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Genes limited to particular clades, taxonomically restricted genes (TRGs), are common
in all sequenced genomes. TRGs have recently become associated with the evolution
of novelty, as numerous studies across the tree of life have now linked expression of
TRGs with novel phenotypes. However, TRGs that underlie ancient lineage specific
traits have been largely omitted from discussions of the general importance of TRGs.
Here it is argued that when all TRGs are considered, it is apparent that TRGs are
fundamental to biology and evolution and likely play many complementary roles to the
better understood toolkit genes. Genes underlying photosynthesis and skeletons, for
example, are examples of commonplace fundamental TRGs. Essentially, although basic
cell biology has a highly conserved genetic basis across the tree of life, most major
clades also have lineage specific traits central to their biology and these traits are often
based on TRGs. In short, toolkit genes underlie what is conserved across organisms,
while TRGs define in many cases what is unique. An appreciation of the importance of
TRGs will improve our understanding of evolution by triggering the study of neglected
topics in which TRGs are of paramount importance.

Keywords: taxonomically restricted genes, novel genes, toolkit genes, lineage specific traits, lineage specific
genes, evolution of novelty

INTRODUCTION

Taxonomically restricted, or lineage specific, genes are genes that are found only in a particular
clade or species (Wilson et al., 2005; Begun et al., 2007; Khalturin et al., 2009). An orphan gene,
for example, is a gene found in only one species, while an arthropod-specific gene is a gene found
throughout the phylum Arthropoda, but in no other clades. The last 10 years have seen increasing
interest in the study of TRGs for several reasons. First, genomic sequencing studies have shown that
10–20% of genes in a given species do not have homologs in other species (reviewed in Khalturin
et al., 2009). Second, an increasing number of experimental studies have shown that TRGs are
important for phenotypic novelty (Toll-Riera et al., 2009; Johnson and Tsutsui, 2011; Tautz and
Domazet-Loso, 2011; Ding et al., 2012; Ranz and Parsch, 2012; Li et al., 2013; Babonis et al., 2016).
These studies have been conducted on species across the tree of life and for many traits (Wilson
et al., 2005; Voolstra et al., 2011; Franzenburg et al., 2013; Li et al., 2013; Shigenobu and Stern, 2013;
von Reumont et al., 2014; Zhao et al., 2015). A consensus from this work might be that although a
toolkit of conserved genes is central to biology, many cases of evolutionary novelty are associated
with TRGs. In the present review, it is argued that this consensus is too conservative and that TRGs
are fundamental to biology in general.
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We begin with a brief review of the some of the work that
has been conducted to date on TRGs. We then introduce the
main thesis of the paper, which is that although every organism
shares a conserved toolkit of genes, each also has an equally
fundamental, and large set of lineage specific genes that underlie
the many lineage specific traits that are central to their biology.
To give the best example, plants photosynthesize, but animals
do not. Chloroplasts rely on the use of many TRGs limited in
distribution to plants and other photosynthesizing organisms.
Such genes are not part of a conserved toolkit. Further, as we
will argue later, it is not just plants that have such fundamental
TRGs. Nearly every clade does. These fundamental TRGs have
been largely left out of the current interest in the more narrowly
defined TRGs associated with recent novelty, but they should not
be. We essentially broaden the current discussion of toolkits and
recent TRGs (primarily orphans) to include these fundamental
TRGs to better show the central role of TRGs in evolution and
biology.

STUDIES OF TRGs PAST AND PRESENT

There are now many experimental demonstrations of how
important TRGs are to numerous cases of phenotypic novelty
(Toll-Riera et al., 2009; Johnson and Tsutsui, 2011; Tautz and
Domazet-Loso, 2011; Ding et al., 2012; Ranz and Parsch, 2012; Li
et al., 2013; Giarola et al., 2015; Mikheyev and Linksvayer, 2015;
Babonis et al., 2016). We do not have space here to do justice to so
much work, so we will review three studies that are representative
of work on recent and ancient TRGs.

One of the earliest demonstrations of the importance of TRGs
was on hydra showing that cnidocytes, specialized stinging cells,
are dependent both for their development, and function on TRGs
limited to cnidarians (Khalturin et al., 2008, 2009). Essentially,
the age-old question is whether novel traits are due to the novel
use of conserved genes or the evolution of novel genes and this
study showed that both play important roles. Two factors are key
here with respect to the current work. First, cnidocytes are lineage
specific and of fundamental life-history importance to cnidarians.
Second, this case of novelty is ancient in that the cnidarians split
from the other Metazoa hundreds of millions of years ago. Hence,
lineage specific genes arose in the earliest evolutionary radiations
and have been central to their clades ever since.

The second case is associated with gall forming insects. These
insects induce plants to produce a domicile, called a gall, in
which the insect lives and feeds (Zhao et al., 2015). How the
insects induce plants to produce these often-elaborate structures,
of no use to the plant, has long been a mystery. A pressing
questions is whether the mechanism is simple or complex (based
on many genes) and whether the relevant genes are unique to
gall producers and have evolved for this purpose? Recently, Zhao
et al. (2015) showed that a gall producing insect genome contains
thousands of novel secreted proteins. Hence, the production of
the gall likely has a complex genetic basis and the relevant genes
include many TRGs. The key point with respect to this case is
that enormous radiations of lineage specific genes can evolve to
facilitate novel phenotypes.

The final case comes from our own work on honey bees
and is meant to illustrate the recent cases of novelty and TRGs.
Social insects are radically derived relative to their solitary
ancestors (Johnson and Tsutsui, 2011). Their castes, elaborate
nests, and complex communication systems are largely without
precedent in solitary wasps and bees. Jasper et al. (2015)
showed that most tissues underlying novel social phenotypes
are dependent on high expression of TRGs. These genes fall
into many classes including orphans, Hymenoptera-specific, and
Insect-specific genes. The production of novel secretions to
feed the young, chemical communication, and venom tailored
for defense against vertebrates are some of the relevant traits
dependent on TRGs.

WHY THE RELATIVE NEGLECT OF TRGs
IN FAVOR OF TOOLKIT GENES?

Genomes contain genes common to all organisms (the toolkit in
the broadest sense), genes limited to some clades only, and genes
in just that genome (Figure 1). There is some gray area here,
however, particularly with respect to how these terms are used in
practice. A gene found in all animals, but missing from plants and
fungi, for example, could be thought of as a toolkit gene for the
animals or a TRG limited to the animals. Such semantics aside,
the notion of a toolkit and a TRG remains useful if one is clear
about the distinction between them. For our present purposes,
when we say TRG we mean a gene not present outside the clade
with the trait of interest. A toolkit gene is therefore a gene present
outside the lineage with the trait of interest. Our discussion is
therefore trait (function) centric, not taxonomically centered.

No matter how one defines toolkit, most studies in biology are
on the most conserved genes. We argue this is for two reasons.
The first has to do with the impact of translational research on
biology and the second on a more slippery notion having to do
with what we can call the “same vs. different” problem. With
respect to translational research, the point is not to downplay the
importance of medical research. Rather, the point is to consider
whether our justifiable emphasis on human biology clouds our
judgment as to the scope of the importance of biological processes
not relevant to human biology? When we study just those parts
of the fruit fly’s genome shared with humans, for example, are we
exploring the biology of the fly or are we using the fly as a tool for
understanding those basic processes the fly shares with human
beings? Could there not also be many insect-specific biological
mechanisms that are central to fly biology that we omit when we
take this approach?

The second reason for the bias toward studies of toolkit
genes pertains to the question of what is more important: what
is conserved between two species or what is different? It is
conjecture, but a reason for the emphasis on what is the same
vs. what is different may have to do with the intellectual comfort
ones derives from sticking to what we know. Suppose we wish to
begin work on some organism in a clade which has received little
study. What problems are going to be immediately amenable to
study? The answer is that if we stick to what is conserved, then
many traits are going to be amenable to study. To study what is
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FIGURE 1 | TRGs underlying recent novelty are shared with near taxonomic groups only, while ancient TRGs underlying lineage specific traits are shared by larger
groups such as a whole phylum. The toolkit, in the broadest sense, is shared across all organisms. All three classes of genes play major roles in evolution.

unique to this clade, however, requires starting over, as the model
system work is largely useless in such cases.

WHAT MAKES ANIMALS DIFFERENT:
LINEAGE SPECIFIC TRAITS AND GENES

According to the toolkit paradigm, not only are basic cellular
processes dependent on toolkit genes, but even novel traits are
produced by the novel use of the conserved toolkit (Carroll, 1995;
Wittkopp et al., 2004; Wagner and Lynch, 2008; Brakefield, 2011).
In keeping with this view, if a gene is found in thousands of
species in many clades but is missing from many more thousands
of other species, then it cannot be a toolkit gene. Genes with
such distributions would rather be TRGs of broad conservation,
that is, they are common to particular clades and those clades
are quite large. Further, what defines TRGs is both their lack of
universality, and their clear association with important lineage
specific traits.

In this section we will elaborate on this basic idea with some
examples. We will review some cases that show that quite a few
of the most important genes on earth from any perspective, other
than medical science, are TRGs.

Photosynthesis
There can be no more important group of genes than those at the
base of nearly all food chains. The pathways that are associated
with photosynthesis are complex and many enzymes and other
genes with supportive roles are involved (Lambers et al., 2008).
There is also great diversity in pathways across the many groups
of photosynthetic organisms. However, broad as the conservation
of photosynthetic genes are, they are nevertheless TRGs missing
from most species across the tree of life. To illustrate this, we
downloaded from NCBI all proteins in Arabidopsis thaliana
with cellular location ‘chloroplast’ and blasted them (E-value
cutoff 10−4) against all Metazoa proteins in the nr NCBI protein
database (omitting plants). We used blast (the most common

method) to identify homologs, but it should be kept in mind
that false negatives are possible with this approach and that
similarity of sequence, or homologous status, is not necessarily
proof of conservation of function (Studer and Robinson-Rechavi,
2009; Gabaldón and Koonin, 2013). Over half of the 166 proteins
(47%) are TRGs, in this case missing from non-photosynthetic,
or non-carbon-fixing, organisms (Figure 2; genes and taxonomic
status in Supplementary Table S1). The TRGs include many
key genes in photosystems 1 and 2. The most common enzyme
on earth, RuBisCo, in fact, is a TRG. In a nutshell, non-
photosynthetic organisms do not have photosynthesis genes.
While this sounds obvious to the point of being trivial, its
repercussions for the question of the general importance of TRGs
has never been considered because no one has pointed out how
many fundamental biological processes are lineage-specific in
nature.

Structural Support
Organisms make use of a wide variety of compounds to produce
support structures to buttress and protect their bodies. TRGs are
central to many of these pathways. Cellulose, for example, is the
most abundant biological compound on earth. Plants use it for
structural support and defense and many animals eat it as the
bulk of their diet. Organisms that make use of cellulose have
many TRGs associated with its metabolism (Somerville, 2006;
Watanabe and Tokuda, 2010). Organisms that do not make use
of cellulose lack these genes. Further, the plant cell wall is built of
several recalcitrant compounds and the argument for the lineage
specificity of the cellulose pathways can be made for the other
compounds as well.

Most arthropods use chitin to provide strength to their
exoskeletons. Chitin metabolism is based on large pathways of
genes with many key actors being TRGs. Chitin metabolism is
found across the arthropods, and a few other clades such as
fungi, but is missing across most of the tree of life (Bulawa, 1993;
Merzendorfer, 2006). We repeated the simple analysis conducted
for photosynthesis for this case by downloading all Drosophila
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FIGURE 2 | (A) Percentage of genes expressed in the chloroplast of
Arabidopsis thaliana that are not found in non-photosynthesizing metazoans.
(B) Percentage of genes with GO term ‘chitin metabolism’ that are lineage
specific to arthropods or highly conserved across the tree of life.

melanogaster proteins with the GO term ‘chitin metabolism’
from Flybase and then determining what percentage of these 125
proteins are not found in non-arthropod metazoans (blasting
again all proteins in the nr NCBI protein database excluding those
in the Arthropoda). 29.6% of these important genes are found
only in the arthropods (Figure 2; genes and taxonomic status in
Supplementary Table S2).

Other Cases
There is not space to do justice to the vast array of lineage
specific traits that are dependent on TRGs. We could go on to
review organisms with internal skeletons like ourselves, or shells
of various sorts as in the mollusks. The principles that make insect
and plant structural systems based on TRGs are true here as well.
We already mentioned the cnidarian stinging cells being key to
their clade. Immune systems also vary widely in basic design and
function across the tree of life and many key players are TRGs
(Sackton et al., 2013; Jasper et al., 2015). These are all ancient
TRGs of fundamental importance to large clades, but the host

of studies on recent phenotypic novelty and its dependence on
TRGs can be added to this list.

To summarize, lineage specific traits define the differences
between clades across the tree of life. There are many different
ways to make a living and basic life history strategies that
define various clades are often based on TRGs. Whether we are
discussing photosynthesis or the structural pathways associated
with producing various skeletons, many key genes in the relevant
genetic pathways are not part of a toolkit of genes. Molting is key
to fruit fly biology, but it is not studied by those interested in
medicine because the pathways are limited to insects. If it were
just the case that insect have some unique but important traits we
could ignore this, but it is rather the cases that most lineages have
their own unique pathways that are central to their biology.

ORIGIN AND FUNCTION OF TRGs

A gene may have a simple evolutionary history or one that is long
and convoluted. A gene may evolve de novo from non-coding
sequence for a particular purpose, for example, and retain that
purpose. In contrast, a gene could change so completely that all
practical notion of homology is lost. Essentially, a duplication
could occur and one paralog could take a new function so
unrelated to the old function that after considerable time no
amino acid similarity remains. In this last case, do we learn
anything about the function of the gene from the study of its
evolutionary ancestors? This is why Tinbergen’s levels of analysis
notion remains useful in biology (Tinbergen, 1963; Sherman,
1988). A trait, or gene’s, origin, elaboration, and currently utility
are technically separate questions.

Of course, in practice, it is often the case that genes retain
enough of their function for the study of their history to inform
us about current function. The point, therefore, is that it is
important to keep in mind that the origin and the current utility
of a gene may or may not be linked. In the present paper, we
have limited our discussion to issues related to function, not
evolutionary history. Whether a given TRG arose de novo for
a linage specific trait (like the gall forming genes), or whether
a TRG arose for one function long ago, but evolved a lineage
specific function later (like mammalian milk proteins) is not
pivotal to the present discussion.

The present discussion focusses on whether lineage specific
traits have genetic bases that are common to all organisms or
limited to the lineage in which they occur? For this purpose,
it is does not matter whether the relevant TRGs have distant
homologs with different functions outside the lineage. What
matters is whether the genes have homologs with the same
function outside the lineage. For the cases discussed here, and
many others, it is the case that the TRGs play roles that are unique
to the clades that have them and one cannot study these traits or
the genes that underlie them in model systems in different clades.

TRGs IN EVOLUTIONARY GENETICS

The main benefit of an approach that balances the roles of both
toolkit genes and TRGs can be illustrated with some discussion
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of the field of Evo-devo (Carroll, 1995; Wittkopp et al., 2004;
Wagner and Lynch, 2008; Brakefield, 2011). Most work in this
field seeks to identify the key transcription factors that trigger the
production of a novel developmental pattern. It may be the case,
for example, that transcription factor (TF) A is expressed at the
critical time and place in limb type 1 but TF B is expressed at
the same critical point in limb type 2. This approach has been
enormously fruitful, but what is often missing is a demonstration
of how conserved the rest of the pathway is downstream from
that key signal. Novelty is likely at the more distal ends of the
gene networks, particularly in secreted proteins (Krylov et al.,
2003; Yang et al., 2005; Julenius and Pedersen, 2006; Ramsay et al.,
2009; Franzenburg et al., 2013; Jasper et al., 2015). Genes that are
lost or radically change at these distal branches do not produce
deleterious side effects elsewhere thus freeing up this portion of
the network for radical evolutionary change. In short, until we
begin to map out complete pathways underlying conserved and
lineage specific traits, it is premature to say whether toolkit genes
or TRGs are more important for any particular trait.

CONCLUSION

Common molecular machinery is conserved across the tree of
life and it is easy to understand why its study has dominated
research in biology and evolution. However, it is also the case
that every major lineage across the tree of life has unique biology
limited to its clade and the nature of this limitation is that both the

phenotypes and the genes that encode them are lineage specific.
Hence, understanding both the conserved and the unique aspects
of biological systems are complementary goals for the study of
how biological systems evolve and function.
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