. Genomes and transcriptomes are increasingly
being leveraged for phylogenomics as a source for the discovery and creation
of low- or single-copy nuclear phylogenetic markers and present an unprec-
edented means of marker development for phylogenetics (Hughes & al., 2006;
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Egan & al., 2012). Genome comparison among model organisms was the first
step to developing comparative anchor-tagged sequences (CATS; Lyons & al.,
1997) in mammals, or conserved ortholog sets (COS markers; Fulton & al.,
2002) in plants, with comparisons among expressed sequence tags (ESTs) and
model genomes following soon thereafter (e.g., in Compositae: Chapman &
al., 2007).

Comparative transcriptomics has been particularly helpful in creat-
ing low- or single-copy nuclear marker sets for use in phylogenetic analy-
ses. Rothfels & al. (2013) used a top-down approach to mining single-copy
nuclear markers from fern transcriptomes from the 1 KP project (https://sites.
google.com/a/ualberta.ca/onekp/). By first choosing genes of interest or mark-
ers from a series of putatively single-copy genes identified by the 1KP project
team, they analyzed 62 fern transcriptomes using various scripts to optimize
transcriptome alignments and screened potential markers against a set of 15
fern taxa, eventually creating 20 primer pairs spanning 10 nuclear regions for
use as phylogenetic markers, effectively tripling the number of nuclear regions
available for fern phylogenetics.

At the beginning of the genomics era, Hughes & al. (2006) expressed
concerns over the lack of multi-locus nuclear phylogenetic analyses at the
species level in plants. Transcriptomics, especially when coupled with low-
coverage genome skimming or published genomes of close relatives, offers
a particularly powerful resource for large-scale phylogenomic analyses that
incorporate low-copy or single-copy as well as higher-copy nuclear markers
and can be particularly useful at lower taxonomic levels. The Hyb-Seq tech-
nique outlined by Weitemier & al. (2014) used a transcriptome assembly and
a draft genome of milkweed, Asclepias syriaca. It resulted in a target enrich-
ment probe set for thousands of low-copy nuclear exons and their flanking
regions from over 700 gene regions. This probe set was then used to amplify
target regions across 10 Asclepias species and two related genera, resulting in
at least partial assembly of 92.6% of targeted exons and 99.7% of the 768 gene
targets, showing an incredible resolving power for lower-level phylogenetic
studies. This similar technique has been shown to be successful for plants in
the sunflower family Compositae (e.g., Mandel & al., 2014, 2015).

An exon-based approach is desirable for plants due to the repetitive
nature of many plant genomes. For example, the Helianthus annuus (sun-
flower) genome is approximately 3 Gbp, 81% of which consists of transpos-
able elements, 77% of which are long terminal repeat (LTR) retrotransposons
(Natali & al., 2013). This not only makes genome assembly very difficult, but
limits the possibilities of finding loci outside of gene regions. In vertebrates,
ultraconserved elements (UCEs) have been harvested from intergenic regions
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(Faircloth & al., 2013). This has been desirable for systematists looking for
putatively neutral markers. UCEs are detected by pairwise whole genome
alignments and subsequently probes are designed (as in the exon capture
approach) and then applied to a sampling of a large number of taxa. Whole-
genome alignments across plant genomes are possible, but likely to yield the
most conservation in identical or semi-identical repeats, that are not appro-
priate phylogenetic markers. Very few UCEs have been isolated from plants up
until now (Reneker & al., 2012) and it is likely that a continued focus on exons
and their flanking regions will be more successful.

DETECTION AND CHARACTERIZATION OF POLYPLOID SPECIATION

Development of primers for single-copy nuclear markers can be very chal-
lenging, especially for plants, largely due to the high prevalence of polyploidy
in plant evolution. It is estimated that 15% of all flowering plant speciation
events result from polyploidy (Wood & al., 2009) and that all seed plants were
derived from a polyploid lineage (Jiao & al., 2011). Polyploidization results in
a complete duplication of the genome, initially creating duplicates of every
gene region, making the idea of a single-copy nuclear gene seem almost a
myth. Over time, however, the number of retained duplicates decreases due
to evolutionary mechanisms such as gene conversion and loss, thereby erod-
ing the signal of polyploidy and prospectively retaining those genes denoted
as single-copy.

Because transcriptomics allows massively parallel sequencing of expressed
genes within a single genome, it offers a powerful means of investigating the
signals for and evolutionary implications of polyploidy within species or
among taxa. The classical signal of polyploidy is a duplicated chromosome
number relative to related taxa. Another possible signal of whole-genome
duplication is the existence of bimodal chromosome size distributions, in
which chromosomes fall into two distinct size classes, a phenomenon that has
been observed in a number of plant lineages (e.g., in Goldblatt & Takei, 1997;
Pires & al., 2006). McKain & al. (2012) used comparative transcriptomics to
test the hypothesis that the origin of chromosomal bimodality in Agavoideae
coincided with a polyploidy event. As in previous studies (e.g., Blanc & Wolfe,
2004; Egan & Doyle, 2010), they used the distribution of synonymous substi-
tution rates (Kg) between duplicated genes within a transcriptome to detect
and characterize polyploidy events present along the evolutionary lineages of
selected species and combined K plot analyses with gene family phylogenies
to show that the bimodal karyotype was associated with an ancient polyploidy
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event. A well-known example of recent polyploidy has occurred within the
genus Glycine, to which soybean (G. max) belongs, as well as ~30 other wild
perennial species, including the G. tomentella species complex. Bombarely &
al. (2014) sampled three Glycine allopolyploid “triads” (an allopolyploid spe-
cies and its two putative diploid progenitors) and compared SNP data within
and across their transcriptomes to help elucidate the origins of the allopoly-
ploids, finding evidence for multiple origins thereof that occurred within the
last several hundred thousand years and confirming the reticulate nature of
this species complex.

Transcriptomics presents a powerful tool to investigate the evolutionary
impacts of complex polyploid systems. Tragopogon (Asteraceae) includes a
species complex created through repeated hybridization and polyploidization
and presents an excellent model system for studying the impact of polyploidy
on genome structure. Tragopogon mirus and T. miscellus are two allopolyploid
species that have arisen repeatedly over the last ~100 years via allopolyploidy.
Next-generation transcriptomics and genomics have enabled considerable
advances in understanding what happens within the genome immediately fol-
lowing polyploidy in terms of gene loss, segregation, and conservation (Buggs
&al., 2012). The hybridization of hexaploid Spartina maritima, a grass species
indigenous to England, with the hexaploid S. alterniflora, a species introduced
to England from the eastern United States, resulted in the sterile hybrid, S.
xtownsendii. Genome duplication within S. xtownsendii subsequently pro-
duced the dodecaploid S. anglica, a highly invasive species (Ainouche & al.,
2004). Salmon & Ainouche (chapter 3) are using transcriptomics to overcome
the challenges of nested, recent polyploidy presented by the Spartina poly-
ploid complex, a work that may elucidate the unusual relationship between
polyploidy and invasiveness.

An investigation of polyploid speciation using transcriptomics can be
difficult at the assembly level due to the duplicated nature of the polyploid
genome, especially for de novo assemblies in nonmodel organisms. This has
to do with the ability to unambiguously determine a read’s provenance, i.e.,
from which homeolog it was derived (Ilut & al., 2012). This is particularly dif-
ficult for shorter read sequencing technologies because the accumulation of
homeolog-specific SNPs on any given read will be few to none compared to
longer reads. As NGS technologies produce significantly longer read lengths
in the future, this will become less of a problem. As in nearly all phylogenetic
analyses, the issue of paralog/ortholog conflation is present but magnified
many-fold for polyploid speciation studies using transcriptomics, because
now assemblers and ortholog detection methods are required to not only dif-
ferentiate between paralogs created through tandem duplication or other pro-
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cesses but also between homoeologues (paralogs duplicated via polyploidy)
duplicated genome wide. The more recent the polyploidization, the more dif-
ficult this task is due to few accumulated differences over time. As assemblers
and ortholog detection methods become more discriminating, these prob-
lems will lessen.

Challenges and limitations notwithstanding, transcriptomics has literally
revolutionized the study of polyploidy (a search in Google Scholar for “tran-
scriptomic and polyploidy” OR “whole genome duplication” returned 510 hits
prior to 2006 and 4920 from 2006 to 15 October 2014), enabling detection,
characterization, and hypothesis testing regarding polyploidy and its effects
on lineage diversification. To do real justice to this topic would require a chap-
ter in and of itself and is beyond the scope of this work. Suffice it to say that
transcriptomics will continue to provide raw material (homeologs, paralogs,
orthologs, gene expression data, etc.) that will enable fine- and broad-scale
phylogenetic analyses to enhance our understanding of polyploidy and its
impacts on speciation and evolution.

CHARACTER EVOLUTION AND KEY INNOVATIONS

In addition to providing enhanced phylogenetic resolution through genera-
tion of a large number of single-copy nuclear gene markers, transcriptome
sequencing has produced information on a number of evolutionarily impor-
tant variations in gene expression, thought to be the driving force in organ-
ismal change (King & Wilson, 1975). These studies include identification of:
(1) genes expressed in different developmental stages and/or different tissues
of a single or related sets of species; (2) identification of genes implicated in
physiological changes such as increased tolerance to heavy metals, salinity or
disease-causing organisms; (3) gene expression leading to changes in mor-
phology; (4) identification of genes that may have played a role in domesti-
cation of various plants and animals; and (5) changes that impact genome
evolution—tandem duplication, alternative mRNA splicing, microRNA pro-
files and karyotypic complexity. Examples with relevant citations for these
five categories are presented here as Table 2. Some of these changes that may
result in new morphological or physiological phenotypes leading to increased
biological diversification have been termed “key innovations” (Ree, 2005).
Among those for which transcriptome data support the existence of a key
innovation are the nectar spurs of columbines (Ree, 2005; Sharma & al., 2014),
the tendrils of the grape family (Zhang N. & al., 2015), the pollinator decep-
tion of orchids (Sedeek & al., 2013), the tolerance to shady environments of
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Table 2. Comparative transcriptomics and character evolution.

Feature examined with

comparative transcriptomics Organism(s) Reference

Developmental differences

G amete d evel 0 p m ent ......................... Fems ....................................... Der & al’ 20 11 ...................
Leaf sepal petal expression Morning glory Guan & Lu, 2013
Developmental specialisations Legumes Hofer & Ellis, 2014

Leaf development Tomatoes Ichihashi & al., 2014

Floral initiation Arabidopsis Kaufmann & al., 2013
Floral initiation Orchids Liu Z. & al., 2013

Complex nervous systems Ctenophores Moroz & al., 2014

Petals Cotton Rambani & al., 2014
Tendrils and inflorescences Grape family Zhang N. & al., 2015

.I.) hysmloglca 1 dlfferences ...........................................................................................................
Metabo hsm ....................................... Cuc umber ............................... An d O & Grumet’ 2012 .......
Metabolism Algae Chan & al., 2012

Color variegation Peach Chen & al., 2014

Silk production Black widow spiders Clarke & al., 2014
C4/CAM photosynthesis Portulaca Christin & al., 2014
Salinity and submergence tolerance Wild rice Garg &al., 2013

Latex production Various flowering plants Hagel & al., 2008

Latex production Rubber tree Ko & al., 2003

Toxin production Black widow spiders Haney & al., 2014
Circadian rhythms Arabidopsis Hsu & al., 2013

Secondary metabolism in

adventitious roots Ginseng Jayakodi & al., 2014
Cyclotide production Coffee family Kohlbach &al., 2013
Fe/Zn/Cd tolerance Mustard family LiJ. &al., 2014

Sulfur dipeptide production

Legume family

Liao & al., 2013
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Table 2. Continued.

Feature examined with

comparative transcriptomics Organism(s) Reference
Volatiles Strawberry Sanchez-Sevilla & al., 2014
Metabolic pathways Tea Shi & al., 2011
Phosphotyrosine signaling Holozoans Suga &al., 2014
Iron-copper crosstalk Melon Waters & al., 2014
Disease resistance Eggplant/Turkey berry Yang X. & al., 2014
Alkaloid biosynthesis Poppy family ZengJ. & al., 2013
Fruit ripening Tomato Zouari & al., 2014
Temperature tolerance Coffee Combes & al., 2013
Morph()logy/phen()type ............................................................................................................
Invasweness ...................................... Yell 0 Wsta r thlstle .................... Dlu g OSCh & al , 2013 ..........
Eusociality Wasps Ferreira & al., 2013
Urban vs. rural forms Deer mice Harris & al., 2013
Bilateral symmetry Snapdragon Hileman, 2014
Leaf shape Various tomato species Ichihashi & al., 2014
Feather forms Chicken; Zebra finch Ng & al., 2014
Vasculature Conifers Raherison & al., 2012
Eye evolution Cephalopods Sousounis & al., 2013
Inflorescence architecture Arabidopsis; rice; tomato Teo & al., 2013
Flower whorls Columbines vs. Arabidopsis ~ Voelckel & al., 2010
Self-incompatibility Petunia Williams & al., 2014
Fiber forms Cotton Yoo & Wendel, 2014
D o me sucatlon ...........................................................................................................................
.......................................................... AmmalSAIbert&al)zmz
Beans Bellucci & al., 2014
Barley Dai & al., 2014
Pea Franssen & al., 2011
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Table 2. Continued.

Feature examined with

comparative transcriptomics Organism(s) Reference

Chickpea Hiremath & al., 2011

Sunflower family crops Hodgins & al., 2014

Cows Huang & al., 2012

Tomatoes Koenig & al., 2013

Wheat Singh & al., 2014

Rice hybrids XuC. & al.,, 2014

Eggplant; turkey berry Yang X. & al., 2014
G enome eVOIutlon .....................................................................................................................
Conserved noncoding elements  Eudicots Burgess & Freeling, 2014
Transcriptomic shock Whitefish Dion-Cote & al., 2014
Novel microRNAs Cichlids Elmer & al., 2010
Heterosis Wheat Li A. &al., 2014
Karyotypic change Barley McKain & al., 2012
Genome dominance Mustard family Parkin & al., 2014
RNA editing Human Peng & al., 2012
Genomic complexity Sponges Riesgo & al., 2014
MicroRNA evolution Land plants Taylor & al., 2014

Alternative RNA splicing

Asexual genomes

Poplar; eucalyptus

Buttercups

XuP &al., 2014

Pellino & al., 2013

Parallel coloration changes
Parallel jaw changes
Freshwater/marine species
Pollinator attraction

Petal spurs

East African cichlids
East African cichlids
Sticklebacks
Orchids

Columbines

Brawand & al., 2014
Brawand & al., 2014
Guo & al,, 2013
Sedeek & al., 2013

Sharma & al., 2014

17



Wen, Egan, Dikow & Zimmer

ferns (Li F.-W. & al., 2014), the feeding morphology and coloration changes
in East African cichlids (Brawand & al., 2014), and the freshwater to marine
transitions in sticklebacks (Guo & al., 2013).

ANALYTICAL STRATEGIES

The analytical framework for utilizing transcriptome data in phylogenetics
is depicted in Fig. 2. While there are a number of software packages for each
of the following steps, highlighted here are those that are most commonly
used. These will undoubtedly change over time. Raw read trimming, thin-
ning, and assembly are standard to any subsequent downstream transcrip-
tome analysis, whether one is considering a single taxon or many taxa. These
are often accomplished with Trimmomatic (Bolger & al., 2014) or PRINSEQ
(Schmieder & Edwards, 2011). Trinity (which has many embedded tools:
Altschul & al., 1990; Krogh & al., 2001; Lagesen & al., 2007; Finn & al., 2011;
Grabherr & al., 2011; Petersen & al., 2011; Kanehisa & al., 2012; Powell & al.,
2012; Punta & al., 2012), SOAPdenovo-Trans (Xie & al., 2014), Trans-ABySS
(Robertson & al., 2010) are three de novo assemblers specifically designed for
transcriptome data (i.e., different from whole-genome data in that one expects
disjunct transcripts as results rather than long contiguous scaffolds/chromo-
somes). Transcriptome annotation tools include Trinotate (part of Trinity)
and Blast2GO, which uses Gene Ontology terms (The Gene Ontology Con-
sortium, 2000) to classify genes into functional categories. These predictive
tools will improve as more and more transcriptomes are completed, gene
function is better understood, and databases become more fully populated.
Differences between transcripts and DNA gene sequences. — In addition
to choosing the appropriate analytical tools for a particular dataset, there are
underlying theoretical complications owing to the difference between tran-
scripts derived from RNA and sequences derived from genomic DNA. Tran-
scripts, while representative of the expressed genes at a particular time point or
developmental stage, are not in a 1:1 relationship to the DNA sequences from
which they arise. Alternative splicing is a phenomenon by which a particular
gene (DNA) sequence produces multiple proteins by differentially including
or excluding exons in multiple product mRNAs (Black, 2003). This at least
partly explains how organisms have kept gene count relatively low while the
diversity of function and structure has increased through evolutionary time.
This phenomenon is particularly common in higher eukaryotes and why
RNA-Seq can produce a much larger number of transcripts than their pur-
ported genes in the genome. Even a baseline (normalized) transcriptome, in
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Raw RNA-Seq
reads

:" Read thinning 5 m
. and trimming o
[
R ’ de novo ~‘..
Trans-ABySS N ,,f’,s,s?l",tfly...-"

SOAPdenovo-Trans

Assembled
transcripts

Annotated
HaMSTR U .

’ Orthology .

. detection )
OrthoMCL

+" Compilation of multiple "

* taxa, alignment K

RAXML, ExaML
¢ Concatenation . Species-tree BEST
STAR, MP-EST

)
BayesPhylogenies

PAML

Fig. 2. Bioinformatics workflow for generating phylogenetic hypotheses from raw RNA-Seq
data highlighting some of the most commonly used software packages. Citations for soft-
ware programs and in depth discussion of each step are found in the “Analytical Strategies”

section.
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which expression level is ignored, hypothesizes a set of splice variants through
a de novo assembly that cannot be “verified” by a genomic reference. This is
in contrast to how transcriptomes can aid in the assembly and annotation of
genomic sequence. Normalized transcriptomes are much more inexpensive
to gather than complete genomes and can improve genomes without adding
much to the analytical and sequencing cost.

The assembly of these transcripts, due to alternative splicing, is compli-
cated in ways that are different for genome assembly. De novo genome assem-
bly, while challenging in terms of repetitive DNA (particularly in plants; e.g.,
in sunflower, the 3 Gbp genome consists of 81% transposable elements, 77%
of which are identical long terminal repeat [LTR] retrotransposons; Natali &
al., 2013), and duplicated genes (a single read can map to multiple locations
with equal confidence), but aims to piece together a much more static entity
than transcriptome assembly. The use of short-read sequencing technology
exacerbates the transcript assembly challenge. Newer technologies such as
single-molecule sequencing and long-read sequencing have the promise to
alleviate assembly artifacts and more accurately estimate the number and set
of transcripts with the correct splicing as the reads have the capacity to span
an entire transcript rather than imposing an additional bioinformatics chal-
lenge (e.g., Tilgner & al., 2014).

Orthology detection and phylogenetic analysis. — For phylogenetic and
downstream evolutionary analyses, hypotheses of homology, and particu-
larly an accurate distinction between orthology and paralogy, are standard
procedure. Orthologs are descended most recently from a speciation event
and paralogs are descended most recently from a duplication event (Fitch,
1970). Paralogs, thus, can produce phylogenetic hypotheses that do not reflect
the pattern of evolutionary relationships of the taxa included, although they
are interesting from a gene and genome evolution perspective. Commonly
used orthology detection algorithms include OrthoMCL (Van Dongen, 2000;
Enright & al., 2002), OMA (Roth & al., 2008), and HaMSTR (Ebersberger
& al., 2009). These programs rely on functional transcript annotation (gen-
erally using Gene Ontology terms; The Gene Ontology Consortium, 2000)
and comparison to a database of transcripts of known function, such as with
OrthoDB (Waterhouse & al., 2013), OMA (Altenhoff & al., 2011), InParanoid
(O’Brien & al., 2005). There are also a number of ways that these hypotheses
of orthology can then be refined based on subsequent gene trees, such as with
PhyloTreePruner (Kocot & al., 2013).

Comparing depth of coverage across transcripts can be used to separate
orthologs and paralogs, particularly when a closely related reference genome
does not exist. The principle is that, for example, if transcript X has double
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the coverage of transcript Y, it might be indicative of misassembly caused by
paralogy (Hirsch & Buell, 2013). This method relies on good overall coverage
and trustworthy assemblies across the taxa being considered, however.

Protein (amino acid) sequences are generally used in phylogenetic infer-
ence based on transcriptome data rather than DNA sequences. When dis-
tantly related taxa are being considered, popular opinion is that homologies
can be difficult to find at the DNA level, and protein sequences suffer less from
convergence and saturation due to mutational biases. Amino acid sequences
are one third of that of the corresponding DNA sequence in length, which
can make alignment and phylogenetic analyses faster. When one uses this
approach, however, there is a loss of phylogenetic information, which could
be important at lower levels of divergence. There is a balance to be struck in
the decision to analyze amino acids or nucleotides, the answer to which might
depend on the evolutionary timescale of interest and on the final matrix size
(of both taxa and characters).

Once a set of orthologs has been identified for the taxon sampling at hand,
the next concern is whether phylogenetic analysis should be approached in
a multi-gene concatenated framework or a gene-tree centric species-tree
approach. Advocates of concatenation argue that hidden signal can emerge
from large concatenated datasets that one would not see when analyzing
genes individually (e.g., Gatesy & Baker, 2005; Hittinger & al., 2010; Salichos
& Rokas, 2013). Advocates of gene-tree centric species-tree approaches (sensu
Edwards, 2009; Liu L. & Yu, 2011) argue that concatenation obscures the sig-
nal and evolutionary history of individual genes (or other loci) or that concat-
enation can return incorrect trees with high confidence (Kubatko & Degnan,
2007). A phenomenon known as “the anomaly zone” can also occur during
which the most common gene tree is not the species tree (Degnan & Rosen-
berg, 2006, 2009; Degnan, 2013). Discordance among gene trees can be due
to a number of biological processes such as incomplete lineage sorting (ILS),
deep coalescence, horizontal gene transfer and hybridization, while also pos-
sibly due to non-biological reasons such as small sample-size. Sample size is
an often neglected issue that can cause incorrect gene tree specification (e.g.,
Dikow & Smith, 2013; Betancur & al., 2014). For example, in Dikow & Smith
(2013), gene trees sampled from across 22 bacterial genomes were all unique
and never the same as the concatenated species tree, even when directly adja-
cent within the sampled genomes. In many species-tree methods, each gene or
locus is treated (weighted) equally regardless of length, rather than placing the
equal weight on each nucleotide. How we can differentiate between incongru-
ence due to an evolutionary process (e.g., ILS) and that due to small sample
size or incorrect homology detection remains unclear. In addition, we are still
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somewhat lacking in an understanding as to how these issues scale with dif-
ferent evolutionary divergences. ILS has been recognized at the species level
and below for a long time (Maddison, 1997), but recently the effects of these
processes across evolutionary time on a phylogenetic tree of more distantly
related species is just beginning to be addressed (e.g., Springer & Gatesy, 2014).

The species-tree approach is currently implemented in two ways: summary
methods and co-estimation methods. Summary methods are those in which
gene trees are estimated independently and input into species-tree software
programs as newick files with no associated sequence alignment matrix (as
with BUCKy: Ane &al., 2007, Larget & al., 2010; ASTRAL: Mirabab &al., 2014;
STAR: Liu L. & al., 2009; MP-EST: Liu L. & al., 2010). Co-estimation methods
are those in which gene trees are estimated simultaneously with species trees
(as with *BEAST: Heled & Drummond, 2010; Drummond & al., 2012; BEST:
Liu L., 2008). The co-estimation methods are computationally prohibitive for
large datasets (i.e., more than 100 loci: Bayzid & Warnow, 2013; Smith B.T. &
al., 2014). Many of these methods (e.g., BUCKy, *BEAST, BEST) do not allow
for any taxa to be missing any loci, which can dramatically reduce the size of a
dataset depending on the evolutionary divergence among the taxon sampling
of interest. A comprehensive review of ILS, and the gene-tree-species-tree
debate is beyond the scope of this chapter, but the work cited above provides
an introduction to these issues that have become more stark as phylogenetic
datasets have grown so dramatically (see review by Liu L. & al., 2015).

The following are phylogenetic analysis programs that are able to ana-
lyze concatenated transcriptome-scale data (e.g., hundreds of thousands
of amino acid or nucleotide base-pairs): Maximum likelihood approaches:
RAXML (Stamatakis, 2006), ExaML (Stamatakis & al., 2012; Stamatakis,
2013), Garli (Zwickl, 2006), and PAML (Yang Z., 2007); Bayesian approaches:
ExaBayes (Aberer & al., 2014), PhyloBayes (Lartillot & al., 2012), and Bayes-
Phylogenies (Pagel & Meade, 2004); and maximum parsimony approaches:
TNT (Goloboff & al., 2008). Assessing support for phylogenetic matrices is
commonly done using statistical methods, but large matrices often produce
high support values for incorrect topologies simply due to the large amount
of data (e.g., Salichos & Rokas, 2013). Using individual gene-tree signals as
measures of support is another possibility, but as mentioned above, gene-tree
accuracy and meaning given small sample size and gene-level evolutionary
processes is non-trivial. Transcriptome and genome-level phylogenetics is still
quite young and has until now relied on the tools built for small single- or few-
gene matrices. Sequencing technology, our understanding of genome evolu-
tion, systematics theory, and bioinformatics tools have to all catch up to one
another in order to produce sound phylogenomic hypotheses.
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CHALLENGES AND PROSPECTS

Practically, it is challenging to obtain RNA-grade tissues with a broad
taxon sampling, as RNA is not preserved in dried or silica-preserved spec-
imens; rather, it degrades very rapidly upon collection. Tissue samples for
RNA extraction need to be fresh, flash frozen, or preserved in solutions like
RNAlater and then placed in an ultracold freezer (Johnson & al., 2012; Wen
& al., 2013a). Such requirements for tissue quality, coupled with the generally
higher cost of generating transcriptomes, will limit the utility of the direct
RNA-Seq phylogenomic approach in a phylogenetic study with extensive
taxon sampling. In that context, the targeted or anchored sequence enrich-
ment approach using DNAs and probes designed from transcriptomes (e.g.,
Lemmon A.R. & al., 2012; Weitemier & al., 2014) and genomes will be more
useful and practical for large-scale phylogenetics requiring extensive taxon
sampling, while also enabling the use of degraded DNA from such sources as
herbarium or museum specimens. With this approach, RNA collecting efforts
then can focus on using a few, easily collected reference taxa that span the evo-
lutionary divergence of interest. Transcriptome data from these few taxa can
then be used to identify nuclear markers for which probes can be designed and
used for hybrid enrichment and sequencing across the divergence on speci-
mens preserved in a variety of ways. Because these probes are designed from
transcriptome data rather than genome data, they focus on exons. Neverthe-
less, the presence of usually more informative intron sequences in the result-
ing data may be produced with such methods, as sequencing of the genomic
DNA may extend beyond the probe hybridization site. If the probe was close
to an exon-intron boundary, some intronic sequence will be captured as well,
a result that may actually be helpful in resolving close relationships.

The use of transcriptomics for gene expression studies or for mining
single-copy nuclear markers for phylogenetic reconstruction is not without its
limitations and challenges, not the least of which is the scope of the transcrip-
tome itself. By definition, the transcriptome is a portion of the complement
of coding genes comprising a genome that is transcribed at a given time, by a
given tissue, and under the influence of a specific set of environmental condi-
tions. The complement of genes expressed differs by tissue and can be affected
by intrinsic (genetic) and extrinsic (epigenetic) factors that are influenced by
environment (Jaenisch & Bird, 2003). Thus, the set of expressed genes can
change across time, space, and species, as well as tissue/organ. This inevitably
means that we will miss some genes within any transcriptome because not all
genes are expressed at once and at the same level. This has ramifications for
gene expression studies as well as for mining single-copy nuclear markers from
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transcriptomic data. To maximize the genic content of a given transcriptomic
sample one must take into account tissue specificity: sampling multiple tissues
will yield the highest transcriptomic coverage whereas sampling the same tis-
sues across multiple accessions may increase the shared complement of genes
across accessions. To maximize the shared complement of genes across a series
of transcriptomes from different accessions and to decrease the confounding
impact of differing environmental variables on gene expression, sampling
should be done under controlled conditions, for example, from a series of plant
species grown under the same greenhouse or growth chamber environments.

The probability of missing single- or low-copy genes in the transcrip-
tome is more likely as compared to high-copy genes. In addition, research has
shown that genomic regions duplicated by polyploidy or segmental duplica-
tion show unequal contributions to the transcriptome as well as exhibiting
organ-specific reciprocal silencing (Adams & al., 2003). That may lead to false
positive situations in which we think we have found a truly single-copy gene
when in reality we have detected one copy of a duplicated gene, the other of
which was not expressed in the transcriptome. This may lead to further com-
plications in downstream applications when primers or probes designed for
this locus produce multiple amplicons.

Because the transcriptome, as a complement of coding regions, provides
only exonic data to work with, primers developed for amplification of coding
regions only (i.e., single exons) can produce viable options for single-copy
phylogenetic markers (e.g., Weksler, 2003), but these are often less variable
than non-coding or mixed-coding markers, especially at shallow evolution-
ary depths. Exons are the choice for anchoring primers for marker develop-
ment due to their highly conserved nature, but a lack of knowledge concern-
ing introns and flanking regions presents a challenge. Primers created solely
on transcriptomic data may be problematic or even inoperable downstream
due to either the existence of very long intronic regions or to the presence of
complex secondary structures or long homopolymer runs. These situations,
in the past, have impeded DNA amplification and Sanger sequencing through
non-coding regions. Likewise, this can mean that transcripts recovered and
amplified via Hyb-Seq are not combined into a single transcript later dur-
ing the assembly process. Comparison with a related published genome or
genome-skimmed library can help overcome this limitation by filling in the
knowledge gaps for non-coding regions.

Orthologous gene determination is a critical step in RNA-Seq phylogenet-
ics. Although the issue of paralog/ortholog conflation can inhibit the detec-
tion and development of single-copy markers for phylogeny reconstruction,
this plaguing issue can be mitigated through comparison with published and
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annotated genomes. These can help elucidate orthologs by detailing synteny,
another level of information than can help clarify orthology vs. paralogy (e.g.,
Kooij & al., 2005).

Groups with a history of hybridization, introgression and allopolyploidy
may be more complicated to benefit from the RNA-Seq comparative approach
when constructing their phylogenies (Wen & al., 2013a). On the other hand,
transcriptome data have the potential to provide the nuclear sequences to
tease apart the history of reticulate evolution and genome duplications.

Selecting genes with strong phylogenetic signals and demonstrating the
absence of significant incongruence among them are essential for accurately
reconstructing phylogenetic relationships, especially ancient divergences
(Salichos & Rokas, 2013). Approaches that can further dissect phylogenetic
signals from a smaller number of large analyses rather than direct concat-
enations will be increasingly important for RNA-Seq data and need to be
explored extensively in the coming years.

Even given the list of challenges above, comparative transcriptomics
offers a veritable treasure trove of genic sources for phylogenetic inference,
as well as single- and low-copy phylogenetic marker development. While we
will never be able to overcome the challenges presented by the very nature of
the transcriptome (i.e., coding regions only, complement of expressed genes),
as published whole genomes and genomic data become less costly and more
prevalent, and comparison with transcriptomic data is thus increased, many
of the above mentioned limitations and challenges will be overcome. Further-
more, RNA-Seq has been widely applied in studying character development
and evolution, including the exploration of possible molecular mechanisms
generating key innovations. Comparative transcriptomics has already revolu-
tionized the study of polyploidy. As transcriptome- and genome-scale bioin-
formatics continues to develop and mature, we expect that the utility of tran-
scriptomics in systematics will only increase, and that the RNA-Seq approach
will bring tremendous insights into understanding the ontogeny, homology
and evolution of characters, which are the foundation of systematic biology.
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