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on ‘regime shift’ or step change in 
assemblage structure and function, 
but is it the case that gradual 
reorganisation of systems is a much 
more widespread phenomenon than 
abrupt change? There are still many 
unresolved issues in the quantifi cation 
and interpretation of biodiversity 
change. 

It is not just temporal data that 
are patchy. A further diffi culty is that 
assessments of biodiversity change 
are thwarted by data gaps, with 
rich tropical areas and invertebrate 
assemblages being particularly 
underrepresented in biodiversity 
databases. New technological 
innovations, including sampling of 
environmental DNA (eDNA), remote 
sensing, networks of camera traps 
and sensors, and acoustic surveys 
have the potential to fi ll these 
gaps and automate sampling and 
analyses. A non-trivial challenge will 
be to provide continuity with existing 
biodiversity time series collected 
using traditional methods and to 
interpret change in the alpha/beta/
gamma framework that underpins all 
biodiversity measurement. It is also 
important to report uncertainty in 
assessments of biodiversity change. 
The IPBES (Intergovernmental 
Science-Policy Platform on 
Biodiversity and Ecosystem Services, 
www.ipbes.net) does this by stating 
whether trends are ‘well-established’, 
‘established but incomplete’, or 
‘inconclusive’.

Looking ahead
Protecting the world’s ecosystems 
over decades to come is a formidable 
challenge, but from the perspective of 
the measurement of biodiversity there 
are some encouraging developments. 
Data gaps will increasingly be resolved; 
the IPBES 2030 Work Programme 
has as one of its objectives the 
strengthening of the knowledge base 
on which its assessments are made, 
and it will be supported in this venture 
by emerging technologies. Citizen 
science will also play a growing role 
in this endeavour. Ecological theory 
can still only incompletely predict the 
consequences for ecosystem structure 
and function of the current rapid 
reconfi guration of natural systems, but 
this is an important research focus with 
exciting developments on the horizon. 

New additions to the biodiversity 
measurement toolkit will increase the 
precision and information content of 
assessments of biodiversity change. 
Better reporting of these biodiversity 
metrics to refl ect the different facets 
and scaling properties of biodiversity 
trends will support conservation efforts. 
A more nuanced view of how this 
biodiversity change plays out will also 
reinforce the message that, while it is 
right to be gravely concerned about 
the fate of our planet’s ecosystems, 
we can still act to safeguard Darwin’s 
‘endless forms most beautiful and 
most wonderful’ for generations to 
come. 
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Phylogenomics

David A. Duchêne

The reconstruction of evolutionary 
relationships among species is 
fundamental for our understanding 
of biodiversity. Today, evolutionary 
relationships are closely related with 
the depiction of the tree of life, and 
research on the topic is underpinned 
by methods in molecular phylogenetics 
that have grown in popularity since the 
1960s. These methods depend on our 
understanding of how nucleotide or 
amino acid sequences evolve through 
time and in different lineages. Armed 
with this knowledge, researchers can 
make inferences about the relationships 
and amount of genomic divergence 
among species.

The term ‘phylogenomics’ is primarily 
used to refer to an extension to 
phylogenetics that considers not only 
evolution of nucleotides or amino acids, 
but also broader processes acting on 
whole genomes. A dominant simplifying 
assumption in the fi eld is that genomes 
are made up of segments that are to 
some degree independent, including 
in their evolutionary history. Examining 
several hundreds or thousands of 
genomic loci is becoming routine in 
the biological sciences. However, this 
has only been possible in the past 
two decades, with the increasing 
availability of genome-scale sequencing 
techniques.

An early insight from phylogenomics 
that has dominated debate in the fi eld is 
that genomic regions are very different 
in terms of the information they contain 
about evolutionary history. It is common 
for phylogenomc studies to fi nd that, 
among thousands of loci, every one has 
its own individual historical signal. Due 
to such striking differences in signals 
across genomic regions, it has become 
standard to distinguish the evolutionary 
trees showing the history of individual 
regions, often called ‘gene trees’, versus 
the tree representing the history of all 
of the genomic regions combined, or 
‘species tree’.

The data sets used in phylogenomics 
allow biologists to address questions 
in a wide variety of fi elds, such as 
taxonomy, population genetics, 
comparative biology and molecular 
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Figure 1. Basic phylogenomic protocol.
Each step requires several considerations and usually contains multiple checks of the data. Ex-
amples of common decisions made by the researcher at each step include: choice of samples to 
best answer the phylogenetic question; choice of tissue type for data extraction; method of DNA 
extraction; choice of sequencing technology; removal of reads with insuffi cient representation in 
the sequencing products (or insuffi cient coverage); tests of regions as being truly genomic rather 
than sequencing artifacts; identifi cation of homology among sequences; identifi cation of the read-
ing frame; extent of substitution saturation in the data; choice of analyses that assume individual 
signals of phylogeny across loci versus a concatenated alignment; choice of branch support 
metrics; choice of a statistical framework for species tree inference (e.g. maximum likelihood or 
Bayesian inference).
evolution. The term ‘phylogenomics’ 
can be used as the name of other fi elds 
of research, and was in fact originally 
used in reference to the prediction 
of gene function from related gene 
sequences. This primer focuses on 
phylogenomics as an extension to 
phylogenetics, which aims to infer 
evolutionary relationships among 
species.

Phylogenomic data
A phylogenomic data set includes 
multiple alignments of nucleotide 
or amino acid sequences. The data 
generally span a representative sample 
of a single or several genomic regions, 
rather than including the complete end-
to-end chromosome-level sequence. 
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Commonly used types of genomic 
regions include genes (regions that 
can directly code for proteins or 
functional RNA), individual exons, 
introns (non-coding regions between 
exons), transposable elements 
(non-coding ‘jumping genes’), 
RNA-transcribed regions and so-
called ultra-conserved elements 
(UCEs). With continued advances in 
sequencing technology, studies are 
increasingly using multiple types of 
genomic regions simultaneously.

The exact genomic sequences in a 
phylogenomic data set are generally 
determined in what is known as a 
library, comprising a set of sequences 
that are likely to occur in all of the 
species studied. The regions in the 
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library determine the types of data that 
will be sequenced. Whole-genome 
sequencing requires cutting fragments 
across the whole genome to construct 
a library. Many studies develop libraries 
by using probes that target a particular 
type of genomic region in the genome, 
excluding any remaining genomic 
material. Sequencing a representative 
portion of the genome with such 
methods means that the sequencing 
products are homogeneous to some 
degree, for example in their evolutionary 
rate and even function.

The products of sequencing are 
known as reads and can be assembled 
into contiguous genomic regions or 
‘contigs’ (Figure 1). After assembly, 
a step known as gene annotation 
gives contigs an identity that can 
take several forms, such as molecule 
type, gene function, location in a 
genome, or homology to the genomes 
of other species. An effi cient and 
common method of gene annotation 
in phylogenomics is to align contigs 
to an existing reference genome of 
another species. A phylogenomic 
data set is fi nalized with the careful 
alignment of annotated sequences 
to ensure the homology of each 
corresponding nucleotide or amino acid 
across species. At each step of data 
preparation, there are steps of data 
checking and cleaning. For example, 
contigs might be discarded if they are 
not found to resemble biological data, 
and are therefore possible artifacts of 
sequencing known as ‘chimaeras’.

Different data types have various 
qualities. Exons are often considered 
to be subject to complex dynamics 
of selection that can complicate 
phylogenetic analyses. Introns and 
transposable elements are fast evolving 
and are subject to weaker selective 
constraints. UCEs are usually slowly 
evolving and can contain a mix of 
coding and non-coding sequences, so 
that modelling their evolution accurately 
can be diffi cult.

Regardless of the data type used, 
the data will ideally have evolved at a 
speed that is appropriate for the depth 
of the phylogenetic questions being 
addressed. Regions that evolve too 
fast will have an historical signal that 
is eroded by too many superimposed 
changes, also known as ‘substitution 
saturation’. Conversely, regions that 
evolve too slowly lack historical signal. It 
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is, therefore, appropriate to ask whether 
a phylogenetic method can adequately 
extract the historical signal in a data 
set. Tests of sequence alignments, such 
as those of substitution saturation, 
information content and model 
performance can be instrumental for 
assessing phylogenomic data quality.

Phylogenomic data handling
Data handling in phylogenomics 
involves the choice both of biological 
models of evolution and of the 
method of maximising the effi ciency 
of computational tasks. Effective data 
handling also aims to minimize the 
uncertainty and bias that might arise in 
species-tree inference.

One method of phylogenomic data 
handling is to join the available loci 
into a single alignment, known as a 
‘concatenated data set’ or ‘supermatrix’. 
Under this concatenation approach, 
the loci are assumed to follow a single 
set of evolutionary relationships among 
species. Concatenation analyses allow 
some other aspects of phylogenetic 
models to vary among individual loci 
or sets of loci. For instance, loci might 
vary in their gene-tree branch lengths 
or ratio of transitions to transversions. 
The species tree is then estimated as 
the one with the best fi t to the data, and 
is often estimated using a maximum-
likelihood statistical framework.

There are some instances where 
concatenating all genes leads to high 
confi dence in an incorrect tree, so 
that it is preferable to handle the data 
differently. Concatenation assumes 
that the main source of error in the 
results is the lack of suffi cient data. 
However, in some circumstances, 
such as when divergence has been 
relatively recent, the main source of 
error in the data is the difference in 
the historical signal among genes that 
arises from incomplete lineage sorting 
(see below). These scenarios can be 
addressed using a model called the 
‘multi-species coalescent’, which 
considers each gene tree to be an 
independent outcome of evolution 
along the lineages in the species 
tree. A gene tree, in this case, can be 
taken to arise from any kind of non-
recombining region, such as an exon, 
intron or even a single nucleotide.

Some methods provide an 
intermediate approach between 
full concatenation or coalescence 
analyses. For example, loci with 
similar evolutionary signals can be 
collected to create groupings or ‘bins’ 
of loci that are assumed to follow a 
single tree topology. The bins can 
be biologically inspired, such as by 
well-known non-recombining regions 
(e.g. mitochondrial or chloroplast 
genomes), or the core genomes of 
bacteria. Alternatively, the bins can be 
chosen automatically using statistical 
criteria.

Perhaps the most desirable, yet most 
computationally expensive approach to 
handling phylogenomic data is within 
a full maximum likelihood or Bayesian 
hierarchical framework. Bayesian 
analyses allow the simultaneous 
estimation of large numbers of 
parameters, often forming a hierarchy 
of models inside larger models, (e.g. a 
gene-tree model inside a multi-species 
coalescent species-tree model). The 
parameters are jointly estimated and 
can include those of the substitution 
models, gene trees, the species tree, 
evolutionary timescales, population-
size dynamics and even biogeography. 
Full maximum likelihood approaches 
also exist but generally allow the joint 
estimation of far fewer parameters. 
While a Bayesian framework may seem 
ideal, it can be slow when analysing 
very large data sets. Methods of 
effectively handling genomic data in 
full maximum-likelihood and Bayesian 
frameworks are active areas of 
research.

One highly effi cient method of data 
handling in phylogenomics is to perform 
analyses stepwise. For example, loci 
can be analysed individually as a 
fi rst step, followed by the preferred 
method of species tree inference 
(Figure 1). Stepwise approaches are 
tractable because they break down 
computer time into smaller tasks, but 
the researcher must recognize the 
assumptions at each step and the 
possible bias and uncertainty that can 
become compounded in downstream 
analyses.

A method of minimizing bias in 
analyses, while also reducing the 
computational demands, is to focus 
on a subset of loci rather than all of the 
data available. This approach is inspired 
by the fact that increasing the amounts 
of data has a diminishing marginal 
benefi t in terms of the inferences. 
A subset of loci can be a random 
Current Biology 
selection of genomic windows, or 
chosen according to some criterion that 
minimizes a particular source of bias. 
Some criteria of locus choice are based 
on the phylogenetic information present 
in each locus, aiming to minimize 
stochastic error or maximize model 
performance. However, a preference 
should generally be placed on using 
the best models available to avoid the 
introduction of bias arising from the 
method of data selection.

Stochastic and systematic error
A critical ingredient for estimating a 
species tree reliably is a sufficient 
amount of data. A lack of data, for 
example arising from very short or 
very slow-evolving genomic regions, 
introduces stochasticity and can lead 
to an incorrect result. Stochastic 
error can also be problematic when 
there is an excess of evolutionary 
change and the signal is dominated 
by substitutional saturation. 
Phylogenomics aims to minimize 
this form of error by maximizing 
the amount of data available. 
Nonetheless, even some complete 
genomes can have very short loci, 
each with a very limited signal, and 
even whole genomes can be very 
short, such as the core genomes of 
some viruses and bacteria.

Metrics of uncertainty in inferences 
known as branch supports provide 
a window into the stochastic error 
affecting the results. Branch supports 
are measures of the statistical support 
for a given phylogenetic grouping, and 
include the non-parametric bootstrap, 
Bayesian posterior probabilities and 
measures of the confl ict across the 
data (e.g. entropy-based metrics 
and concordance factors). Different 
measures of branch support can have 
very different interpretations and most 
are considered only indirect measures 
of stochastic error.

Another critical ingredient in 
phylogenomics is an evolutionary 
model that reasonably describes 
the process of molecular evolution 
that generated the data. Using a 
highly incorrect model can cause 
overconfi dence in an incorrect result, 
also known as systematic error. 
Some processes are well-known 
to be important in phylogenetic 
models, such as heterogeneity in 
the evolutionary process across 
31, R1141–R1224, October 11, 2021 R1179
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Figure 2. Biological sources of discordance among gene trees.
(Left) Incomplete lineage sorting can drive incongruence among gene trees and is modelled by the multispecies coalescent. The example shows basal 
splits among modern birds. (Middle) Hybridization or gene fl ow can result in gene-tree incongruence due to genomic exchange between species after 
speciation. The example shows a group of modern felines that have experienced such an exchange. (Right) Gene duplication leads to paralogous loci 
and gene loss leads to missing data. The example shows some of the earliest divergences among extant metazoans. These processes are rarely prob-
lematic when gene duplicates are effectively identifi ed before phylogenomic analyses are performed. Broad tree branches show species lineages, with 
colours indicating mixing populations with possibly different sizes and dynamics. Black lines represent gene trees within the species tree.
nucleotides in a sequence alignment. 
However, some processes that can 
be problematic are rarely addressed 
in phylogenomic analyses, such as 
heterogeneity in base composition 
across sequences. It is always 
advisable to choose the best model 
available and assess whether the 
model is realistic enough. There are 
several ways to do this: for example, 
it is common to evaluate phylogenetic 
models of nucleotide substitution for 
their ability to predict several of the 
attributes of the empirical data.

Explicit models of gene-tree 
discordance
Gene trees can vary across the genome 
due to several historical processes. 
Recombination allows each locus 
to take a distinct evolutionary path, 
allowing loci to diverge in a population 
before a speciation event occurs (Figure 
2). The result can be a gene tree that 
differs from the species tree. This 
phenomenon, known as ‘incomplete 
lineage sorting’, is more likely to occur 
when ancestral population size has 
been relatively large or when time 
between speciation events has been 
relatively short.

If incomplete lineage sorting has 
occurred very often across a set 
of species, gene trees will seldom 
resemble the species tree. In this 
R1180 Current Biology 31, R1141–R1224, 
case, it can be misleading to assume 
that only a single tree describes the 
evolutionary history of a whole genome. 
One way to address incomplete lineage 
sorting is by allowing loci to have 
independent histories, all of which 
are, however, embedded in a single 
underlying species tree. This process is 
explicitly modelled by the multi-species 
coalescent. Under such a model, it is 
important to obtain estimates of gene 
trees that minimize stochastic error.

Horizontal gene transfer is another 
potential source of discordance among 
gene trees. It involves the movement 
of segments of the genome from one 
species into another and is comparable 
to species hybridization and 
introgression. Horizontal gene transfer 
can lead to divergence events in some 
gene trees occurring later than the 
divergences among species (Figure 2). It 
is ubiquitous in unicellular microbes and 
in the early evolution of life on earth, 
and similar processes are increasingly 
being recognized in phylogenetic 
studies of eukaryotes (Figure 2).

As lineages split via speciation 
as well as join via hybridization, it is 
important to recognize that a species 
tree is not necessarily fully bifurcating, 
but can instead look like a network 
of relationships (Figure 2). A network 
model accommodates events in 
which species arise via the merging 
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of populations that were ancestrally 
distinct. Models that describe this 
process are often extensions of the 
multi-species coalescent, such as the 
multispecies network coalescent.

Gene duplication and loss are other 
sources of diffi culty when estimating 
species-trees (Figure 2). Even when loci 
are homologous across species, they 
might be either orthologous, such that 
their divergence represents a speciation 
event, or they might be paralogous, 
such that their divergence represents 
an independent gene duplication 
event. In addition to identifying 
homology, several methods exist for 
identifying whether genes might be 
orthologous or paralogous. It is also 
possible to implement models of gene 
diversifi cation and loss for inferring the 
history of these gene-specifi c events 
and their association with species 
divergences.

Prospects in phylogenomics
Phylogenomics can be summed up 
as a number of exciting theoretical 
and methodological advances 
that greatly expand traditional 
phylogenetics in two directions: fi rst, 
by exploiting the increasing availability 
of genomic sequencing products 
and computational power; second, 
in modelling the multiple sources 
of heterogeneity in signals across 
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Morphospace

Graham E. Budd

In his famous (if uncharacteristic) 
burst of lyricism at the end of the 
Origin Darwin described biodiversity 
as “endless forms most beautiful and 
wonderful”. It is easy to agree with 
him when one considers red-lipped 
batfi sh or pelagic holothurians. But are 
they endless, or are there limitations 
to the variety of forms — and if there 
are, where do they come from? Can 
morphological evolution be described 
by Brownian motion of a gas, slowly 
diffusing to fi ll up all the space of 
possible forms, or does it operate 
within a certain set of constraints? 
And if there are constraints, where 
do they come from? The concept of 
morphospace is an attempt to map 
out the products of evolution within a 
quantitative framework to try to shed 
light on these questions.

Historically, the fi rst important 
attempt to map the outcomes 
of evolution was Sewall Wright’s 
‘adaptive landscape’, in which 
the fi tness of certain genes was 
conceptually mapped. In the 
1940s, this concept seems to have 
been adapted by G.G. Simpson 
by considering not the map of the 
selective value of genes, but of 
morphology. Morphospace occupancy 
takes the process of abstraction of the 
pattern from the underlying causes 
one pace further by considering not 
the fi tness of particular forms, but 
their abundance, or indeed their 
presence at all. Although there are 
thus clear historical precedents in the 
work of Sewall Wright and Simpson, 
and indeed in the even earlier work 
of D’Arcy Thompson, the concept of 
morphospace itself seems to have 
developed in the 1960s and 1970s, 
above all from the groundbreaking 
work of David Raup, who mapped the 
morphospace occupancy of shelled 
invertebrates (incidentally pioneering 
computer graphics in the process via 
an ingenious use of an oscilloscope). 
Raup himself stressed the importance 
of the practical application of his 
methods, but inevitably, these early 
beginnings have led to considerable 

Primer exploration of the theoretical 
underpinnings of morphospace.

Defi ning morphospace
A morphospace can be considered to 
be a type of confi guration space, in 
which objects (in this case, organisms) 
are placed at points within the space 
according to a particular set of 
their properties. An often desirable 
property of this space is the concept 
of distance, i.e. the transformation 
required to map one point onto 
another. In order for distance to be 
meaningful in a quantifi able sense, 
it is necessary for the space to 
be metric, which means that such 
transformations conform to a set of 
axioms (Figure 1). Formally defi ned 
confi guration spaces do not need to 
be metric, and in such cases, features 
such as distance have no meaning, 
although looser but still useful 
concepts such as proximity may. 

Many familiar spaces are, in 
addition to being metric, also 
Euclidean, so that distances can be 
calculated from extensions of the 
Pythagorean properties of right-angled 
triangles (considered in a vector 
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Figure 1. Metric morphospace.
The foundational concept of a metric (mor-
pho-)space, illustrated by four points (A,B,C,D) 
in a two-dimensional space with distances (d) 
between them. For the space to be metric, sev-
eral axioms must be fulfi lled: i) if the distance 
between two points is 0, they occupy the same 
place (C,D); ii) symmetry: the distances d are 
identical no matter which direction they are 
measured in; iii) the triangle inequality: d1 is al-
ways less than d2 + d3. In a Euclidean space, a 
distance d is given by the Pythagorean meas-
ure (here, ). In the more generalised 
affi ne space, the Pythagorean distance meas-
ure may not apply (i.e. angles and distances 
are not defi ned, but collinearity is). Other types 
of morphospace may lack even more compo-
nents of metricity but still possess the more 
general feature of proximity. 
genomic loci. The primary bottleneck 
in the fi eld is still computation time and 
effi ciency, rather than data availability. 
With its advances, phylogenomics is 
revolutionising inferences of taxonomy, 
epidemiology, demographic history, 
biogeography, divergence time 
estimation, comparative analysis, 
genome and trait evolution, among 
other fi elds.

Novel methods of estimating the 
values of a large number of parameters 
are now allowing the use of highly 
complex models in analyses of genome-
scale data sets. This is also leading to 
increasingly effective model selection 
and model averaging, maximising our 
power to learn from genomic data. 
Regardless of the directions taken by 
the upcoming advances in the fi eld, 
phylogenomics will for the foreseeable 
future bring dramatic improvements to 
our understanding of the evolutionary 
history of life on Earth.
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