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Abstract: Taxonomically restricted genes are increasingly understood to play major roles in
evolution. However, a significant body of work has taken issue with the notion of widespread
“novel” genes and argued that such genes have homologs in distant clades that can be found with
either sufficiently powerful alignment techniques, or by using synteny to find their ancestral
sequences. Here, we argue that such work is misguided. Moreover, we argue that the whole notion
of genetic assignment of function (and annotation) based on historical origin violates the levels of
analysis distinction between origin and current utility. The evolutionary history of a gene is so often
not reflective of its current utility that naming genes based on the function of their homologs is bad
practice. This is nowhere more apparent than in the case of genes that have changed so radically from
their ancestors that they bear no similarity to them at the sequence or protein folding levels. We coin
the term, overwriting, for this process in which selection creates novel genes by retaining the
structure of a gene only (intron, exon, promoter positions), but nothing else, and argue for a general
importance for this process.
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Introduction

The levels of analysis perspective is well known in some branches of organismal biology. The
idea goes back to the early ethologists, particularly Tinbergen, who pointed out that biological
explanations for why an animal has a particular trait can come in many non-mutually exclusive forms
(Tinbergen 1963; Sherman 1988; Sherman 1989). These forms tend to be associated with different
branches of biology (although this is not always the case). For example, when considering why an
animal has trait X, it is often pointless for a geneticist to argue with an evolutionary biologist focused
on adaptation because they tend to seek non-mutually exclusive explanations. That the animal has a
highly derived gene (or pathway), for example, which could be a cause for the presence or absence
of the trait at the species level, is simply independent of the adaptive function of the trait. Moreover,
there are developmental considerations having both to do with genetics, and the environment that
also may affect our hypothetical trait X and are again, in most cases, non-mutually exclusive with
respect to other explanations.

The levels of analysis perspective is not well known in every branch of biology, however. The
cause may be that these ideas can appear obvious when stated in general terms and many scientists
who know these things intuitively (even if they are not in possession of the jargon) see little need to
belabor these points. However, this belief is misguided because there are cases in which the need to
be explicit about such things is necessary. Further, such cases are not bizarre exceptions to the rule,
but rather difficult problems that demand a consistent logical approach. The field of behavioral
ecology, for example, had a period of time in the 1970s and 80s when difficult questions of this sort
caused much acrimonious debate (Symons 1979; Gould 1987; Gould 1987; Sherman 1989). The cause
of the male-like penises of female hyenas is a case in point. Some hypothesized that the trait was due
to the high testosterone levels needed for female dominance (hyenas are matriarchal) causing the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202501.0613.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2025 d0i:10.20944/preprints202501.0613.v1

2 of 15

development of secondary male sexual characteristics as a side effect (Symons 1979; Gould 1987).
Others pointed out that the female penises are used in communication and thus cannot be non-
adaptive side effects (Alcock 1987). With a levels of analysis approach that separates the evolutionary
origin (byproduct of high testosterone for other functions) with the current adaptive utility
(signaling), the disagreement was largely resolved (Sherman 1989). There are many such cases, and
they are well known to behavioral ecologists (Sherman 1988).

This paper argues that logical inconsistency of the sort meant to be corrected by the levels of
analysis approach is currently causing confusion in the field of evolutionary genetics. Here, the
question is not what a trait is for, but rather what a gene is for, and to what extent genes are either
conserved across distant clades, or unique. As we will see, evolutionary origin explanations and
current utility (mechanistic functional explanations) are often conflated in the literature when it
comes to these issues causing unnecessary and counterproductive discussion (Moyers and Zhang
2015; Moyers and Zhang 2016; Weisman et al. 2020b; Vakirlis et al. 2020b; Vakirlis et al. 2020a; Zile et
al., 2020; Weisman 2021; Zeeshan Fakhar et al. 2023). We will focus on orphans (and lineage specific
genes in general), as it is here that the confusion is the most pronounced. However, much of what is
said will be generally relevant for how we determine the history and function of genes (particularly
for the fields of comparative genomics and bioinformatics).

The Levels of Analysis

I will not engage in a long-winded discussion about the nature of the levels of analysis approach
because the body of the paper will provide an ideal example. It is worth fleshing the idea out a bit,
however, before beginning our discussion of genes. The basic idea is twofold. First, there is a
fundamental divide between ultimate and proximate causation, such that ideas across these
categories are almost never in competition. In biology, ultimate causation has to do with why
questions, and tends to focus on the issue of adaptation (Tinbergen 1963). Birds have feathers because
they either need them to keep warm or because they are important for flight, for example. Proximate
questions are essentially how questions: how are feathers produced at the genetic, developmental, or
physiological levels? The second aspect of the levels of analysis perspective is that within the realm
of either ultimate or proximate causation there are also non-mutually exclusive hypotheses. For
ultimate causation, these tend to be associated with questions of origin versus current utility, as these
can vary sharply. For proximate explanations, these tend to have to do with explorations focused on
either genetics, physiology, development, and so forth, generally not being in competition with one
another. Work within these realms overlaps, of course, but they are rarely in direct competition. The
work of the geneticist and the physiologist not taking a genetic approach, for example, are usually
complementary.

Assigning gene function, orphan genes, and genetic novelty

We assign function (and give a name) to a gene in many ways that broadly speaking fall into
two categories (Doolittle 1981; Sivashankari and Shanmughavel 2006; Tautz and Domazet-Loso
2011). The first is the old-fashioned method of identifying and exploring a gene’s function
experimentally. We will not concern ourselves much with this in the present paper, as it is obviously
the gold standard. We will reference such work, of course, when analyzing how well the second
method might be working. The second method is to predict function. These approaches come in many
forms that vary in their power. For example, we have identified many protein domains that provide
specific functions to a gene (Doolittle 1995; Mao et al. 2005, Kanehisa et al. 2016,). Sometimes the
presence of such domains in a gene is enough to suggest that it has a particular function and falls into
a known gene family. We also have computational tools, which have increased in power in recent
years, which can predict protein folding (with variable accuracy), factor in the presence of known
domains (and key amino acids in them) and their placement in the three-dimensional structure, in
order to give a predictive function (Bock and Gough 2001; Laskowski et al. 2005; Lee et al. 2007;
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Cooper et al. 2010; Yang et al. 2020,). Finally, we have simple blast searches in which a gene with
unknown function is compared to many with known functions. If a significant degree of alignment
is found the gene is presumed to be a homolog of the matched gene and the assumption is that it
probably has the same, or a similar, function (Dennis et al. 2003; Conesa et al. 2005; Gotz et al. 2008;
Seemann 2014; Tatusova et al. 2016; O’Leary et al. 2016). This paper will be primarily concerned with
this final approach, and its logical foundation.

We reviewed the naming of genes, and assignment of function, in order to provide some
backstory for novel genes. These are genes unique to particular organisms, in which case they are
called orphans, or genes found in particular clades only, in which case they are called taxonomically
restricted genes (TRGs) (Wilson et al. 2005; Khalturin et al. 2008; Milde et al. 2009; Foret et al. 2010;
Johnson and Tsutsui 2011a; Zielezinski et al. 2023). In order to frame the discussion of these genes
further its useful to stress that in the early days of biology it seems to have been thought that TRGs
were standard. People naively thought beetles had beetle genes, for example, while humans had
human genes (Carroll 2005). With Watson and Crick’s elucidation of the structure of DNA (using
Franklin’s data and Pauling’s approach to model building), it became clear that the building blocks
of life, particularly genes, could be more standardized across species than previously thought
(Pauling and Corey 1951; Watson and Crick 1953; Franklin and Gosling 1953b; Franklin and Gosling
1953a). This idea came to fruition with the discovery of hox genes, which are almost universally
conserved in the animals, and which play similar roles in clades separated by hundreds of millions
of years (Duboule and Dolle 1989; Chisaka and Capecchi 1991; Krumlauf 1994; Burke et al. 1995;
Averof and Akam 1995; Carroll 2000; Carroll 2001). This discovery (and more that followed) led to
the toolkit paradigm in which we currently reside. Here, the basic idea is that most animals have the
same set of genes (at least with respect to the most important ones) and when novelty emerges at the
phenotypic level, it is the result of the new use of these genes (changes to their regulatory or
sometimes coding sequences) (Arthur 2002; Beldade and Brakefield 2002; Wagner et al. 2007; Carroll
2008; Rokas 2008; Wagner and Lynch 2008). This approach, strongest in the field of evolutionary
developmental biology, fits nicely into the model system paradigm, of course, since it provides a
foundation for why we can study mice, or fruit flies, to improve our understanding of human health.

The toolkit genes, like the hox transcription factors, were experimentally identified. Once found
in the model system, their sequences could be used to design primers to search for the same genes,
using PCR, in other species. This process of looking for known genes in non-model systems based on
what was found to be important in the model system went on for many decades and the success of
this approach is largely responsible for our confidence in the toolkit paradigm. Of course, a blind spot
is that one cannot find what one is not looking for and this process is sure to miss the role of novel
genes, should they exist. This became apparent with the production of whole genomes and the
publishing of official genes sets (OGS). An OGS is thought to be the complete list of genes present in
a species. OGSs are obviously incomplete and always growing, but they quickly challenged the
paradigm surrounding the ratio of toolkit genes to TRGs because the earliest genomes showed far
larger numbers of TRGs (about 10-20% of the OGS) than expected (Domazet-Loso and Tautz 2003;
Wilson et al. 2005; Wilson et al. 2007; Khalturin et al. 2009; Tautz and Domazet-Loso 2011; Yang et al.
2013; Zielezinski et al. 2023; Fakhar et al. 2023; Zeeshan Fakhar et al. 2023). Moreover, as more
genomes were produced, and as their annotations improved, this ratio stayed the same.

Studies by many authors in the last couple of decades have shown that TRGs play many
important lineage specific roles (Domazet-Loso and Tautz 2003; Wilson et al. 2005; Wilson et al. 2007;
Khalturin et al. 2008; Sunagawa et al. 2009; Toll-Riera et al. 2009a; Toll-Riera et al. 2009b; Johnson and
Tsutsui 2011b; Voolstra et al. 2011; Wissler et al. 2013; Yang et al. 2013; Heames et al. 2020; Jiang et al.
2022; Fakhar et al. 2023). These functions come in many forms, ranging from core biological processes
necessary for all life, to traits that define the lineage specific functions of particular clades (Khalturin
et al. 2009; Sumner 2014; Verster et al. 2017; Johnson 2018; Jiang et al. 2022; Fakhar et al. 2023). For
example, the genes that underlie photosynthesis are TRGs unique to species that photosynthesize.
They are not toolkit genes found across all clades. Many venomous animals depend on TRGs for their


https://doi.org/10.20944/preprints202501.0613.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2025 d0i:10.20944/preprints202501.0613.v1

4 of 15

toxic qualities, while the immune systems of many clades harbor important TRGS (Sackton et al. 2013;
van der Burg et al. 2016; Grashof et al. 2019; Chong et al. 2019; Whitelaw et al. 2020). Narrower still,
much unique social biology of honey bees is due to TRGs, while gall forming insects have evolved
thousands of orphans to commandeer plant physiology (Ferreira et al. 2013; Jasper et al. 2015; Zhao
et al. 2015; Sumner et al. 2023). The characteristic stinging cells of cnidarians, nematocytes, are also
dependent on TRGs, as are some of the genes important for producing shells in Mollusks (Milde et
al. 2009; Kocot et al. 2016). One could go on and on with such examples.

Although much work demonstrates the importance of TRGs, there is still considerable
skepticism regarding their general importance. This comes in two forms. First, such genes are often
ignored or downplayed in general discussions of evolutionary genetics. Second, and more important
for the present paper, many authors question the assignment of genes to an orphan or other TRG
category (Weisman et al. 2020b; Vakirlis et al. 2020b; Zile et al. 2020; Weisman 2021; Bozorgmehr
2023). Weisman et al. (2020b), for example, is a recent example of such a paper. Here it was argued
that genes said to be orphans are actually not orphans because the authors found their homologs in
related taxa. In such work, finding the ortholog can either mean using more powerful alignment-
based techniques, lowering the threshold for a significant match, or using synteny to show that what
has been called an orphan (and novel to one clade) actually evolved from a gene present elsewhere
(Moyers and Zhang 2015; Vakirlis et al., 2020b; Weisman et al. 2020a; Zile et al. 2020; Bozorgmehr
2023). In this light it was shown, for example, that 11 yeast genes thought to be orphans have
homologs that reside in the same position in a related organism. Figure 1 shows the alignment
between one of these genes and its purported homolog and is reflective of the general nature of such
alignments. The orphan is 66 aa long while the purported homolog is 543 aa long. The alignment is
quite small (24 aa) and does not contain a classified domain. A known domain (ABC1_ADCK3) is
present on the larger gene, while none are present on the orphan. Weisman et al. (2020) seem to imply
that such genes tend to retain their ancestral functions, and there is nothing novel (or special) about
them.

A.

>NP_001018029.1 Cog21p [Saccharomyces cerevisiae $S288C]
MRNELYQLWCVASAARGVAKSSFVRANSAMCEYVRTSNVLSRWTRDRQWEAAKALS
QRVKKEYAAN

B.

>NP_982724.1 AAR181Wp [Eremothecium gossypii ATCC 10895]
MGTRESLYHAYRVLISSKDVYFCGSVDIARESFYIWASTSSLTRPLLSKSRWFHDPEWN
RARQLSDKTRQEAAGQLRRNASAPRGTRQYSTSSKRNEDDAEVRHMESSSVPSSRIS
RLFHYGSLAAGVGISAASQGLSQMSRGQSPTLKSLLLSDTNIARITKKFSQMRGAALKI
GQMMSFQDSKVLPAELYQILSRVAONSAHYMPQRQLDRLMARELGVEWRNKFASFEN
VPIAAASIGQVHKAVLPNGDDCVVKVQYPGVKDSIDSDLNNILVLLTASSLLPKGLFLEK
TVANAKTELGWECDYIREATALKHFEKLLADDSVFVVPHVYDSLTTPNIIVMSRMRGTEI
MKLPADVASQEVRDFICENIMRLCLKEIAEFKYMQTDPNWANFLYNPTTRKIELLDFGA
SRGFPDEFIRNYRKLLTYATQGDREGVYHQMSEQLGYLTGLESRAMINAHVDSVMTLG
EPFSGEVDKTFDFSDQDVTDRIRGNIGLMLNERMCPPPEETYSLHRKFSGVFLLCARM
GARVHCAKLFDEIFALNEK

Query 41 SRWTRDRQWEAAKALSQRVKKEYAA 65
SRW D 4+l A+ LS + ++4E A
Sbjct 49 SRWFHDPEWNRARQLSDKTRQEAAG 73

Figure 1. A. Saccharomyces cerevisiae orphan sequence, NP_001018029.1. B. Sequence of the putative homolog of
NP_001018029.1 in Eremothecium gossypii, a fungal species in the same family as Saccharomyces. C. Alignment
between A and B. Alignment region is also highlighted in A and B.
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Responding to this skeptical work on TRGs will allow us to challenge and explore some
assumptions of how we think about evolutionary genetics. This is because this need to challenge
whether a gene is novel, and to think that we can assign function at all based common ancestry,
violates the levels of analysis with respect to evolutionary origin and current utility. In other words,
the present approach of naming genes based on their crude similarity to genes of known function
(minus information from domains or other more information rich sources) is known to be error-prone
and such assignments are meant to be taken with a grain of salt. We go further to argue that the
approach is fundamentally flawed and should be discontinued.

Origin and evolutionary elaboration of genes for novel functions

Before we can explain the fallacious nature of some evolutionary tree reasoning, we must first
discuss the origin, elaboration, and function of novel genes in mechanistic terms. With this
knowledge we can better understand why and where the analogy between species trees and gene
trees breaks down and why it is relevant for assigning function to genes. There seem to be two ways
that novel genes evolve. First, they can evolve denovo from noncoding sequence and second, they
can evolve by radically changing other genes to give them new functions, often with the help of
genomic parasites (Doolittle 1981; Conant and Wagner 2003; Conant and Wolfe 2008; Kaessmann
2010; Tautz and Domazet-Loso 2011; Carvunis et al. 2012; McLysaght and Guerzoni 2015; Cosby et
al. 2021). We will mainly discuss the second category as it is more essential to our argument about
the error of reasoning from origin to function.

We will illustrate briefly denovo gene birth using data collected by Begun and coauthors on
Drosophila (Begun et al. 2006; Begun et al. 2007). This work has shown that small denovo genes spread
through the population in a classic population genetic manner before becoming fixed. Presumably in
such cases, though the data are preliminary, one or more mutations create a promoter site that
triggers expression of whatever protein product can be produced from the bases downstream. Such
a protein is undoubtedly small and probably often not of use. In the rare cases when the protein is
beneficial, selection leads to the spread of the gene, and later, perhaps, its elaboration in length and
functional properties (Carvunis et al. 2012).

We now turn to the essential part of this section, which is concerned with neofunctionalization.
Let’s start with some illustrative examples. Some (not all) venoms appear to evolve from digestive
enzymes (Kochva et al. 1983; Valdez-Cruz et al. 2007). Phospholipase A2 for example, is abundant in
many venoms but also in mammalian pancreatic juices, and other digestive compartments (Valdez-
Cruz et al. 2007). The venom form of phospholipase A2 differs somewhat in structure from those
serving the ancestral digestive function but the overlap is large and includes functional elements
(Figure 2). Thus, we have the evolution of a new gene class (venoms) that share functionality,
breaking down membranes in this case, with their ancestral homologs. Using the ancestral function
as a proxy for the current utility in this case is therefore incorrect (a venom is not a digestive enzyme)
but not wildly off base. Now consider genes such as the crystallin proteins (Fernald 2006; Roskamp
et al. 2020) which makes up the bulk of the vertebrate lens. These genes also have strong sequence
similarity to their homologs, but unlike venoms, the relationship between the ancestral function and
the current utility is highly complex (Slingsby et al. 2013). There are several classes of crystallin
proteins. The most ancient groups, the &-, 3-, and y-crystallins, evolved from heat shock proteins and
probably serve chaperone-like effect in the lens. Other crystallins, however, are digestive enzymes
that sometimes retain their enzymatic activity and sometimes not. Birds, for example, have two
closely related crystallins, 81, and d2. They share strong sequence similarity but 82, argininosuccinate
lyase, retains its enzymatic activity, while 81 is a lens specific protein with no enzymatic role (Figure
3). There seems to have been a duplication event early in the lineage leading to birds and reptiles,
and in some lineages, there is a shift towards preferred use of 81 in the eye (Wistow 1993). We will
return later to the consequences of such complexity for gene annotation, but, essentially, even
strikingly high degrees of similarity between two genes need not imply functional conservation.
Finally, consider genes such as those that Weisman et al. (2020), and many others, have studied, in
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which there is no sequence similarity, but their ancestor can be inferred based on synteny (or lowering
blast hit thresholds to the point where practically any alignment, no matter how short, will cause a
significant hit). In this case, the evolutionary change is so complete that there is little chance of
functional overlap. How can one possibly infer functional conservation from the tiny overlap we saw
in Figure 1. Conversation of function may exist, but can such an alignment show it? Perhaps if the
region of alignment was a domain one could draw some functional inference, but it is not. Moreover,
in many cases, it is known that functional overlap does not exist between a gene and its ortholog so
in terms of annotation, what is point of referencing historical origin?

Query 34 ITYPGTLWCGHGNKS SGPNELGRFKHT DACCRTHDMCPDNVMSAGESKHGL -TNTASHTRL 92
I PGl WCG GM ++  +LGR + TD CCR HD € +++ + + HGL TNT L
Sbjct 43 ITVPGTKWCGPGNTAANFEDLGRERETDECCRAHDHCDEITESHGALHGLPTNTDWFPIL 182

Query 93 SCDCODKFYDCLKNZADT IS5 FVOKMY FNLIDTKCYKLEHPYVTGCGERTEG----RCLH 148
C C+ +F +CL+ + HI++  +O+HYH ++C+ HP TGC + EG RC+
Sbjct 183 KCTCEQQFINCLO-AVMSITAKTLGRIYYG-SRSRCFANGHPTTGCKQYQEGTFRKRCIR 168

Query 149 YTVDESKPEVYQWFDL 164
¥ VDESKE EV+Q++D+
Sbjct 161 YOVDKSKAKVWQFYDM 176

Figure 2. A. Strong alignment between the venom Phospholipase A2 in the honey bee (NP_001011614.1) and its
nearest digestive enzyme homolog in Drosophila melanogaster (NP_001014501.1).

Query 1 MATEGDKLLGGRFVGSTDPIMEILSSSISTEQRLTEVDIQASMAYAKALEKASILTKTEL 6@
MA+EGDKL GGRF GSTDPIME+L+SSI+ +QRL+EVDIQ SMAYAKALEKA ILTKTEL
Sbjct 1 MASEGDKLWGGRFSGSTDPIMEMLNSSTIACDQRLSEVDIQGSMAYAKALEKAGILTKTEL &0

Query &1 EKILSGLEKISEESSKGVLVMTQSDEDIQTAIERRLKELIGDIAGKLQTGRSRNEQWVTD 120
EKILSGLEKISEE SKGV V+ QSDEDI TA ERRLKELIGDIAGKL TGRSRN+QWVTD
Sbjct 61 EKILSGLEKISEEWSKGVFVWWKQSDEDIHTANERRLKELIGDIAGKLHTGRSRNDQWVVTD 120

Query 121 LKLLLKSSISVISTHLLQLIKTLVERAAIEIDIIMPGYTHLQKALPIRWSQFLLSHAVAL 186
LKLLLKSSISVISTHLLQLIKTLVERAA EID+IMPGYTHLQKALPIRWSQFLLSHAVAL
Shjct 121 LKLLLKSSISVISTHLLQLIKTLVERAATEIDVIMPGYTHLQKALPIRWSQFLLSHAVAL 186

Query 181 TRDSERLGEVKKRITVLPLGSGALAGNPLEIDRELLRSELDMTSITLNSIDAISERDFVY 240
RDSERLGEVKKR++VLPLGSGALAGNPLEIDRELLRSELD SI+LNS+DAISERDFVY
Shjct 181 IRDSERLGEVKKRMSVLPLGSGALAGNPLEIDRELLRSELDFASISLNSMDAISERDFVY 240

Query 241 ELISVATLLMIHLSKLAEDLIIFSTTEFGFVTLSDAYSTGSSLLPQKKNPDSLELIRSKA 300
EL+SVATLLMIHLSKLAEDLITIFSTTEFGFYTLSDAYSTGSSLLPQKKNPDSLELIRSKA
Shjct 241 ELLSVATLLMIHLSKLAEDLIIFSTTEFGFWTLSDAYSTGSSLLPQKKNPDSLELIRSKA 380

Query 301 GRVFGRLAAILMVLKGIPSTFSKDLQEDKEAVLDVVDTLTAVLQVATGVISTLQVNKENM 360
GRVFGRLAA+LMVLKG+PST++KDLQEDKEAY DVVDTLTAVLQVATGVISTLQVNKENM
Sbjct 301 GRVFGRLAAVLMVLKGLPSTYNKDLQEDKEAVFDWVVDTLTAVLQVATGVISTLQVMKENM 368

Query 361 EKALTPELLSTDLALYLVRKGMPIRQAQTASGKAVHLAETKGITIMNNLTLEDLKSISPLF 420
EKALTPELLSTDLALYLVRKGMP RQA ASGKAVHLAETKGI IM LTLEDLKSISPLF
Sbjct 361 EKALTPELLSTDLALYLVRKGMPFRQAHVASGKAVHLAETKGIAINKLTLEDLKSISPLF 428

Query 421 ASDVSQVFSVVNSVEQYTAVGGTAKSSVTAQIEQLRELLKKQKEQA 466
ASDVSOVE++VNSVEQYTAVGGTAKSSVTAQIEQLRELLKKQKEQA
Shjct 421  ASDVSQVFNIVNSVEQYTAVGGTAKSSVTAQIEQLRELLKKQKEQA 466

Figure 3. Alignment between NP_990832.2 and AAA48727.1, two closely related crystallins in Gallus gallus.
Although the overlap is quite strong, one of the genes retains its ancestral enzymatic function while the other

does not.

To flesh out the argument of the previous chapter, consider an anthropomorphic analogy. In the
old days when various tape devices were used to store information, such as music and movies, it was
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common to reuse old tapes when new ones were unavailable. If I wanted to record a movie, I might
record over a tape already containing some other movie. In such a case the old movie was lost, and a
new one took its place. In terms of the current utility of that tape, its history (the fact that it was used
to store another movie) is irrelevant as once overwritten that old movie is irretrievable. Consider now
how evolution may be operating in cases in which conservation of sequence falls to near zero for
homologs. After duplication, for example, or when many genes serve overlapping functions,
selection can lead to neofunctionalization of one or more of the homologs (Zhang 2003; Conant and
Wagner 2004; Nei and Rooney 2005; Conant and Wolfe 2008; Innan and Kondrashov 2010; Van De
Peer et al. 2017). The basic idea is that keeping both genes is less selectively advantageous than
changing the function of one (reviewed in Conant and Wagner 2004). Sometimes
neofunctionalization is partial and a gene clearly remains part of its ancestral gene family, but there
is nothing stopping selection (in some cases) from doing what we used to do with VCR tapes, which
is to overwrite completely and make a whole new gene. In such cases, there would be no sequence
similarity, no protein folding similarity, no functional overlap whatsoever between the old gene and
the new one. Essentially, a new gene would have been created. Not from scratch, but by overwriting
the gene structure (exons, introns, promotors, etc.) of another gene.

I suspect that this last method of novel gene formation (writing over an old gene) may be more
important than denovo gene formation for a number of reasons. First and foremost, it seems to be
simpler in a manner analogous to how selection can often make use of standing genetic variation to
shift a phenotypic trait without the need for new mutations (Hermisson and Pennings 2005; Barrett
and Schluter 2008). In the case of what I will call, “overwriting” a complete gene model with structure
including exons, introns, and promoters, is present and all selection has to do is write over it by
favoring nucleotide changes. This is in contrast to starting from scratch in which case new coding and
regulatory regions must coevolve. This certainly happens, but as for the role of mutations in
evolution, I suspect this mechanism provides a foundational sort of process for new gene formation,
while most new genes (like most new phenotypes) are made by making use of what is already
present. Essentially, why make from scratch what you can make by reusing old moderately
redundant parts?

Fallacious evolutionary tree reasoning

The contemporary method of assigning gene function based on homology is based, in spite of
the known differences between the two, on a vague transfer of evolutionary reasoning from the
species to the gene level (Nichols 2001; Rosenberg 2002; Letunic and Bork 2016). Species that are
closely related are typically more similar to one another than are those more distantly related, and in
most cases the genes of closely related species are more similar than they are to their homologs in
more distant clades. However, gene trees are only analogous to species trees meaning the logic of
species tree thinking cannot automatically be transferred to genes. In this section, we make a case for
this assertion, and our conjecture that assigning function to genes based on ancestry violates the levels
of analysis distinction between origin and current utility.

To show the error of applying the logic of species trees to gene trees, consider that members of
a monophyletic group can all be said to be members of the same clade. This is true no matter how
radically diverged members of the clade become. Termites, for example, used to be their own order
but genome level data confirmed that they are evolutionarily nested within the roaches (Lo et al. 2000;
Inward et al. 2007). They are now often thought of as wood-eating highly social roaches. Many such
cases of systematic reorganization resulted from tree building with genomic data. However, there
was never any rationale for thinking that termites were novel, or brand new. In fact, it was long
known that they were closest to roaches, it was just not clear how close (Thorne and Carpenter 1992).
Essentially, selection cannot overwrite a species. The thousands of genes underlying a species’
biology cannot shift but so much, Further, there is no spontaneous generation of species. They always
come from ancestors back to the origin of life. Hence, the denovo formation of genes has no analogous
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process in speciation. In sum, there is neither overwriting nor denovo species formation in species
trees, while these processes are important to the evolution of genes.

Let’s now return to the crystallin proteins (Fernald 2006; Roskamp et al. 2020), which make up
the bulk of the lens material in vertebrate eyes and have long been known to have evolved from
metabolic genes that often served radically different roles. In this case, crystallin proteins are easy to
localize, their function is rather obvious, and they were experimentally explored long before the
genomic era. But what of genes with similar histories that are not easy to experimentally explore? In
a new well-assembled genome such genes will give strong blast hits (such as seen in Figure 3) to their
homologs and whatever function those homologs have will be falsely written into the name of the
gene. How common this problem is, of course, is wholly unknown but there is no reason to think it
uncommon. More common still, however, is the situation exemplified by the yellow proteins. These
genes, first identified in Drosophila, have variable functions within the fly and genes descended from
them have even more variable functions in other clades (Wittkopp et al. 2002; Han et al. 2002;
Ferguson et al. 2011). The royal jelly proteins, the most famous of which are those fed to the honey
bee larva to aid in queen differentiation, are a tandem array of genes arising from duplication of
yellow genes (Drapeau et al. 2006; Peixoto et al. 2009; Buttstedt et al. 2014; Albert et al. 2014). In the
Hymenoptera, where they have received the most attention, they are expressed in many tissues, and
seem to have many functions since the proteins are derived in sequence (Albert et al. 1996; Albert et
al. 1999a; Albert et al. 1999b; Buttstedt et al. 2013; Buttstedt et al. 2014). Gene families that appear
have highly variable functions within and across clades may be hotspots for the evolution of novel
genes. For such genes, there is utility in exploring their evolutionary history, but this history probably
has little to do with their current role. Hence naming such genes based on their history is bad practice,
since names are typically meant to suggest function.

The importance of leaving unknowns as unknowns

Assigning functions based on blast hits alone is known to be problematic. However, problematic
and fundamentally flawed are different things. A core point of this paper is that no answer is
generally better than the wrong answer, particularly if the wrong answer is based on little more than
bias towards having placeholder answers in place. In general, when we have an answer, even one
not initially persuasive, there is a risk that it will come to have the aura of conventional wisdom.
Conventional wisdom is difficult to overcome, even when the data against it are clear. Essentially,
when there is an answer one must spend time proving it is wrong before one can move on to
exploring what the true answer is. This wastes time and labor. It is far better to simply leave
unknowns as unknowns, so that whoever chooses to work on them can start with a clean slate.

To make concrete the point of the last chapter. Homology data is useful information and should
be included with what is known of a given gene. The point I make is that it can never be enough to
prove function, and hence, if this is all we have then the gene should not get a name. Simply leaving
it as unknown gene X, about which the following information is known (homology, domains, SLIMs,
places of expression, etc.) is a clear unbiased starting point for gene annotation. This further allows
us to better estimate how much we really know about genetics, since the number of genes about
which we have real experimental information will be easier to quantify. Moreover, unknowns cry out
for a search into their function, attracting interest, particularly when the gene is highly expressed and
or has other interesting properties. False names, and false senses of knowing what a gene does, can
stifle such interest.

To conclude, only experimental evidence is sufficient for naming genes (assigning function) and
until it is collected genes should remain as genes of unknown function. Whether presence or absence
of a given domain, domain presence plus predicted function from modeling, place and or time of
expression, or a study showing cause and effect is sufficient experimental evidence for annotation is
a subject for another paper. Here we simply point out that evidence about a gene’s origin and history
alone is useful but inappropriate for assigning current function.
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Conclusions

The evolution of new genes has received less attention than has the preservation and reuse of
conserved genes. This is for several reasons. First, conserved genes are easier to study than novel
genes since results from model system can be leveraged in other contexts. Second, conserved genes
are those that lend themselves best to the model system paradigm and the use of animals for
addressing questions of human health. Lineage specific genes relating to traits not found in humans
are obviously not competitive for medical funding and will usually receive less study. The fact that
they are less important for medicine, however, does not mean that they are less important for biology.
This paper clears up some issues relating to the nature of novel gene formation, particularly
overwriting, and will hopefully increase attention on the exploration of novel genes and lineage
specific traits. To put it simply, it is thought that the most recent common ancestor of all extant clades
had a modest number of genes (Goldman et al. 2013). The millions of genes that have evolved across
the tree of life must therefore be the result of fundamentally important processes that lead to new
gene formation. Within this paradigm, the creation of new genes must be commonplace, and the
default position should not be one of extreme skepticism when one argues that a particular gene
appears to be novel to a species or clade.
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