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Abstract

The discovery that pseudogenes are involved in important biological processes has excited
enthusiasm and increased the research interest on them. An accurate detection and analysis
of pseudogenes can be achieved using comparative methods, but only the use of
phylogenetic tools can provide accurate information about their birth, their evolution and
their death, hence about the impact that they have on genes and genomes. Here,
phylogenetic methods that allow studying pseudogene history are described.
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1. Introduction

Genome analyses have shown the presence of numerous pseudogenes in all organisms. For
example, Mus musculus and Homo sapiens both contain around 20 000 pseudogenes [1-4].
Pseudogenes are categorized into three main groups according to the underlying
mechanisms involved in their emergence: processed pseudogenes, unprocessed
pseudogenes and unitary pseudogenes (Fig. 1).

e The first are retrotransposed pseudogenes. They are considered as dead-on-arrival
[5], having suffered lethal damage during the copying process or missing important
flanking regions [6-8].

e The second are duplicated pseudogenes. They originate from a duplication event of a
functional gene. Gene duplication can represent an important source of diversity for
organisms [9, 10]. There are four potential outcomes for a duplicated gene:

o It maintains the original function; this process is known as gene conservation.

o It acquires a new function by neo-functionalization.

o It shares the original function with the gene it originated from by sub-
functionalization.

o Not subject to any selection pressure, it accumulates mutations and becomes
a pseudogene.

e The third group of pseudogenes is called unitary pseudogenes because they have no
functional orthologous counterpart [11]. They originate from the pseudogenization
of a gene that has been functional and subjected to selection for a long time period.
Indeed, orthologs of such unitary pseudogenes still exists in other species. They are
of special interest because their losses may be linked to functional losses.

Non-functional pseudogenes are not subjected to any selection pressure and drift until
becoming unrecognizable [12]. They eventually become part of the genomic noise, formerly
called “junk” DNA. The divergence rate of pseudogenes in avian and human lineages is
estimated to be around 2% by million years [13, 14], therefore the timeframe of a complete
disappearance of a pseudogene can be estimated to 50 million years. If negative selection is
in place, as it might be assumed in the case of the “less-iss-more” hypothesis [15], the
pseudogenization process can be even faster. Consequently, after a certain divergence time,
it might become impossible to identify the pseudogene on the basis of similarity to its
orthologs.
On the contrary, pseudogenes that maintain a transcriptional or even translational activity
and are involved in biological processes [16—19] can be preserved by positive selection and
evolve like genes.

Currently, the majority of methods to study the life of pseudogenes are based on
comparative genomics [20, 21], which analyse sequence similarity and synteny (physical
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colocalization of multiple genetic loci on the same chromosome) to deduce the relationship
occurring among different sequences. However, when the pseudogenization process has to
be studied on a large evolution scale (superior to some million years), it should be
considered that the structure of pseudogenic sequences can change compared to that of
their parental genes, and the same may apply to synteny. These changes can in turn induce
analysis difficulties and miss-interpretations and render comparative genomics a suboptimal
approach.

During the last years, the increase in calculation capacity has enabled the use of
phylogenetic methods to study robustly and rapidly variable biological entities such as
pseudogenes. The phylogenetic methods are more advantageous than the classical methods
of comparative genomics and particularly suitable to elucidate pseudogene birth, age and
loss. This is because they allow inferring more robust relationships between the studied
sequences. For example, a missing gene in a phylogeny is likely to be caused by a
pseudogenization event [22]. By deciphering the phylogeny, it is possible to deduce in which
ancestor the gene was present and starting from which ancestor the gene was lost. The
analysis of these features (presence/absence) by the parsimony method [23-26], allows
determining the appearance period of the pseudogene, which corresponds to the period of
gene deactivation. Another case that exemplifies the use of phylogeny in the study of
pseudogenes is represented by duplication events occurring before a speciation. Such events
give rise to co-orthologs. The pseudogenization of one of the two duplicated genes should
not lead to the loss of the function of the gene, due to the presence of a still functional copy.
Consequently, this kind of clue allows excluding the hypothesis that the pseudogene is of the
unitary kind.

In this chapter, we describe how phylogenetic methods can be applied to the
identification and characterization of pseudogenes.

2. Methods

2.1. Pseudogene identification using phylogenetic tools

To identify pseudogenes the strategy is to look for sequences similar to functional genes and
containing disrupting mutations. It can be performed “manually” using the sequence of the
gene of interest as query and searching for similar sequences with a Blast tool (BlastP,
TBlastN, BlastZ, etc)[27, 28]. Among the retrieved sequences, those not annotated as gene
or/and having deleterious mutations that disrupt the open reading frame (ORF) can be
considered as pseudogenes. Some pipelines automate that principle [2, 29, 30]. This
approach does not allow to determine precisely the relationship between the sequence used
as a query and the putative pseudogenic sequences detected. Excluded rare cases of
convergence, those sequences are either orthologs or paralogs. This information is crucial
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for meaningful interpretation of the pseudogenization process. Moreover, there is no way to
infer with precision temporality of the event.

A phylogenetic approach has the benefit to determine precisely the relationship of
the studied sequences and the relative period when a pseudogenisation event has occurred.
This relative period is determined by the speciation event of the species used for the
phylogeny (see Notes 1).

The first step for a phylogenetic approach would naturally consist in building a
phylogenetic tree of the gene or gene family of interest (see Notes 1-4).

Then, reading the phylogeny we can detect the missing genes and consequently the
putative gene loss events (see Note 5). The putative losses are found by comparing the
species tree of the chosen species with the phylogenetic tree of the gene of interest in those
species (Fig. 2). The phylogenetic tree analysis can be done using software such as
Phylopattern, Bio::Phylo and DendroPy [31-33].

When a gene is detected as missing in the genome of a species, the third step
consists in searching for putative homologous sequences of that gene by a genome-wide
BLAST. To optimize the chance to detect the sequence, the Blast should be performed using
an orthologous gene retrieved from the phylogeny and such gene should be as close as
possible to the investigated species. In the example reported in Figure 2, the loss of the gene
of interest in H. sapiens should be investigated using the orthologous gene in M. mulatta.
When no Blast hit is found, considering the genome assembly of the species as complete we
can conclude that the gene has likely become genomic noise. But the available genome
assemblies have variable numbers of missing regions, so any interpretation should be
cautious. On the contrary, when a hit is found, its homology needs to be verified.

In the fourth step, we try to confirm the homology of the sequence retrieved in the
previous step. The verification can be performed either by a synteny study or by a phylogeny
study. To be orthologous by synteny, the retrieved sequence has to be located at the same
position in the genome as the orthologous sequence use as query. Furthermore, the
neighbouring genes should be the same. However, if distant species are compared in the
synteny study (old speciation event), it is possible that the synteny has changed during
evolution. In this respect, the phylogeny study ensures a higher grade of accuracy in inferring
orthology, while excluding paralogy, or no homology (just similarity). This can be of special
importance when looking at unitary pseudogenes (Fig. 3). To verify the relationship of the
retrieved sequence with the sequence used as query, a new phylogeny must be built (see
Note 6). Then, the orthologs of the retrieved sequence must be identified in this new
phylogeny and compared with the orthologs defined in the old one (see Note 7). This can be
done using software allowing reading phylogenies [31-33]. If both analyses give common
orthologs, then the orthology of the Blast hit sequence is confirmed (see Notes 8 and 9).



Once the homology is defined, the Blast hit sequence should be subjected to in depth
study (see Note 10). Two scenarios can occur. In the first case scenario, the sequence is
already annotated within the genome: i) it is a gene present in the database used, but its
sequence was not kept in the phylogeny building process; ii) it is a gene not present in the
database used, but present in other databases; iii) it is indeed a pseudogene already
described (see Note 11). In the second case scenario, the sequence is not annotated: i) it is a
gene forgotten during the genome annotation process; ii) it is indeed an unannotated
pseudogene. In reaching these conclusions, a more thorough investigation must be carried
on (e.g., a gene prediction, ORF sanity, dN/dS ratio, use of RNAseq to check transcription and
the sanity of the transcribed sequence). When a deleterious mutation is detected, it can be
concluded that the sequence is a pseudogene. For ancient pseudogenes, the disruptions are
easy to detect, but this can be more difficult when only few disruptive mutations are
presents. This can be particularly tricky because genes exist with stop-codon read-through
[34-36]. The mutations searched for can be of various types: micro-mutations, such as
substitutions or indels that engender the appearance of premature stop codons in the ORF
(Fig. 4), but also macro-mutations that engender the loss of entire exons of the original
sequence. Macro-mutations can be the result of a series of micro-mutations or of a
recombination event (see Notes 12 and 13).

2.2. Pseudogene dating and characterization using phylogenetic tools

Once a pseudogene has been identified, the phylogeny approach allows getting insights into
its evolutionary history and in particular on the time frame of the pseudogenization events.
If there are several pseudogenes in the gene family studied, putting them together in the
same phylogeny can improve the accuracy of the study. Thanks to the use of parsimony
methods [23-26], it is in fact possible to reconstruct the ancestral state starting from the
contemporary states that are present on the leaves of the phylogeny. In the example
reported in Figure 5, the parsimony reconstruction allows to define three pseudogenization
events for four pseudogenes. The first pseudogenization event (P1) occurred in R. norvegicus
after the split with M. musculus and produced a unitary pseudogene that has no functional
co-ortholog counterpart. The second pseudogenization event (P2) is specific of M. mulatta.
The third pseudogenization event (P3) is shared between H. sapiens and M. mulatta and
concerns the Catarrhini phylum. Further analyses can be performed to infer the
retrotransposed or duplicated nature of the pseudogenes produced by P2 and P3. Indeed,
the loss of introns compared to the ancestral structure of the gene and the trace of a
polyadenylation tail are evidence to conclude that a pseudogene arose by
retrotransposition.

2.3. Pseudogene analysis at the nucleotide level using phylogenetic tools
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The mutation analysis and its interpretation in an evolutionary perspective allow the analysis
of the pseudogenization process.

As a first step, all the mutations occurred in the pseudogenic sequence must be
identified. This can be done by performing a comparative analysis between the nucleotide
sequence of the pseudogene under study and that of the corresponding functional gene(s)
(Fig. 6). The functional reference sequence may be selected among the available orthologs.
For a better accuracy, it is also possible to reconstruct the ancestral sequence and use it as
reference [37, 38]. This is particularly suited when the divergence between the
contemporary functional reference sequence and the pseudogene sequence is high.

Secondly, when all mutations have been documented, the use of a parsimony
method over the defined species tree allows revealing their evolutionary history. We can
now distinguish between the pseudogenization events that are shared and the independents
ones. As exemplified in Figure 6, we can thus identify the first mutation that led to the
pseudogenization and the history of mutations that accumulated ever since.

2.4. Automation

With the increasing interest in the field of pseudogene function and evolution, the
phylogeny methods become essential. The automation of these methods is an important
issue as well, but it is still in its infancy. Many difficulties exist, such as the construction of
reliable phylogenies, the phylogenetic analysis, the collection of evidence from
heterogeneous data, and the ability to merge all the information available to deduce the
best explanation among the diversity of possibilities. To our knowledge, the only available
automated method using phylogeny for pseudogene analysis is GLADX (Gene Loss Analyzer
DAGOBAH eXtension) [37]. It follows the outline described in this chapter. It relies on many
analytical tools (e.g. Blast, phylogeny, protein prediction, reconstruction of ancestral
sequences), and integrates heterogeneous data. Based on an expert system [39], GLADX is in
fact designed to be as close as possible to human expertise and, compatibly with the errors
that can be present in the databases and with the limits of the tools used, it is able to
provide reliable results and interpretations. However, GLADX has been designed to study
specifically unitary pseudogenes and works exclusively with the Ensembl database.
Furthermore, it has not been tested on recent databases and can be outdated. Finally, it is
not maintained. The complexity of the framework in which it has been developed, as well as
the uncommon programming language used (PROLOG), didn’t help to find contributors to
maintain it.

Using new pipeline frameworks such as Snakemake [40] or Nextflow [41] might simplify the
automation of such analysis, probably going even beyond.

2.5. Closing remarks



The most accurate way to detect and analyse pseudogenes is by using phylogenetic
approaches. The integration of evolutionary context provides unrivalled results for the
understanding of pseudogenes and the underlying pseudogenization phenomenon.
Unfortunately, the development of tools to automate the detection and analysis of
pseudogenes using phylogenetic approaches is still required. Such tools should be able to
analyse the three main types of pseudogenes: processed, unprocessed and unitary
pseudogenes.

3. Notes

1. When a phylogenetic tree needs to be built, the choice of the species and the time
occurring between speciation events need to be chosen wisely, in order to have a data set
that ensures high accuracy. An example is reported in Figure 7A. If the aim of the study is to
attribute a date to the loss of a given gene observed in M. musculus, the use of H. sapiens
and M. domestica as other species allows estimating that the loss occurred during a period
of 100 million years. However, adding one more species such as R. norvegicus enables to
deduce that the gene was lost during a more restricted period of 40 Million years (Fig. 7B). If
the gene is absent in R. norvegicus as well, it can be deduced that it was lost after the
Eutheria speciation and before the Rodent speciation during a period of 60 Million years.
The loss might have occurred two times independently after the Rodent speciation (once in
the R. norvegicus lineage and once in the M. musculus lineage), but this scenario would be
less parsimonious and is excluded.

2. The choice of species must also consider the annotation quality of their genomes, because
the more the genome is badly sequenced, the higher is the probability that a gene or
pseudogene is present in a non-sequenced DNA fragment. Thus, plenty of missing genes and
pseudogenes might in fact be sequencing artefacts and be actually present in the genome.
The chance of finding the gene sequence of interest can be increased using EST databases
and the absence or the pseudogenization of a gene can be double-checked using a re-
sequencing process. In any case, a compromise has to be found between the choice of
species and the quality of the annotation of their genomes.

3. When a pseudogene is ancient, its study should be performed at the amino acidic level,
where the sequence can be more conserved due to synonymous mutations (Fig. 8). The
same applies to a recent pseudogene, when the only known functional gene exists in a very
divergent species. In all the other cases, it is possible to study the pseudogene at the
nucleotide level.

4. To build the phylogeny, firstly a blast should be performed using a query sequence against
different genomes in order to find similar genes. Using these sequences in FASTA format, a
multiple sequence alignment should be then performed using tools such as ClustalW, Muscle
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or T-coffee (34—-36). To increase the accuracy of the phylogeny, the alignment can be
cleaned in order to remove sites, sequences and regions that are spurious or poorly aligned
(37-39). Once the alignment is ready, the phylogeny can be built using software such as
Phyml, Figenix, RaxML [42-44]. Note that Figenix integrates these steps and can
automatically build a phylogeny from a query sequence.

5. An alternative method to detect gene losses is the use of clustering algorithms. Indeed,
after the clustering of sequences of different genomes, the losses can be determined by a
parsimony analysis of the genes contained in the clusters compared to the species tree of
the species used. However, the use of the clustering method by itself can lead to artefactual
groups. For large-scale studies, this approach has the advantage compared to a phylogenetic
approach to be relatively fast. Thus, it can be used as first quick filter to be followed by a
deepened analysis using phylogeny. The IODA database contains losses that have been
detected in Chordate using this double approach [45].

6. Two approaches are available to build this new phylogeny: i) to use the sequence
alignment employed to build the previous phylogeny (see Note 4) after having added the
putative pseudogenic sequence; ii) to build a new alignment with the sequences obtained by
Blast using the putative pseudogene as a query. Using the first approach, if the putative
pseudogene comes from a distant family, it might be placed as an external sequence. Thus,
no information about its evolution or its function can be deduced. On the contrary, using the
second approach, the new sequences collected for this phylogeny can provide new
information.

7. Depending on the method used to build the new phylogeny, the gene initially used as
query in the Blast step may be missing. Therefore, using only this gene to test orthology is
risky.

8. If the sequence investigated is too degenerated to be kept in the process (too short or too
divergent from the other present sequences), the orthology cannot be determined by
phylogeny.

9. Often, the first Blast hits found are not pseudogenes, but paralogous or co-orthologous
functional genes (since pseudogenes evolve more quickly than genes, their similarity is often
lower than those of paralogous genes), while the hits that correspond to pseudogenes do
not appear among the best. Moreover, the Blast search can detect several pseudogenes.
Consequently, depending on what is sought for (only one pseudogene or as many as
possible), it is necessary to study a bigger or smaller fraction of the Blast hits found.

10. As annotation errors or mis-annotations may exist in databases, the orthologous
sequence retrieved may be a pseudogene annotated as functional gene or, on the contrary,
a functional gene annotated as pseudogene. These cases are rare and difficult to assess
therefore they require deeper investigation. The suspicious to face up such case can be



raised when the pattern of the loss/pseudogenization events detected in the results are not
parsimonious [37].

11. The checking may be done verifying the annotations present at the genome location
where the sequence has been found.

12. Even if disruptive mutations are found, this does not mean that the identified
pseudogene is non-functional. Pseudogenes have for a long time been considered without
functional relevance, but numerous studies have indeed shown the transcriptional activity of
some of them, and their involvement in biological processes [16—-19]. However, the
transcriptional or functional activity may be tough to detect and requires further analyses.
Furthermore, when a functional activity is revealed, it remains to be determined whether
this activity is a residual activity of the parental gene or if the pseudogene can be assimilated
to a new gene having a new function.

13. Depending on the chosen approach and on the subsidiary information desired, it may be
preferable to perform the verification that the retrieved sequence is indeed a pseudogene
before performing the orthology verification by phylogeny. It is a considerable time
optimization to avoid building a phylogeny to study a sequence that finally would turn out to
be an already annotated gene.
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