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Abstract The science of phylogenetics, and specially the
subfield of molecular systematics, has grown exponentially
not only in the amount of publications and general interest,
but also especially in the amount of genetic data available.
Modern phylogenomic analyses use large genomic and
transcriptomic resources, yet a comprehensive molecular phy-
logeny of animals, including the newest types of data for all
phyla, remains elusive. Future challenges need to address im-
portant issues with taxon sampling—especially for rare and
small animals—orthology assignment, algorithmic develop-
ments, and data storage and to figure out better ways to integrate
information from genomes and morphology in order to place
fossils more precisely in the animal tree of life. Such precise
placement will also aid in providingmore accurate dates tomajor
evolutionary events during the evolution of our closest kingdom.
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Introduction

Almost two decades have passed since the publication of what
has become to be known as BThe New Animal Phylogeny^

(Adoutte et al. 2000; Halanych 2004)—a new set of phylum-
level relationships largely driven by molecular data and most-
ly derived from two of the most influential papers on animal
molecular phylogenetics (Halanych et al. 1995; Aguinaldo
et al. 1997). These seminal studies introduced two Bnew^
clades of animals, Lophotrochozoa (Halanych et al. 1995)—
a clade unfortunately later incorrectly equated with Spiralia by
subsequent authors (see a discussion in Laumer et al.
2015a)—and Ecdysozoa (Aguinaldo et al. 1997). These
studies were based on analyses of 18S ribosomal RNA
(rRNA) sequence data and were subsequently corroborated
by a series of likewise influential papers using larger 18S
rRNA datasets, additional markers, and sometimes morpho-
logy (e.g., Giribet et al. 1996; Zrzavý et al. 1998; Giribet et al.
2000; Peterson and Eernisse 2001). Few other major changes
in animal phylogeny are comparable to the ones introduced by
Halanych et al. (1995) and Aguinaldo et al. (1997), perhaps
followed closely only by another major rearrangement related
to Platyhelminthes, proposing their non-monophyly and a
special position for Acoela and Nemertodermatida, as sister
groups to the remaining Bilateria—i.e., Nephrozoa (Carranza
et al. 1997; Ruiz-Trillo et al. 1999; Jondelius et al. 2002).
Much more recently, and based on first-generation
phylogenomic analyses, Dunn et al. (2008) shook the animal
tree oncemore by placingCtenophora as the sister group to all
other animals, contradicting prior ideas about metazoan
evolution and increasing complexity at the base of the tree.
However, this result remains contentious (e.g., Nosenko et al.
2013; Ryan et al. 2013; Moroz et al. 2014; Halanych 2015;
Whelan et al. 2015), unlike the abovementioned clades:
Lophotrochozoa (and the more inclusive Spiralia),Ecdysozoa,
and Nephrozoa, which are found almost universally in recent
phylogenomic analyses (e.g., Hejnol et al. 2009; Nesnidal
et al. 2010; Nesnidal et al. 2013; Struck et al. 2014; Laumer
et al. 2015a). One notable exception to this consensus is a rather
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controversial study that claims to place Xenoturbellida and
Acoelomorpha within Deuterostomia (Philippe et al. 2011).

While a consensus is emerging with respect to the relation-
ships and composition of these major clades (Halanych 2004;
Giribet 2008; Edgecombe et al. 2011; Dunn et al. 2014), a few
aspects remain uncertain (see Fig. 1). These include mostly
the internal relationships of Ecdysozoa, Spiralia, and
Lophotrochozoa, and the base of the animal tree—specifical-
ly, the relative position of Porifera or Ctenophora as the sister
group to all remaining Metazoa, a topic that remains conten-
tious due to data and model dependence (e.g., Pick et al. 2010;
Nosenko et al. 2013; Whelan et al. 2015). In this review, the
progress and future challenges to reconstruct the animal tree of
life are discussed.

Animal phylogenomics—or the use of large datasets
to infer animal phylogenies

The term phylogenomics, which originally had a different
meaning (Eisen and Fraser 2003), has become widespread
and now refers to phylogenetic analyses using large amounts
of genetic data. It is often associated with the use of data
derived from methods that sequence blindly, as opposed to
the more traditional PCR-based target sequencing (often using
Sanger sequencing). The field has exploded with the general-
ized use of massive parallel sequencing methods (often called
Bnext-generation sequencing^ or BNGS^). However, different
authors give different meanings to the word phylogenomics,
with some using it to refer exclusively to the use of whole-
genome data to infer phylogenies (Dopazo et al. 2004), while
now it is mostly used in the sense described above, yet some
target gene approaches rightfully qualify as Bphylogenomic^
(e.g., Regier et al. 2010). The term phylotranscriptomics has
also been applied (Oakley et al. 2013) to refer to phylogenetic
analyses using transcriptomic data as the major source of
protein-encoding genes.

For animal phylogeny, early phylogenomic approaches
made use of the genomes of a few model organisms
complemented with expressed sequence tags (EST) sequenc-
ing using Sanger-based methods (e.g., Philippe et al. 2005;
Delsuc et al. 2006; Marlétaz et al. 2006; Hausdorf et al.
2007; Philippe et al. 2007; Dunn et al. 2008; Helmkampf
et al. 2008; Hejnol et al. 2009; Philippe et al. 2009). These
early analyses were followed by a series of papers that incor-
porated 454 sequence data to the previous datasets but con-
centrated into animal subclades. In fact, the only attempts to
evaluate animal phylogeny as a whole (by including most
animal phyla) are still based mostly on ESTs (Dunn et al.
2008; Hejnol et al. 2009).

The newest datasets have provided for the first time reso-
lution at the base of Spiralia (Laumer et al. 2015a). It is now
clear that Platyhelminthes do not group with the original

Lophotrochozoa, but neither do they constitute the proposed
clade Platyzoa (Cavalier-Smith 1998; Giribet et al. 2000).
BPlatyzoa^ is now understood as a grade of two clades,
Gnathifera and Rouphozoa, the latter constituting the sister
group to Lophotrochozoa (Struck et al. 2014; Laumer et al.
2015a). Themonophyly of the classical clade Lophophorata is
likewise emerging in recent analyses (Nesnidal et al. 2013;
Laumer et al. 2015a). However, a few aspects of spiralian
phylogeny remain unresolved, such as the position of
Cycliophora (Laumer et al. 2015a), a group difficult to
assess molecularly as well as morphologically (e.g.,
Neves et al. 2009).

Major progress has also been made in the internal phylog-
eny of traditionally difficult phyla, like Annelida (Struck et al.
2011; Weigert et al. 2014; Andrade et al. 2015; Laumer et al.
2015a; Lemer et al. 2015),Mollusca (Kocot et al. 2011; Smith
et al. 2011; Kocot et al. 2013; Zapata et al. 2014; González
et al. 2015), and Platyhelminthes (Egger et al. 2015; Laumer
et al. 2015b). Phylogenomics has provided the datasets that
contain enough information to find resolution and support for
some of the most recalcitrant clades in animal evolution. For
instance, it is now well accepted that Annelida includes many
taxa formerly considered different phyla or with supposed
affiliations with other animal groups, such as Sipuncula,
Echiura, Pogonophora and Vestimentifera, Myzostomida, or
Diurodrilida (Struck et al. 2011; Kvist and Siddall 2013;
Weigert et al. 2014; Andrade et al. 2015; Laumer et al.
2015a; Struck et al. 2015). As the costs of generating molecular
sequence data decrease and the techniques for obtaining RNA
and DNA become more sensitive, progress is now being made
in many new directions, from the inclusion of previously im-
practicable small samples (e.g., Andrade et al. 2015; Laumer
et al. 2015a, b; Struck et al. 2015) to applying phylogenomic
approaches to muchmore recent divergences, including species
problems, relationships within families, or among families, etc.

Future challenges

Resolving outstanding issues in animal phylogeny will require
a concerted effort to gather genomic data from key taxa
(Lopez et al. 2014), as recently done for insects (Misof et al.
2014) and birds (Zhang et al. 2014), to provide two examples.
In addition, computational development of software and hard-
ware will become more limiting than generating the genomic
data per se. Storing the vast amounts of raw and processed
genomic data is also emerging as a critical issue. If our goal is
to provide a well-resolved animal phylogeny, several areas
must thus move forward:

1. Taxon sampling
Although the first phylogenomic analyses made use of

the available genomes, those studies generated little data
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(e.g., Philippe et al. 2005). Taxon sampling was later em-
phasized in subsequent EST analyses (e.g., Dunn et al.
2008; Hejnol et al. 2009), and datasets are now available
for several animal phyla (e.g., Kocot et al. 2011; Smith
et al. 2011; Struck et al. 2011; Kvist and Siddall 2013;
Andrade et al. 2014; Cannon et al. 2014; Fernández et al.
2014; Sharma andWheeler 2014; Telford et al. 2014; von
Reumont and Wägele 2014; Weigert et al. 2014; Zapata
et al. 2014; Andrade et al. 2015; Egger et al. 2015;
Laumer et al. 2015b). A series of studies has focused on
particular nodes of the animal tree of life (Nesnidal et al.

2013; Nosenko et al. 2013; Ryan et al. 2013; Moroz et al.
2014; Srivastava et al. 2014; Struck et al. 2014; Laumer
et al. 2015a). However, no metazoan-broad studies using
NGS data have included data from all or most animal
phyla, and only through thorough taxon sampling will
we be able to resolve the position of the last truly enig-
matic taxa, such as cycliophorans, dicyemids, and
rhombozoans (e.g., Laumer et al. 2015a).

Taxon sampling is thus crucial for understanding rela-
tionships of the least-common but unique evolutionary
lineages (e.g., Loricifera, Micrognathozoa, Cycliophora,

Rotifera

Ctenophora

Dicyemida

Phoronida

Craniata

Annelida

Loricifera

Cycliophora

Kinorhyncha

Bryozoa

Mollusca

Chaetognatha

Micrognathozoa

Echinodermata

Hemichordata

Placozoa

Xenoturbellida

Platyhelminthes

Urochordata

Nematoda

Gnathostomulida

Gastrotricha

Nemertea

Nematomorpha

Tardigrada

Cephalochordata

Brachiopoda

Cnidaria

Onychophora

Priapulida

Arthropoda

Acoelomorpha

Entoprocta

Porifera

Orthonectida

Ecdysozoa

Protostomia

Spiralia
Gnathifera

Rouphozoa

Xenacoelomorpha

Metazoa

Planulozoa

Chordata

Lophotrochozoa

Bilateria

Nephrozoa

Parahoxozoa

Deuterostomia

Ambulacraria

Lophophorata

Nematoida

Panarthropoda

Scalidophora

Platytrochozoa

Fig. 1 Hypothesis of animal
phylogeny derived from multiple
phylogenomic sources. This tree
was not generated using any
explicit algorithm. Taxa in red
indicate unstable taxa, taxa with
deficient genomic/transcriptomic
data, or taxa for which no
phylogenomic analysis is
available. Taxa in blue indicate
conflict between some studies,
but with a relatively stable
position. Green circles indicate
clades supported across most
well-sampled studies; blue circles
indicate clades that are
contradicted in some studies,
especially due to the position of
some rough taxa; red circle
indicates a putative clade not
thoroughly tested in
phylogenomic analyses
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Dicyemida, etc.). This will be possible through novel
technical developments and decreasing sequencing costs.
As sequencing genomes and transcriptomes from single
individuals of the smallest animals becomes standard
(Laumer et al. 2015a; Laumer et al. 2015b), emphasis will
have to shift toward optimizing fieldwork for Brare^ ani-
mals. This will require taxonomic expertise as perhaps
one of the most crucial components for the future of
phylogenomics.

2. Data matrices
Data matrix assembly is a fundamental step in

phylogenomic analyses, and different methods have been
employed, from Bmanually^ curating matrices with a few
ill-defined, preselected genes (e.g., Delsuc et al. 2006) to
automated methods of orthology detection and gene se-
lection (e.g., Dunn et al. 2008; Kocot et al. 2011). Auto-
mated methods for generating a data matrix—manual
methods are mostly ignored in modern evolutionary biol-
ogy—can be divided into three steps, each crucial in its
own way: (1) gene prediction, (2) orthology assignment,
and (3) dataset assembly. Gene prediction methods
(Bassemblers^) are numerous and often must deal with
common issues such as paralogy and alternative splicing
and cannot be dealt with here due to space limitations.
Numerous assemblers, their computation efficiency, and
limitations are discussed and compared elsewhere (e.g.,
Earl et al. 2011; Bradnam et al. 2013).

Orthology assignment can rely on several methods de-
signed to perform some sort of all-by-all comparisons.
These can range from pairwise comparisons of distances
to graphic methods. Some common orthology assignment
methods used in phylogenomics are HaMStR
(Ebersberger et al. 2009), OMA (Altenhoff et al. 2011),
or the all-by-all BLASTP search, followed by a phyloge-
netic approach to identify orthologous sequences (Smith
et al. 2011), as implemented in Agalma (Dunn et al.
2013). Few phylogenomic studies have studied the impact
of alternative methods for orthology assignment on phy-
logenetic estimation, but the few that have show that re-
sults often converge when enough information becomes
available (e.g., Zapata et al. 2014).

Once each gene prediction (often called orthogroups)
has been assigned into orthology groups (often referred to
as orthoclusters), a decision must be made about which of
these orthoclusters are selected. The process of gene se-
lection can be done by choosing each orthocluster found
above a certain threshold (i.e., in ≥50% of taxa). Such
methods, however, can be affected by key—but poorly
sampled—taxa, and some have usedmethods for optimiz-
ing the representation of genes in poor libraries (Laumer
et al. 2015b). In addition to these criteria based on per-
centage of occupancy allowed into the final matrix

(Hejnol et al. 2009), criteria based on data properties have
been used for designing the final dataset. One such ap-
proach is BAse COmposition Calculator (BaCoCa),
which combines multiple statistical approaches to identify
biases in aligned sequence data (Kück and Struck 2014).
Others have used methods to select sets of genes with
different evolutionary rates (Fernández et al. 2014), added
bins of genes with increasing evolutionary rates (Sharma
et al. 2014), or used measures such as phylogenetic infor-
mativeness to select sets of genes (López-Giráldez et al.
2013). Each of these strategies may drive results accord-
ing to the properties of the selected sets of genes.

3. Algorithmic developments
Algorithmic developments are obviously important in

phylogenomic analyses, and these may apply to any step
of the phylogenetic analysis. An interesting study actually
quantified the computational effort invested in the differ-
ent steps leading to a phylogenomic analysis, from tran-
scriptome assembly to phylogenetic tree inference (Dunn
et al. 2013). Critical resources are memory and number of
CPUs (or time), which scale in different ways at the dif-
ferent steps. For example, assembly requires large
amounts of memory, while other processes may require
more CPU time. Algorithmic developments in all the
areas described above are therefore welcome in
phylogenomic analyses.

Two areas of desired improvement are the all-by-all
comparisons for orthology assignment and phylogenetic
analyses using complex probabilistic models. A common-
ly used implementation of the CAT-GTR model of evolu-
tion, PhyloBayesMPI, which implements infinite mixture
models of across site variation of the substitution process
(Lartillot et al. 2013), often does not converge on large
datasets (e.g., Fernández et al. 2014). In fact, increased
complexity in evolutionary models, often required for
dealing with heterogeneous genomic and phylogenomic
datasets, comes at a high computational cost. Faster and
more efficient algorithms thus need to be developed to
cope with the ever-increasing size of datasets (Stamatakis
2014a, 2014b). For phylogenetic inference, fast and accu-
rate methods, like parsimony, may be able to provide a
quick tree hypothesis without the burden of other methods
(Kvist and Siddall 2013), but parsimony software needs to
incorporate realistic amino acid transition matrices before
they can be generally applied to large phylogenomic
analyses.

4. Data storage
The amounts of data generated for phylogenetic anal-

yses have grown exponentially in the past few years, to
the point of being now considered part of the BBig Data
science,^ and these are just going to get much bigger
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(Stephens et al. 2015). Although the genes utilized in each
analysis per each terminal may only be in the range of a
few hundreds or thousands, the raw data generated and all
intermediate steps after sanitation, assembly, translation to
amino acids, and orthogroup assignment, as well as track-
ing all connections between these steps, are orders of
magnitude larger and require huge storage requirements.
Some of these legacy data are often lost due to lack of
storage resources, resulting in duplicated computational
efforts through many of these steps, and some authors
only publish the few genes utilized in the final analysis,
violating the objective of data transparency (e.g., testing
alternative assembly programswould not possible).While
some public databases store both the raw data (e.g., Se-
quence Read Archive database [SRA] of NCBI), assem-
blies, and data matrices (e.g., Dryad), additional effort is
needed to connect the actual data to specimens (see, for
example, Fernández and Giribet 2015). Although some
global efforts attempt to do that (e.g., The Global Inverte-
brate Genomics Alliance [GIGA]; Lopez et al. 2014), sat-
isfactory repositories are still lacking.

5 Fossils and phylogenomics
A pressing issue attracting increasing attention in the

recent literature and in the phylogenetics community is
the future role of morphology in reconstructing and dating
phylogenies (Giribet 2010; Giribet 2015; Pyron 2015;
Wanninger 2015), especially under the phylogenomic par-
adigm. While it is clear that molecular data derived from
hundreds of genes now often take precedence for
reconstructing deep evolutionary histories, morphology
still remains an important source of phylogenetic informa-
tion (Burleigh et al. 2013) and the only means with which
to place extinct lineages in a phylogenetic context (e.g.,
Donoghue et al. 1989; Novacek 1992). There is therefore
little point in discussing here the value of morphology
versus molecules, but it is important to stress that place-
ment of fossils remains an important scientific enterprise
and that their precise placement can have important down-
stream implications for attempting to use molecular data to
date evolutionary events (Parham et al. 2012).

Room for error in placement of fossils is generally
much higher when fossils are assigned to nodes, and thus,
an alternative using fossils as terminals in a combined
analysis of molecules and morphology is now back in
fashion (Murienne et al. 2010; Pyron 2011; Wood et al.
2013; Garwood et al. 2014; Sharma and Giribet 2014;
Arcila et al. 2015)—this is often referred to as total evi-
dence dating or tip dating (combining fossils with mole-
cules was more common in earlier total evidence analyses
of animal relationships using Sanger data [Wheeler et al.
1993; Gatesy and O’Leary 2001; Wheeler et al. 2004]).
Fossils serve the dual purpose of contributing data from

extinct taxa and providing more accurate estimates for
dating phylogenomic trees, thus reinvigorating systematic
paleontology as well as the science of morphology in gen-
eral and morphological data matrices in particular (Giribet
2015; Pyron 2015).

Final remarks

It is undisputed that molecules have taken a prominent role in
reconstructing animal phylogeny and that a new consensus of
animal relationships is emerging (see Fig. 1). The first gener-
ation of molecular phylogenetic analyses provided a refreshed
framework for the animal tree, proposing key hypotheses such
as Ecdysozoa, Spiralia and Lophotrochozoa. The current gen-
eration of phylogenomic analyses has explored and tested
these hypotheses in great depth and has instructed new ones,
especially with respect to the position of Ctenophora or
Xenacoelomorpha, and the newest datasets are finally resolv-
ing recalcitrant nodes of the animal tree, like the internal rela-
tionships ofMollusca (but see Sigwart and Lindberg 2015 for
a discussion on alternative molluscan relationships), Annelida,
or the membership of some phyla and supraphyletic clades.
Nonetheless, morphology cannot be simply discarded as a
resource for inferring relationships, as it is the ultimate test
for the proposed phylogenies and the only possible way to
place huge amounts of extinct diversity onto the animal tree
of life. Fossils are also crucial for dating phylogenies, and tip
dating is developing as a preferred and more accurate method
for estimating divergences.

Generating transcriptomes or genomes is now possible for
non-model organisms and feasible for many researchers.
Transcriptomes require live, frozen, or RNAlater-preserved
tissues, which has forced many of us to recollect tissues that
were not preserved in such ways, making years’ worth of
collecting efforts inaccessible to phylogenomics. However,
the possibility of cheap sequencing of genomes now allows
making use of large numbers of specimens collected in etha-
nol and preserved in freezers in manymuseums and university
collections. Transcriptome sequencing is now possible for sin-
gle individuals of the tiniest animals (e.g., Laumer et al.
2015a; Laumer et al. 2015b), and genome amplification also
allows sequencing of genomes from the smallest animals.
Having eliminated these previous technical limitations, em-
phasis will now shift toward selecting the species of interest
and will once again require taxonomic expertise for collecting,
vouchering, and identifying such organisms. Genomics has
largely driven our understanding of animal relationships in
recent times, but animal phylogeny remains the arena of zo-
ologists, and not of just molecular biologists who rely on
others for specimens and taxonomic identifications and who
may not always understand the importance of keeping
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vouchers and basic information about the collected
specimens.
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