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ABSTRACT
In retrogene evolution, the out-of-the-X pattern is the retroduplication of X-linked
housekeeping genes to autosomes, hypothesized to be driven by meiotic sex
chromosome inactivation during spermatogenesis. This pattern suggests that some
retrogene survival is driven by selection on X-linkage. We asked if selection on
linkage constitutes an important evolutionary force in retrogene survival, including
for autosomal parents. Specifically, is there a correlation between retrogene survival
and changes in linkage with parental gene networks? To answer this question, we
compiled data on retrogenes in both Homo sapiens and Drosophila melanogaster and
using Monte Carlo methods, we tested whether retrogenes exhibit significantly
different linkage relationships than expected under a null assumption of uniform
distribution in the genome. Overall, after excluding genes involved in the out-of-the-
X pattern, no general pattern was found associating genetic linkage and retrogene
survival. This demonstrates that selection on linkage may not represent an
overarching force in retrogene survival. However, it remains possible that this type of
selection still influences the survival of specific retrogenes.
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INTRODUCTION
RNA-mediated gene duplications (RMGDs) were first described in the early 1980s
(Kaessmann, Vinckenbosch & Long, 2009). RMGDs emerge as a byproduct of reverse
transcriptase (RT) activity, which itself is encoded and produced by Class I transposable
elements (TEs) in the genome. RMGDs are created when the RT enzyme interacts with an
mRNA to mediate its insertion into the genome (Casola & Betrán, 2017; Kaessmann,
Vinckenbosch & Long, 2009). Because RMGD tends to omit regulatory elements and other
context-specific sequences that help regulate expression, these retroposed gene copies, or
retrocopies, were originally assumed to be non-functional. Indeed, the vast majority of
retrocopies quickly accumulate mutations, making them non-functional; these are termed
retropseudogenes. However, some retrocopies are conserved over long time periods; these
functional retrocopies are termed retrogenes. Retrogenes can perform a variety of
functions (e.g., spermatogenesis, courtship behavior) that lead to their survival and fixation
in a population (Kaessmann, Vinckenbosch & Long, 2009). Even non-protein coding
retrogenes can be functional by contributing to gene regulation through production of
fragmentary peptides and siRNAs, as demonstrated by the TP53 retroduplications
discovered in elephants (Abegglen et al., 2015; Casola & Betrán, 2017; Sulak et al., 2016).
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From an evolutionary perspective, RMGD allows genes to explore a wider evolutionary
space by removing constraints like intron-exon junctions and regulatory sequences
(Kaessmann, Vinckenbosch & Long, 2009), and contributes to phenomena like exon
shuffling and protein chimerism (Casola & Betrán, 2017; Kaessmann, Vinckenbosch &
Long, 2009). Other retrogenes have been found to contribute to antiviral defenses, novel
phenotypes in hormone-pheromone metabolism, brain development, and courtship
behavior (Burki & Kaessmann, 2004; Dai et al., 2008; Sayah et al., 2004; Zhang et al., 2004).
Retrogenes sometimes also supplant the function of parental genes (so-called “orphan”
retrogenes) (Ciomborowska et al., 2013). While numerous individual retrogenes have been
characterized, the nature of the evolutionary forces that lead to retrocopy survival are less
clear.

One aspect of retrogene survival that has been left relatively unexplored is the impact of
linkage. Because RMGD creates new gene copies with different linkage relationships,
selection on linkage may influence the fate of retrocopies. Survival of retrocopies may
be a path for mediating selection on linkage, in contrast to a direct modification of
recombination rate. An RMGD-based model of linkage modification would thereby
complement the modifier allele models proposed by Nei in 1967 and built upon in later
decades by Feldman, Barton, Otto, and others (Feldman, Christiansen & Brooks, 1980;
Nei, 1967; Otto & Barton, 1997; Otto & Barton, 2001; Otto & Michalakis, 1998).
An RMGD-based model potentially overcomes several limitations of modifier allele
models-for one, a modifier allele would not be able to resolve selection for tighter
linkage between genes on different chromosomes, whereas RMGD would. Functional or
structural limitations on modifier alleles may also restrict their capability for resolving
selection on linkage, along with limitations on the environments where modifier allele
mutations are predicted to fix (Feldman, Christiansen & Brooks, 1980;Otto & Barton, 2001;
Otto & Michalakis, 1998). In this study, we investigate the possibility that selection on
linkage influences retrogene survival using two empirical data sets. There are several
existing lines of evidence that support the possibility of such a role.

Three previously characterized patterns of retrogene survival are the out-of-the-X
pattern, retrogene replacement, and subfunctionalization, which are not mutually
exclusive. The out-of-the-X pattern, documented in mammals and Drosophila, sees an
excess of retrogenes originating from the X chromosome compared to what we would
expect by chance. The expression of out-of-the-X retrogenes has been characterized as
significantly male-biased, often with specific functions in spermatogenesis. In fact, a
frameshift mutation in the out-of-the-X mouse gene Utp14b renders males completely
deficient in spermatogenesis (Bradley et al., 2004). Retrogene replacement, on the
other hand, sees retrogenes supersede the function of their parental genes, which are
subsequently lost (Ciomborowska et al., 2013; Garstang & Ferrier, 2018). Twenty-five of
these “orphan” retrogenes have been documented in humans; importantly, none of them
exhibit testis-specific expression, although it is hypothesized that this had been the case
originally (“out-of-the-testis”) (Garstang & Ferrier, 2018; Vinckenbosch, Dupanloup &
Kaessmann, 2006). Additional examples of retrogene replacement have been found across
diverse taxa. A striking example is found in all tetrapods, which share an instance of
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retrogene replacement in the dismantling of the ancestral Iroquois-Sowah genomic
regulatory block (GRB) (Maeso et al., 2012). The ancestral GRB featured regulatory
regions for Iroquois within Sowah’s introns; retrotransposition in the tetrapod lineage
disentangled these genomic constraints while maintaining the developmental functions of
both genes. Subfunctionalization, which divides ancestral gene function between parental
and retrogene lineages, also encompasses some out-of-the-X retrogenes (Force et al.,
1999; Hahn, 2009; Innan & Kondrashov, 2010; Kaessmann, 2010). This process is
contrasted with neofunctionalization, where the duplicate acquires novel function(s), in
line with Ohno (1970). In practice, these processes may be difficult to distinguish
without in-depth comparative and functional analysis of expression patterns, and they
potentially represent different stages of the same evolutionary trajectory (Casola & Betrán,
2017; He & Zhang, 2005). Still, distinct cases of both patterns have been observed in
retrogene survival; a specific case of subfunctionalization is demonstrated in CDC14Bretro,
whose protein product underwent adaptive relocation from microtubules to endoplasmic
reticulum, while strong support exists for neofunctionalization in the fixation of
U2af1-rs1 in mouse (McCole et al., 2011; Rosso et al., 2008).

What drives the out-of-the X and retrogene replacement patterns? The leading
hypothesis for the out-of-the-X pattern is that retrogenes allow previously X-linked
housekeeping genes to escape meiotic sex chromosome inactivation during gametogenesis
(Bai et al., 2007; Emerson et al., 2004;Otto & Barton, 1997). Conversely, haploid expression
during spermatogenesis has also been shown to allow autosome-linked mutations to
escape dominance effects experienced in somatic tissue (Raices, Otto & Vibranovski, 2019).
Adaptive recessive mutations are exposed to selection through this mechanism and
brought to fixation, among which may be newly formed retrocopies. In a more general
sense then, the out-of-the-X phenomenon provides an example of how selection against
maladaptive linkage patterns can promote retrogene survival, while haploid selection
may be a mechanism through which retrogenes released from linkage constraints may gain
a foothold in the population. As for retrogene replacement, there is no general hypothesis
in the literature, but a case-by-case analysis yields two trends: either release from
evolutionary constraints through loss of intron-exon junctions and regulatory regions or,
as we propose, disentanglement from maladaptive linkage relationships (Casola & Betrán,
2017; Ciomborowska et al., 2013). The latter possibility is accentuated by the fact that,
contrary to the expectation of relaxed selection on duplicates, orphan retrogenes
show signs of elevated purifying selection (Ciomborowska et al., 2013). This elevated
purifying selection is potentially the result of a release from Hill-Robertson interference
impeding efficient selection on the parental gene. Finally, the leading hypothesis for
subfunctionalization is the degeneration-duplication-complementation model, which
posits that degeneration in regulatory regions of a gene increases fixation probability for
duplicates (Force et al., 1999). However, the proximate reason for why degeneration in
regulatory regions may promote fixation of gene duplicates is again due to maladaptive
linkage relationships. Thus, for all of these cases, we propose that a more general
mechanism underlying retrogene survival is selection against the existing linkage
relationships of the parental gene (Fig. 1).
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Here, we present a study into the influence of linkage on retrogene survival in humans
and Drosophila melanogaster. We hypothesize that the changes in linkage resulting
from retrocopy formation can contribute to the retrogene survival and fixation. Using data
from RetrogeneDB, we created a structured dataset of retrogenes, parental genes, and
parental network partners and their genomic coordinates (Kabza, Ciomborowska &
Makałowska, 2014). Recombination maps were used to estimate genomic distances and
construct sample statistics (Kong et al., 2002; Rezvoy et al., 2007). Corresponding reference
distributions were constructed under the null assumption that retrogenes have a
uniform random distribution across the genome independent of parental gene location.
By testing our hypotheses against these reference distributions, we demonstrate a lack of
significant association between changes in linkage and retrogene fixation. In general,
retrogene fixation patterns match up well with expectations under the null hypothesis for
the human and D. melanogaster retrogenes examined here; however, this study cannot
completely discount the possibility of interaction between genetic distance and retrogene
fixation and further investigation is warranted.

MATERIALS AND METHODS
Data collection
Retrogene data was collected from http://yeti.amu.edu.pl/retrogenedb/ (accessed 3/21/21)
(Kabza, Ciomborowska & Makałowska, 2014). Regulatory network data was collected
from RegNetwork for humans, and JASPAR and REDfly for D. melanogaster
(accessed 1/17/21) (Liu et al., 2015; Mathelier et al., 2013; Rivera et al., 2018).
Assembly size, chromosome sizes, and genomic coordinates for each of the genes were

Figure 1 Diagram illustrating the fate of RMGDs. Most are pseudogenized, but various patterns
areobserved in association with survival over evolutionary time-scales. Two existing patterns are the
out-of-the-X pattern and retrogene replacement, both of which may represent special cases of selection
onlinkage. Full-size DOI: 10.7717/peerj.12822/fig-1
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collected from NCBI (human: GRCh38.p13, D. melanogaster: FB release 6). After
removing retrocopies with missing information (IDs, protein-coding status, etc), a total of
4,426 retrocopies were found for humans, with 106 retrogenes. Retrocopies were paired
with 1,431 parental genes with 809 unique network partners. In D. melanogaster, 82
retrocopies were found, 81 of which were retrogenes. These retrocopies were subsequently
coupled with 64 parental genes with 109 unique network partners. Genetic distances were
estimated using recombination maps for intrachromosomal parent-retrogene pairs; for
interchromosomal pairs, distance was set to a default value of 0.5. (Kong et al., 2002;
Rezvoy et al., 2007).

There are a number of significant differences between the human and D. melanogaster
dataset. As mentioned, the human data contains many more pseudoretrogenes than the
D. melanogaster data; this difference is likely an artifact of data collection and prior
research directions rather than an indication of the true rate of pseudogenization. Most of
the data on human pseudogenes originates from Ciomborowska et al. (2013), which
extensively analyzes retrocopy content in humans; similar studies have not been conducted
in D. melanogaster. Additionally, the density of regulatory networks differs between
humans and D. melanogaster, with the latter exhibiting much denser and well-connected
networks. Whether this is biological truth is a different question; however, for this study,
we assume that the network data we have is an unbiased sample from the true
relationships.

Hypothesis testing
All analysis was done using R 3.9.1 in the RStudio 1.2.1335 IDE (R Core Team, 2017;
RStudio Team, 2020). Packages used include dplyr, rentrez, chromPlot, GenomicFeatures,
MareyMap and reshape2 (Lawrence et al., 2013; Rezvoy et al., 2007; Verdugo &
Orostica, 2019; Wickham, 2007; Wickham, 2016; Wickham et al., 2021). The reference
distributions were generated using a Monte Carlo permutation method, with the null
assumption that retrogenes are i.i.d. from a uniform random distribution over the genome.
We had originally considered constructing the reference distributions by sampling
retropseudogenes from our data; however, we decided against this for two reasons: firstly,
the distribution of retropseudogenes observed in our data may not accurately reflect
the true distribution of retrocopies at the time of retroduplication, and secondly, the
distribution of retropseudogenes appears to be approximately uniform across the genome
regardless (Fig. S1).

Samples of random retrogenes are simulated by drawing genomic coordinates from the
above distribution. Relevant statistics (described later in the Results) are then calculated.
For each of our tests, this process was iterated 1,000 times to produce an approximate
reference distribution for the relevant statistic. Test statistics were then calculated using the
empirical data and compared against the reference distribution using a two-tailed test
(a = 0.05). All code and data used in this study are available via the author’s GitHub
repository (https://github.com/johnathanlo/retrogenes).
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RESULTS
Testing data quality
Before proceeding with analysis, the quality of the dataset was assessed by searching for
evidence of the well-documented out-of-the-X effect. As previously mentioned, this is a
pattern in which more retrogenes originate from the X chromosome than expected
through random chance. The statistic of interest is

X1 ¼ fretrogenes from the X chromosomeg \ fretrogenes not on the X chromosomeg:
Reference distribution was constructed by simulating random pairs of retrogenes and

parental genes, then counting the number of pairs with a parental gene located on the
X and a retrogene located on a different chromosome. In each realization of the Monte
Carlo simulation, 106 retrogene/parental gene pairs were generated for humans, and
81 pairs for D. melanogaster, corresponding to each of the retrogenes in their respective
datasets. This procedure was repeated 1,000 times to generate the null distribution.
After calculating the test statistic from our data, significant results were found in both
species, with p ∼ 0 (Fig. S1). A key assumption behind our testing procedure is the
assumption that retrocopies and parental genes are distributed randomly in the genome.

Retrogene distribution with respect to parental genes in humans
We wanted to test the linkage relationships for 106 retrogenes in humans and 81
retrogenes in D. melanogaster. To determine whether or not retrogenes are distributed
independently of parental location, we analyzed the average genetic distance between a
retrogene and its parental gene. The out-of-the-X effect was controlled for by removing all
such parental genes/retrogenes from both datasets. Since our model posits a uniform
random distribution of retrogenes independent of parental gene location, this should not
bias our results on a subset of strictly autosomal parental genes.

The statistic is

X2 ¼
P

all b distða; bÞ
n

where a is the parental gene, b is the retrogene, and n is the sample size (83 and 55 for
humans and D. melanogaster respectively). The distance function is computed by applying
recombination maps to the genomic coordinates of the parent/retrogene pair, with a
default value of 0.5 for pairs on different chromosomes. The reference distribution was
constructed as before by simulating a set of random parental genes and a corresponding set
of random retrogenes and calculating the above statistic for 10,000 realizations. The test
statistics were calculated from the data. No significant results were observed for either
human or D. melanogaster (Fig. 2).

The above statistic weights each retrogene equally; however, there is heterogeneity in the
number of retrogenes generated by each parental gene. To account for any bias resulting
from this, we additionally test whether or not the average retrogene for each parental
gene is more or less genetically distant than expected; in other words, we weight distances
by parental genes instead. For each parental gene, we may calculate the statistic
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X3 ¼
P

distða; xÞ
jCj

where a is the parental gene and x ∈ C, where C is the set of retrocopies associated with a.
X3 is therefore a function of the random variable dist (a, x). We define the mean over the
population of parental genes as

l ¼ EðX3Þ:
To obtain a distribution over the sample mean, we simulate the statistic X3 using Monte

Carlo methods as before, then compute the estimate

l̂ ¼ 1
n

Xn

i¼0

xi

in the usual way, where xi assumed to be i.i.d. instances of X3 as defined above, and test at a
significance level of a = 0.05. The results show that lack of significance persists regardless
of whether genetic distance is weighted by retrogenes or by parental genes (Fig. 3).

Figure 2 Tendency of retrogene movement away from parental chromosome. Histograms represent
reference distribution obtained through 1,000-iteration Monte Carlo simulation. X-axis is distance in
Morgans. Blue vertical line represents test statistic. (A) Human. (B) D. melanogaster

Full-size DOI: 10.7717/peerj.12822/fig-2

Figure 3 Movement of retrogenes relative to fixed parental genes. Histograms represent reference
distribution obtained through 1,000-iteration Monte Carlo simulation. X-axis is distance in Morgans.
Blue vertical line represents test statistic. (A) Human. (B) D. melanogaster

Full-size DOI: 10.7717/peerj.12822/fig-3
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In other words, the average retrogene survival event is not influenced by linkage, and the
average parental gene does not produce a distribution of retrogenes significantly different
from random (null) expectation.

Retrogene distribution relative to network partners
A final test was performed to assess whether retrogenes are randomly distributed with
respect to their nearest network partners. Since we hypothesized that the linkage
relationships of the parent may affect the fixation patterns of retrogenes, it is reasonable to
extend this influence to network partners of the parent. Retrogene fixation may be
influenced by gene regulatory network topology, since close proximity of a gene to network
partners can ensure that certain combinations of alleles are inherited together as members
of a co-adapted gene complex. Hence, we examine the relationship of retrogenes to the
nearest network partner of parental genes, including the parental gene itself. We define a
statistic describing the minimum distance between retrogenes and network partners as

X4 ¼ minfdistða; xÞ : x 2 Cg
where a is a retrogene, x is a network member/parental gene, C is the set of network
partners of the parental gene and the parental gene, and dist(a, x) is the genetic distance
between a and x as defined in the previous section; note dist (a, x) is a random variable, so
X4 is random. Then we define the mean over the population

l ¼ EðX4Þ
and construct a distribution using Monte Carlo permutations as before. From the sample,
we can then compute an estimate of the mean

l̂ ¼ 1
n

Xn

i¼0

xi

where we assume xi i.i.d. samples from X4 and test at a significance level of a = 0.05. This
test finds no significant deviation of the sample statistic from the expectation under the
null for either humans or D. melanogaster (Fig. 4). In other words, the distribution of

Figure 4 Movement of retrogenes relative to nearest network partners. Histograms represent
reference distribution obtained through 1,000-iteration Monte Carlo simulation. X-axis is distance in
Morgans. Blue vertical line represents test statistic. (A) Human. (B) D. melanogaster

Full-size DOI: 10.7717/peerj.12822/fig-4
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retrogenes in the genome does not seem to be influenced by proximity to parental network
partners.

DISCUSSION
The dynamics of retrogene fixation have been a wellspring of fascinating evolutionary
tales. While a number of specific evolutionary patterns have been discerned, such as the
out-of-the-X phenomenon and retrogene replacement, retrogene evolution has not yet
been broadly characterized (Abegglen et al., 2015; Ciomborowska et al., 2013; Emerson
et al., 2004). One possible force that could play a role in shaping retrogene fixation patterns
is their linkage relationships. Specifically, in copying a parental gene to a new location, new
linkage is formed and old linkage is lost. For alleles experiencing clonal interference or
Hill-Robertson interference, RMGD provides a concise mechanism for mediating those
selective forces. This mechanism can manifest either when retrogene survival helps
alleviate selection against Hill-Robertson interference, or when retrogene survival is
selected for by clonal interference (Roze & Barton, 2006). This mechanism also provides an
interesting alternative for modifying recombination rates compared to the traditional
modifier allele model. We tested this possibility to determine if retrogene fixation is
influenced by features of the genetic distance landscape. Overall, no support was found for
this possibility.

Linkage patterns do not play significant role in retrogene fixation
None of our tests exhibit any significant association between changes in linkage and
retrogene fixation in either humans or D. melanogaster. In fact, the results markedly
conform to our null expectation of uniformly random distribution of retrogenes across
the genome. In other words, given that a retrogene fixes, it does not have any tendency to
be closer or further to either its parental gene or the network partners of its parental genes.

Linkage with nearest network partners does not affect retrogene
fixation
The relationship between retrogenes and network partners was also investigated.
We investigated the linkage relationship between retrogenes and their nearest network
partner specifically. No significant correlations were observed in either humans or
D. melanogaster. These findings do not exclude the possibility of a broader effect involving
network partners. The nearest network partner is insufficient to fully characterize the
topology of an entire regulatory network, and it remains plausible that the overall topology
of the network is correlated with changes in linkage from parental gene to retrogene.

Concluding remarks
This study provides theoretical background and a preliminary investigation into a novel
hypothesis regarding retrogene evolution. While these results do not indicate a significant
role for linkage in determining retrogene fixation, several limitations and confounding
factors provide basis for further investigation. One confounding factor is that variation
in selection on linkage (e.g., selection for increased linkage in some lineages vs selection for
decreased linkage in others) may mask signals from detection by our methods. Indeed, we
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know that in mammals and Drosophila, the out-of-the-X pattern is a definitive example of
selection against linkage, while other studies have demonstrated that proximity may
sometimes be selected for to derive the benefits of nearby regulatory regions or open
chromatin formations (Bai, Casola & Betrán, 2008; Loppin et al., 2005). Additionally, even
though we find no consistent pattern, selection on linkage may still have been key to the
survival of a subset of retrogenes. Our study assumes that retrogenes are i.i.d. with
respect to genetic distances, a simplification that may not hold up in reality. To uncover
effects of linkage on the level of individual genes would require in-depth functional and
comparative analysis of suspected retrogene/parental gene pairs similar to work on the
out-of-the-X retrogenes. The analysis is of course limited also by constraints related to
available data; data from diverse taxa may be necessary to sufficiently illuminate the role of
linkage in retrogene survival.

Finally, it remains interesting to ask whether or not selection on linkage can be mediated
through retrogene fixation, much like the argument for the fixation of modifier alleles.
The primary obstacle to such a study is finding a sample of genes that have experienced
selection on their linkage relationships at some point in the past. With such a sample,
we can ask whether or not they produce retrogenes at a greater than normal rate.
Constructing such a sample with any certitude may seem like a daunting task, but one that
may be amenable through experimental evolution techniques.

There are plausible reasons for why selection on linkage may play a role in retrogene
fixation only rarely. Previous work has strongly emphasized neofunctionalization as an
outcome of retrogene fixation, which would make such retrogenes less likely to interact
with the parental gene or its network partners (Casola & Betrán, 2017; He & Zhang, 2005).
Our work suggests exactly this: the observed lack of correlation between parental gene
networks and retrogenes may indicate that retrogenes typically occupy different
regulatory networks and fulfill different functions when compared to their parents. This
phenomenon may also be diminished by limitations on the expression of new retrocopies.
New retrocopies require expression to be selected for, and since they do not typically
carry regulatory elements with them, they may not achieve consistent or appreciable
levels of expression, which prevents selection from acting. The primary venue for new
retrocopies to achieve high levels of expression is during promiscuous expression, as in the
thymus and testes, or during haploid expression during spermatogenesis (Casola & Betrán,
2017; Raices, Otto & Vibranovski, 2019). Then, retrocopies may only be selected for if
their expression conveys fitness benefits under these particular contexts, and retrocopies
that do not provide any effect or benefit during spermatogenesis would thus be less likely
to experience selection.

As genomic sequencing and analysis tools improve, analysis of retrogene evolutionary
dynamics in other species will become feasible. Further investigation of the hypotheses
presented here might be best served by data from deer and muntjac (Mudd et al., 2020;
Yang et al., 1997). Their shared evolutionary history makes comparisons between
findings between species feasible; additionally, these lineages have undergone multiple
chromosome fusions and fissions in recent evolutionary time, which provide a backdrop of
changes in linkage that make some form of selection on linkage nearly inevitable. Another
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potentially fruitful line of inquiry would be to ask if specific classes of parental genes
and retrogenes are more influenced by selection on linkage than others. For example,
recent work has found autosomal pairs of parental genes and retrogenes that exhibit
complementarity of expression in the testes, which may appear to be a more likely scenario
for selection on linkage (Casola & Betrán, 2017). Both of the above present reasonable
directions for future work in this area.

ACKNOWLEDGEMENTS
We thank Carl Hjelmen for his help on D. melanogaster recombination maps, as well as
other members of the Blackmon lab for their help in editing this work.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by National Institute of General Medical Sciences at the National
Institutes of Health R35GM138098. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Institute of General Medical Sciences at the National Institutes of Health
R35GM138098.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Johnathan Lo conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

� Heath Blackmon conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

Data Availability
The following information was supplied regarding data availability:

All code and data used in this study are available at GitHub: https://github.com/
johnathanlo/retrogenes.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12822#supplemental-information.

Lo and Blackmon (2022), PeerJ, DOI 10.7717/peerj.12822 11/14

https://github.com/johnathanlo/retrogenes
https://github.com/johnathanlo/retrogenes
http://dx.doi.org/10.7717/peerj.12822#supplemental-information
http://dx.doi.org/10.7717/peerj.12822#supplemental-information
http://dx.doi.org/10.7717/peerj.12822
https://peerj.com/


REFERENCES
Abegglen LM, Caulin AF, Chan A, Lee K, Robinson R, Campbell MS, Kiso WK, Schmitt DL,

Waddell PJ, Bhaskara S, Jensen ST, Maley CC, Schiffman JD. 2015. Potential mechanisms for
cancer resistance in elephants and comparative cellular response to dna damage in humans.
JAMA 314(17):1850–1860 DOI 10.1001/jama.2015.13134.

Bai Y, Casola C, Betrán E. 2008. Evolutionary origin of regulatory regions of retrogenes in
drosophila. BMC Genomics 9(1):241 DOI 10.1186/1471-2164-9-241.

Bai Y, Casola C, Feschotte C, Betrán E. 2007. Comparative genomics reveals a constant rate of
origination and convergent acquisition of functional retrogenes in drosophila. Genome Biology
8(1):R11 DOI 10.1186/gb-2007-8-1-r11.

Bradley J, Baltus A, Skaletsky H, Royce-Tolland M, Dewar K, Page DC. 2004. An X-to-autosome
retrogene is required for spermatogenesis in mice. Nature Genetics 36(8):872–876
DOI 10.1038/ng1390.

Burki F, Kaessmann H. 2004. Birth and adaptive evolution of a hominoid gene that supports high
neurotransmitter flux. Nature Genetics 36(10):1061–1063 DOI 10.1038/ng1431.

Casola C, Betrán E. 2017. The genomic impact of gene retrocopies: what have we learned from
comparative genomics, population genomics, and transcriptomic analyses? Genome Biology and
Evolution 9(6):1351–1373 DOI 10.1093/gbe/evx081.

Ciomborowska J, Rosikiewicz W, Szklarczyk D, Makalowski W, Makalowska I. 2013. “Orphan”
retrogenes in the human genome. Molecular Biology and Evolution 30(2):384–396
DOI 10.1093/molbev/mss235.

Dai H, Chen Y, Chen S, Mao Q, Kennedy D, Landback P, Eyre-Walker A, DuW, Long M. 2008.
The evolution of courtship behaviors through the origination of a new gene in drosophila.
Proceedings of the National Academy of Sciences 105(21):7478–7483
DOI 10.1073/pnas.0800693105.

Emerson JJ, Kaessmann H, Betrán E, Long M. 2004. Extensive gene traffic on the mammalian X
chromosome. Science 303(5657):537–540 DOI 10.1126/science.1090042.

Feldman MW, Christiansen FB, Brooks LD. 1980. Evolution of recombination in a constant
environment. Proceedings of the National Academy of Sciences 77(8):4838–4841
DOI 10.1073/pnas.77.8.4838.

Force A, Lynch M, Pickett FB, Amores A, Yan YL, Postlethwait J. 1999. Preservation of duplicate
genes by complementary, degenerative mutations. Genetics 151(4):1531–1545
DOI 10.1093/genetics/151.4.1531.

Garstang MG, Ferrier DEK. 2018. Amphioxus SYCP1: a case of retrogene replacement and
co-option of regulatory elements adjacent to the parahox cluster. Development Genes and
Evolution 228(1):13–30 DOI 10.1007/s00427-017-0600-9.

Hahn MW. 2009. Distinguishing among evolutionary models for the maintenance of gene
duplicates. Journal of Heredity 100(5):605–617 DOI 10.1093/jhered/esp047.

He X, Zhang J. 2005. Rapid subfunctionalization accompanied by prolonged and substantial
neofunctionalization in duplicate gene evolution. Genetics 169(2):1157–1164
DOI 10.1534/genetics.104.037051.

Innan H, Kondrashov F. 2010. The evolution of gene duplications: classifying and distinguishing
between models. Nature Reviews Genetics 11(2):97–108 DOI 10.1038/nrg2689.

Kabza Mł, Ciomborowska J, Makałowska I. 2014. RetrogeneDB-a database of animal retrogenes.
Molecular Biology and Evolution 31(7):1646–1648 DOI 10.1093/molbev/msu139.

Lo and Blackmon (2022), PeerJ, DOI 10.7717/peerj.12822 12/14

http://dx.doi.org/10.1001/jama.2015.13134
http://dx.doi.org/10.1186/1471-2164-9-241
http://dx.doi.org/10.1186/gb-2007-8-1-r11
http://dx.doi.org/10.1038/ng1390
http://dx.doi.org/10.1038/ng1431
http://dx.doi.org/10.1093/gbe/evx081
http://dx.doi.org/10.1093/molbev/mss235
http://dx.doi.org/10.1073/pnas.0800693105
http://dx.doi.org/10.1126/science.1090042
http://dx.doi.org/10.1073/pnas.77.8.4838
http://dx.doi.org/10.1093/genetics/151.4.1531
http://dx.doi.org/10.1007/s00427-017-0600-9
http://dx.doi.org/10.1093/jhered/esp047
http://dx.doi.org/10.1534/genetics.104.037051
http://dx.doi.org/10.1038/nrg2689
http://dx.doi.org/10.1093/molbev/msu139
http://dx.doi.org/10.7717/peerj.12822
https://peerj.com/


Kaessmann H. 2010. Origins, evolution, and phenotypic impact of new genes. Genome Research
20(10):1313–1326 DOI 10.1101/gr.101386.109.

Kaessmann H, Vinckenbosch N, Long M. 2009. RNA-based gene duplication: mechanistic and
evolutionary insights. Nature Reviews Genetics 10(1):19–31 DOI 10.1038/nrg2487.

Kong A, Gudbjartsson DF, Sainz J, Jonsdottir GM, Gudjonsson SA, Richardsson B,
Sigurdardottir S, Barnard J, Hallbeck B, Masson G, Shlien A, Palsson ST, Frigge ML,
Thorgeirsson TE, Gulcher JR, Stefansson K. 2002. A high-resolution recombination map of
the human genome. Nature Genetics 31(3):241–247 DOI 10.1038/ng917.

Lawrence M, Huber W, Pagès H, Aboyoun P, Carlson M, Gentleman R, Morgan M, Carey V.
2013. Software for computing and annotating genomic ranges. PLOS Computational Biology
9(8):e1003118 DOI 10.1371/journal.pcbi.1003118.

Liu Z-P, Wu C, Miao H, Wu H. 2015. Regnetwork: an integrated database of transcriptional and
post-transcriptional regulatory networks in human and mouse. Database 2015:bav095
DOI 10.1093/database/bav095.

Loppin B, Lepetit D, Dorus S, Couble P, Karr TL. 2005. Origin and neofunctionalization of a
drosophila paternal effect gene essential for zygote viability. Current Biology 15(2):87–93
DOI 10.1016/j.cub.2004.12.071.

Maeso I, Irimia M, Tena JJ, González-Pérez E, Tran D, Ravi V, Venkatesh B, Campuzano S,
Gómez-Skarmeta Jé L, Garcia-Fernàndez J. 2012. An ancient genomic regulatory block
conserved across bilaterians and its dismantling in tetrapods by retrogene replacement. Genome
Research 22(4):642–655 DOI 10.1101/gr.132233.111.

Mathelier A, Zhao X, Zhang AW, Parcy F, Worsley-Hunt R, Arenillas DJ, Buchman S,
Chen C-Y, Chou A, Ienasescu H, Lim J, Shyr C, Tan G, Zhou M, Lenhard B, Sandelin A,
Wasserman WW. 2013. Jaspar 2014: an extensively expanded and updated open-access
database of transcription factor binding profiles. Nucleic Acids Research 42(D1):D142–D147
DOI 10.1093/nar/gkt997.

McCole RB, Loughran NB, Chahal M, Fernandes LP, Roberts RG, Fraternali F, O’Connell MJ,
Oakey RJ. 2011. A case-by-case evolutionary analysis of four imprinted retrogenes. Evolution:
International Journal of Organic Evolution 65(5):1413–1427
DOI 10.1111/j.1558-5646.2010.01213.x.

Mudd AB, Bredeson JV, Baum R, Hockemeyer D, Rokhsar DS. 2020. Analysis of muntjac deer
genome and chromatin architecture reveals rapid karyotype evolution. Communications biology
3(1):1–10 DOI 10.1038/s42003-020-1096-9.

Nei M. 1967. Modification of linkage intensity by natural selection. Genetics 57(3):625–641
DOI 10.1093/genetics/57.3.625.

Ohno S. 1970. Evolution by Gene Duplication. New York: Springer Verlag.

Otto SP, Barton NH. 1997. The evolution of recombination: removing the limits to natural
selection. Genetics 147(2):879–906 DOI 10.1093/genetics/147.2.879.

Otto SP, Barton NH. 2001. Selection for recombination in small populations. Evolution
55(10):1921–1931 DOI 10.1111/j.0014-3820.2001.tb01310.x.

Otto SP, Michalakis Y. 1998. The evolution of recombination in changing environments. Trends
in Ecology & Evolution 13(4):145–151 DOI 10.1016/S0169-5347(97)01260-3.

R Core Team. 2017. R: a language and environment for statistical computing. R foundation for
statistical computing, Vienna, Austria. Available at http://www.R-project.org/.

Raices JB, Otto PA, Vibranovski MD. 2019. Haploid selection drives new gene male germline
expression. Genome research 29(7):1115–1122 DOI 10.1101/gr.238824.118.

Lo and Blackmon (2022), PeerJ, DOI 10.7717/peerj.12822 13/14

http://dx.doi.org/10.1101/gr.101386.109
http://dx.doi.org/10.1038/nrg2487
http://dx.doi.org/10.1038/ng917
http://dx.doi.org/10.1371/journal.pcbi.1003118
http://dx.doi.org/10.1093/database/bav095
http://dx.doi.org/10.1016/j.cub.2004.12.071
http://dx.doi.org/10.1101/gr.132233.111
http://dx.doi.org/10.1093/nar/gkt997
http://dx.doi.org/10.1111/j.1558-5646.2010.01213.x
http://dx.doi.org/10.1038/s42003-020-1096-9
http://dx.doi.org/10.1093/genetics/57.3.625
http://dx.doi.org/10.1093/genetics/147.2.879
http://dx.doi.org/10.1111/j.0014-3820.2001.tb01310.x
http://dx.doi.org/10.1016/S0169-5347(97)01260-3
http://www.R-project.org/
http://dx.doi.org/10.1101/gr.238824.118
http://dx.doi.org/10.7717/peerj.12822
https://peerj.com/


Rezvoy C, Charif D, Gueguen L, Marais GAB. 2007. Mareymap: an R-based tool with graphical
interface for estimating recombination rates. Bioinformatics 23(16):2188–2189
DOI 10.1093/bioinformatics/btm315.

Rivera J, Keränen SVE, Gallo SM, Halfon MS. 2018. REDfly: the transcriptional regulatory
element database for drosophila. Nucleic Acids Research 47(D1):D828–D834
DOI 10.1093/nar/gky957.

Rosso L, Marques AC, Weier M, Lambert N, Lambot M-A, Vanderhaeghen P, Kaessmann H.
2008. Birth and rapid subcellular adaptation of a hominoid-specific CDC14 protein. PLOS
Biology 6(6):e140 DOI 10.1371/journal.pbio.0060140.

Roze D, Barton NH. 2006. The hill-robertson effect and the evolution of recombination. Genetics
173(3):1793–1811 DOI 10.1534/genetics.106.058586.

RStudio Team. 2020. RStudio: integrated development environment for R. Boston, MA: RStudio,
PBC.

Sayah DM, Sokolskaja E, Berthoux L, Luban J. 2004. Cyclophilin a retrotransposition into TRIM5
explains owl monkey resistance to HIV-1. Nature 430(6999):569–573
DOI 10.1038/nature02777.

Sulak M, Fong L, Mika K, Chigurupati S, Yon L, Mongan NP, Emes RD, Lynch VJ. 2016. TP53
copy number expansion is associated with the evolution of increased body size and an enhanced
DNA damage response in elephants. eLife 5:e11994 DOI 10.7554/eLife.11994.

Verdugo RA, Orostica KY. 2019. chromPlot: global visualization tool of genomic data. R package
version 1.14.0. Available at https://www.bioconductor.org/packages/release/bioc/html/chromPlot.
html.

Vinckenbosch N, Dupanloup I, Kaessmann H. 2006. Evolutionary fate of retroposed gene copies
in the human genome. Proceedings of the National Academy of Sciences 103(9):3220–3225
DOI 10.1073/pnas.0511307103.

Wickham H. 2007. Reshaping data with the reshape package. Journal of Statistical Software
21(12):1–20 DOI 10.18637/jss.v021.i12.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag.

Wickham H, Francois R, Henry L, Muller K. 2021. dplyr: a grammar of data manipulation. R
package version 1.0.5. Available at https://dplyr.tidyverse.org/.

Yang F, O’Brien PCM, Wienberg J, Neitzel H, Lin CC, Ferguson-Smith MA. 1997.
Chromosomal evolution of the chinese muntjac (muntiacus reevesi). Chromosoma 106(1):37–43
DOI 10.1007/s004120050222.

Zhang J, Dean AM, Brunet F, Long M. 2004. Evolving protein functional diversity in new genes of
drosophila. Proceedings of the National Academy of Sciences of the United States of America
101(46):16246–16250 DOI 10.1073/pnas.0407066101.

Lo and Blackmon (2022), PeerJ, DOI 10.7717/peerj.12822 14/14

http://dx.doi.org/10.1093/bioinformatics/btm315
http://dx.doi.org/10.1093/nar/gky957
http://dx.doi.org/10.1371/journal.pbio.0060140
http://dx.doi.org/10.1534/genetics.106.058586
http://dx.doi.org/10.1038/nature02777
http://dx.doi.org/10.7554/eLife.11994
https://www.bioconductor.org/packages/release/bioc/html/chromPlot.html
https://www.bioconductor.org/packages/release/bioc/html/chromPlot.html
http://dx.doi.org/10.1073/pnas.0511307103
http://dx.doi.org/10.18637/jss.v021.i12
https://dplyr.tidyverse.org/
http://dx.doi.org/10.1007/s004120050222
http://dx.doi.org/10.1073/pnas.0407066101
http://dx.doi.org/10.7717/peerj.12822
https://peerj.com/

	Retrogene survival is not impacted by linkage relationships
	Introduction
	Materials and Methods
	Results
	Discussion
	flink5
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


