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Abstract

Analyses in a number of organisms have shown that duplicated genes are less likely to be essential than singletons. This implies that
genes can often compensate for the loss of their paralogs. However, it is unclear why the loss of some duplicates can be compen-
sated by their paralogs, whereas the loss of other duplicates cannot. Surprisingly, initial analyses in mice did not detect differences
in the essentiality of duplicates and singletons. Only subsequent analyses, using larger gene knockout data sets and controlling for
a number of confounding factors, did detect significant differences. Previous studies have not taken into account the tissues in
which duplicates are expressed. We hypothesized that in complex organisms, in order for a gene’s loss to be compensated by
one or more of its paralogs, such paralogs need to be expressed in at least the same set of tissues as the lost gene. To test our
hypothesis, we classified mouse duplicates into two categories based on the expression patterns of their paralogs: “compensable
duplicates” (those with paralogs expressed in all the tissues in which the gene is expressed) and “noncompensable duplicates”
(those whose paralogs are not expressed in all the tissues where the gene is expressed). In agreement with our hypothesis, the
essentiality of noncompensable duplicates is similar to that of singletons, whereas compensable duplicates exhibit a substantially
lower essentiality. Our results imply that duplicates can often compensate for the loss of their paralogs, but only if they are ex-
pressed in the same tissues. Indeed, the compensation ability is more dependent on expression patterns than on protein sequence
similarity. The existence of these two kinds of duplicates with different essentialities, which has been overlooked by prior studies,
may have hindered the detection of differences between singletons and duplicates.
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Significance

A gene’s loss can, under certain circumstances, be buffered by its paralogs, which results in duplicates exhibiting a lower
essentiality than singletons. However, the circumstances under which this buffering can occur are poorly understood.
We hypothesized that the loss of a gene can only be compensated by its paralogs if such paralogs are expressed in the
same tissues as the lost gene. In agreement with our hypothesis, we found that mouse “compensable duplicates” (those
with paralogs expressed in the same tissues) are less likely to be essential than “noncompensable duplicates” (those
without such paralogs), whose essentiality is equivalent to that of singletons.

Introduction functions, gene duplication is a source of functional redun-
Gene duplication is a crucial evolutionary mechanism, be- dancy (Gu etal. 2003; Conantand Wagner 2004; Liang and
cause it is the primary source of new genes (Ohno 1970; Li 2009). As a result, under certain circumstances, dupli-
Zhang 2003). As duplicated genes tend to perform similar cated genes can have a backup role, meaning that they
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can compensate for the loss of their paralogs (Gu et al.
2003). However, it is unclear why certain genes can com-
pensate for the loss of their duplicates whereas others
cannot.

Functional compensation by duplicates has been inferred
in several model organisms by comparing the proportion of
essential genes (Pg) between singletons and duplicates. If the
functional loss of duplicated genes can often be compen-
sated by their paralogs, the Pe of genes with no duplicates
(singletons) should be higher than the Pz of duplicated
genes. A higher Pt in singletons has been observed in several
organisms, including the yeast Saccharomyces cerevisiae, the
nematode Caenorhabditis elegans, and the plant
Arabidopsis thaliana (Gu et al. 2003; Conant and Wagner
2004; Hannay et al. 2008; Hanada et al. 2009; Wang,
Birsoy, et al. 2015). In contrast, early analyses in mouse did
not detect significant differences in the P¢ of singletons
and duplicates (Liang and Li 2007; Liao and Zhang 2007).
Only more recent analyses, using larger data sets and
correcting for a number of confounding factors, have found
differences between mouse singletons and duplicates (Liang
and Li 2009; Makino et al. 2009; Chen et al. 2012; Su et al.
2014; Acharya et al. 2015; Kabir et al. 2019).

Several confounding factors have been suggested as po-
tential sources of bias in the estimation of Pz in mouse sin-
gletons and duplicates. Makino et al. (2009) found that the
mouse knockout data set is enriched in duplicated develop-
mental genes and in ohnologs (duplicates resulting from
the two rounds of whole-genome duplication (WGD)
though to have affected a common ancestor of vertebrates;
Ohno 1970), which results in inflated Pg estimates.
However, Liang and Li (2009) showed that the enrichment
in developmental genes does not cause a significant bias in
the Pe estimates of duplicates because the enrichment
equally affects the entire mouse knockout data set. The de-
gree of divergence between duplicates is considered to be
another confounding factor. Studies in worms, yeast, and
plants have shown a negative correlation between se-
guence similarity with the closest paralog and essentiality
(Gu et al. 2003; Conant and Wagner 2004; Hanada et al.
2009). In contrast, in mouse the correlation is positive or
not significant (Liao and Zhang 2007; Su and Gu 2008).
Based on this idea, Liao and Zhang (2007) suggested that
if researchers tend to avoid targeting genes with close para-
logs (because such genes are unlikely to produce detectable
phenotypes), the mouse knockout data set might be biased
toward duplicates with higher P¢. There is a positive correl-
ation between essentiality and the number of protein—pro-
tein interactions (Jeong et al. 2001; Batada et al. 2006;
Reguly et al. 2006; Liang and Li 2007). Thus, centrality
can also bias P¢ estimates because, unlike in Escherichia
coli, yeast, worm, and fly (Hughes and Friedman 2005;
Prachumwat and Li 2006; Makino et al. 2009), mammalian
duplicates display more centrality than singletons (Liang

and Li 2007; D’Antonio and Ciccarelli 2011; Doherty
et al. 2012), which could explain the similarity between
the Pg estimates of singletons and duplicates found in
mouse analyses. Chen et al. (2012) suggested the age of
the gene family (phyletic age) as another factor causing
bias in the Pg estimation. They stated that old mouse single-
tons and duplicated genes are the preferred targets for
knockout experiments because they present a higher rate
of detectable phenotypes. Kabir et al. (2019) identified
the developmental stage of expression as another con-
founding factor, finding that pairs of paralogs that are
both essential are more likely to be at different stages of de-
velopment than pairs of paralogs that include one or two
nonessential genes.

In complex organisms, each gene is expressed in a set of
tissues. We hypothesized that the loss of a gene can only be
compensated by its paralogs if these paralogs are expressed
(at least) in the same tissues. For instance, the loss of a gene
that is expressed in the brain cannot be compensated by a
paralog that is exclusively expressed in the liver. However,
previous analyses have largely ignored this requirement
for gene buffering (expression in the same tissues), which
may have hindered the detection of differences in the Pg
of singletons and duplicates in mouse.

Here, we distinguish between two types of duplicates:
those with paralogs that are expressed in the same tissues
(which we term “compensable duplicates”) and those
without such kinds of paralogs (termed “noncompensable
duplicates”). We classified a gene in the former category if,
for each tissue in which it is expressed, it has at least one
paralog that is expressed in that tissue. We found that
both kinds of duplicates behave differently: noncompensa-
ble duplicates have a P that is similar to that of singletons,
whereas compensable duplicates exhibit a significantly low-
er P:. We show that the differences in Pz between compen-
sable and noncompensable duplicates are independent of a
number of potentially confounding factors. These results
indicate that functional compensation of a gene’s loss by
its paralogs is generally only possible when such paralogs
are expressed in the same set of tissues as the lost gene.
This may explain why previous analyses have detected no
differences or only moderate differences between single-
tons and duplicates analyzed as a whole.

Results

Compensable Duplicates are Less Essential than
Noncompensable Duplicates

Earlier analyses have shown both nonsignificant and signifi-
cant differences in the proportion of essential genes (Pg) be-
tween singleton and duplicated mouse genes (Liang and Li
2007; Liao and Zhang 2007; Su and Gu 2008; Makino et al.
2009; Suetal. 2014; Acharya et al. 2015; Kabir et al. 2019).
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We re-evaluated this difference using a more recent version
of the mouse knockout data set. Of the 22,175 mouse
protein-coding genes, phenotype data were available for
8,730 genes (of which 4,215 are essential and 4,515 are non-
essential). Of those genes, 1,964 are singletons and 6,766
are duplicates. Singletons exhibit a Pz of 57.08%, whereas
duplicates exhibit a Pz of 45.73% (fig. 1 and table 1), and a
Fisher's exact test (FET) showed significant differences in
the Pg of both groups (P<2.2 x 107'°). These results agree
with more recent studies that found Pg to be lower in dupli-
cates than in singletons in mouse (Su and Gu 2008; Liang and
Li 2009; Makino et al. 2009; Kabir et al. 2019) and indicate
that duplicates can, under certain circumstances, compen-
sate for the loss of their paralogs.

We hypothesized that the loss of any given duplicate
could only be compensated by its paralogs if these paralogs
are expressed in the same tissues as the lost gene. This
would mean that only a fraction of duplicates would be
“compensable” and thus expected to exhibit reduced es-
sentiality. To test this hypothesis, we divided duplicated
genes into two categories based on the patterns of expres-
sion of the genes and their paralogs: compensable dupli-
cates (those with paralogs expressed in the same tissues)
and noncompensable duplicates (those without paralogs
expressed in the same tissues). Out of the 6,766 duplicates,
we found 5,562 to be compensable and 1,204 to be non-
compensable. Compensable duplicates exhibited a Pz of
43.82%, whereas noncompensable duplicates displayed a

Pe of 54.57% (fig. 1, table 2), and the FET detected signifi-
cant differences between both classes of duplicates (P=
1.24% 107", In addition, we detected no differences be-
tween singletons and noncompensable duplicates (FET,
P=0.1740). Combined, these results support our hypoth-
esis that duplicates can only be compensated by paralogs
that are expressed in the same tissues.

Singletons, Compensable Duplicates, and
Noncompensable Duplicates are Different in Terms of
Age, Gene Function, Type of Duplication Event, and
Similarity with the Closest Paralog

Previous studies showed that a number of factors, including
gene age, the number of protein—protein interactions, gene
function, type of duplication event, and degree of similarity
with the closest paralog, influence essentiality (Jeong et al.
2001; Gu et al. 2003; Conant and Wagner 2004; Batada
et al. 2006; Prachumwat and Li 2006; Reguly et al. 2006;
Liang and Li 2007; Su and Gu 2008; Makino et al. 2009;
D’Antonio and Ciccarelli 2011; Chen et al. 2012; Doherty
et al. 2012; Zhu et al. 2012; Su et al. 2014; Kabir et al.
2019). Therefore, these are potentially confounding fac-
tors: it is possible that these factors differ between single-
tons and duplicates, and/or between compensable and
noncompensable duplicates, and that these differences ac-
count for their differences in Pg. To account for this possible
effect, we first evaluated whether these factors differ

Type of gene

l Singletons

l All duplicates

I Compensable duplicates

I Non-compensable duplicates

Fic. 1.—Differences in the percentage of essential genes (Pg) between singletons and duplicates, and between compensable and noncompensable du-
plicates in the mouse genome. Fisher's exact test significance levels: *P<0.05; **P<0.01; ***P<0.001.
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Table 1
Comparison Between Singleton and Duplicated Mouse Genes
Singletons Duplicates
N n % N n % FET P-value

Essential 1,964 1,121 57.08 6,766 3,094 45.73 <2.2% 107 16x*x
Developmental genes 1,964 660 33.60 6,766 2,102 31.07 0.0988

N Average Median sD N Average Median SD MWU P-value
Gene age 1,963 964.56 797 239.37 6,724 730.67 454.6 674.77 0.0121*
Interactions 1,383 14.40 6 28.15 5,054 16.99 7 53.16 0.0811

FET, Fisher's exact test; MWU, Mann-Whitney U test; N, number of genes with available data for each variable; n, number of genes in a particular category.

*P<0.05.
**P<0.01.
***P<0.001.

between singletons and duplicates (table 1), and/or
between compensable and noncompensable duplicates
(table 2). Second, we controlled for these factors, observing
in all cases that the differences in Pg are not due to differ-
ences in these confounding factors (figs. 2-6 and
supplementary table S1, Supplementary Material online).

We observed that, on average, singletons are older than
duplicates (average ages: 964.65 and 730.67 Ma, respect-
ively; Mann-Whitney U [MWU] test, P=0.0121). However,
they do not significantly differ in their number of protein—
protein interactions or in the percent of developmental
genes (table 1). We also observed that compensable dupli-
cates present a higher proportion of developmental and
WGD genes (31.86% and 38.60%, respectively)
than noncompensable duplicates (27.33% and 33.05%,
respectively; FET, P=0.0019 and 0.0003, respectively). In
addition, noncompensable duplicates are older on average
than compensable duplicates (average ages: 768.10
and 722.53 Ma, respectively; MWU test, P=0.0235).
Moreover, compensable duplicates present a higher aver-
age percentage of sequence similarity with their closest
paralogs than noncompensable duplicates (47.42% and
42.15%, respectively; MWU test, P=<2.2x 10~""). No sig-
nificant differences were observed in terms of the number
of protein—protein interactions (table 2). To test whether
these differences account for the differences in Pz between
compensable and noncompensable duplicates, we con-
trolled for each of these potentially confounding factors
(see the following sections).

Gene Age Does not Explain the Low Essentiality of
Compensable Duplicates

Previous analyses have shown that essential genes tend to
be older than nonessential ones, indicating that gene age
has an impact on essentiality (Chen et al. 2012). This, com-
bined with our observation that noncompensable dupli-
cates are on average older than compensable duplicates
(table 2), might potentially account for the high essentiality
of noncompensable duplicates. To account for this possible

effect, we divided genes into three age groups using age
estimates from the ProteinHistorian database (Capra et al.
2012). Group 1 includes genes belonging to young gene
families (originated 0-361.2 Ma; n=2,752), group 2 in-
cludes genes belonging to families of intermediate age
(454.6-842 Ma, n=3,271), and group 3 includes genes
belonging to old families (910-4,200 Ma; n=2,141).
These thresholds were chosen so that the resulting age
groups had a similar number of genes.

In line with previous observations (Chen et al. 2012), we
observed that older genes exhibited a higher Pg than
younger ones (fig. 2). In addition, within groups 2 and 3,
singletons are more essential than duplicates (FET, P=
7.02x 1077 for group 2 and P<2.2x 107° for group 3),
and noncompensable duplicates are more essential than
compensable duplicates (FET, P=2.46 x 10> for group 2
and P=3.46 x 1078 for group 3; fig. 2). No significant dif-
ferences were detected within group 1 between singletons
and duplicates (FET, P=0.692) or between compensable
and noncompensable duplicates (FET, P=0.2223). These
results indicate that differences in gene age do not account
for the differences in Pg between singletons and duplicates
or between compensable versus noncompensable dupli-
cates (at least for genes belonging to old families and fam-
ilies of intermediate age).

Sequence Similarity with the Closest Paralog does Not
Explain the Low Essentiality of Compensable Duplicates

Previous analyses showed that duplicates resulting from re-
cent duplication events (and thus exhibiting a high degree
of similarity with their closest paralogs) are underrepresented
in the mouse knockout data set. A likely explanation is that
such duplicates are less likely to produce phenotypes upon
knockout, and are thus less likely to be targeted by scientists
conducting knockout experiments. This effect has been pro-
posed as a factor reducing the differences in the Pg estimates
of singletons and duplicates (Su and Gu 2008).

Analyses in yeast, worms, and plants showed a positive
correlation between sequence divergence from the closest
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Table 2

Comparison Between Compensable and Noncompensable Duplicated Mouse Genes

Compensable duplicates

Noncompensable duplicates

N n % N n % FET P-value
Essential 5,562 2,437 43.82 1,204 657 54.57 1.2x 107 e
Developmental genes 5,562 1,772 31.93 1,204 329 27.33 0.0019*
WGD 5,562 2,141 38.49 1,204 398 33.05 0.0003***
SSD 5,562 3,421 61.51 1,204 806 66.95 0.0003***

N Average  Median SD N Average  Median SD MWU P-value

Gene age 5,524 722.53 454.60 669.09 1,200 768.10 454.6 699.41 0.0235*
Interactions 4,072 17.07 7 53.16 982 16.69 6 59.87 0.1477
Sequence similarity to the closest paralog 5,429 48.92 47.42 19.22 1,170 42.15 40.61 1713 <2.2x 107 16%*=

FET, Fisher's exact test; MWU, Mann-Whitney U test; WGD, Whole-genome duplicates; SSD, Small-scale duplicates; N, number of genes with available data for each

variable; n, number of genes in a particular category.
*P<0.05.
**P<0.01.
***P <0.001.

paralog and the essentiality of duplicated genes (Gu et al.
2003; Conant and Wagner 2004; Hanada et al. 2009), indi-
cating that genes are more likely to compensate for the loss
of their paralogs if they encode proteins that are
highly similar at the sequence level. In contrast, surprisingly,
studies in mice found a negative or no correlation between
seguence divergence from the closest paralog and essential-
ity (Liao and Zhang 2007; Su and Gu 2008; Su et al. 2014).

Our analyses show that compensable duplicates exhibit,
on average, a high degree of sequence similarity with their
closest paralogs compared with noncompensable dupli-
cates (table 2). Assuming that low divergence between
paralogs enables compensation, this observation might po-
tentially explain the low Pg of compensable duplicates. To
account for this possible effect, we divided duplicates into
four groups (each with 1,649 genes) according to their level
of amino acid similarity to their closest paralog, and com-
pared the Pz of compensable and noncompensable dupli-
cates within each group. Within each of the four groups,
compensable duplicates exhibited a significantly lower Pg
than noncompensable duplicates (fig. 3). Within group 1
(>60.20% sequence similarity), Pg is 45.63% for compen-
sable duplicates and 63.39% for noncompensable dupli-
cates (FET, P=9.655x 107°). Within group 2 (similarity
ranging between 60.19% and 46.28%), P: is 43.02%
and 56.13% for compensable and noncompensable dupli-
cates, respectively (FET, P=0.0001). Within group 3 (simi-
larity ranging between 46.27% and 35.25%), Pz was
42.60% for compensable duplicates and 44.48% for non-
compensable duplicates (FET, P=0.0035). Finally, within
group 4 (<32.24% sequence similarity), P was 42.97%
for compensable duplicates and 45.40% for noncompen-
sable duplicates (FET, P=0.0003). These results indicate
that the similarity with the closest paralog is not the cause
of the differences in P¢ between compensable and non-
compensable duplicates.

The Number of Protein—Protein Interactions does Not
Explain the Low Essentiality of Compensable Duplicates

A number of studies in worms, yeast, and mouse indicate
that genes involved in a high number of protein—protein in-
teractions tend to be more essential than those with fewer
interactions (Jeong et al. 2001; Batada et al. 2006; Reguly
et al. 2006; Liang and Li 2007; Su et al. 2014; Kabir et al.
2017). Duplicates tend to be lowly connected in yeast
and worm (Hahn and Kern 2005; Prachumwat and Li
2006), whereas the opposite trend has been observed in
mammals and plants (Liang and Li 2007; Alvarez-Ponce
and Fares 2012; Doherty et al. 2012). In line with previous
results in mammals (Liang and Li 2007; Zhu et al. 2012; Su
et al. 2014), our analyses suggest a higher number of pro-
tein—protein interactions in mouse duplicates compared
with singletons (table 1). However, the differences are
not statistically significant (MWU test, P=0.0811), possibly
due to the scarcity of mouse interactome data compared
with other organisms.

Even though we did not detect significant differences in
the number of protein—protein interactions of compensable
and noncompensable duplicates (table 2), we wanted to
test the possibility that the number of interactions may ac-
count for the differences in the P¢ of both kinds of dupli-
cates. To that end, we divided duplicates into four
categories according to their number of interactions, and
compared the Pz of compensable and noncompensable du-
plicates within each category. Group 1 contained genes
with more than 15 interactions (n=1,309), group 2 in-
cluded genes with 7-15 interactions (n=1,284), group 3
contained genes with 3-6 interactions (n=1,318), and
group 4 included genes with 1-2 interactions (n=1,143).
These thresholds were chosen so that the resulting
connectivity groups had a similar number of genes. In line
with previous results (Jeong et al. 2001; Batada et al.
2006; Reguly et al. 2006; Liang and Li 2007), the Pg of
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Fic. 2—Differences in the percentage of essential genes (Pg) between singletons and duplicates, and between compensable and noncompensable du-
plicates, controlling for gene age. Fisher's exact test significance levels: *P<0.05; **P<0.01; ***P<0.001.
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Fic. 3.—Differences in the percentage of essential genes (Pg) between compensable and noncompensable duplicates, controlling for the percent of simi-
larity to the closest paralog. Fisher's exact test significance levels: *P<0.05; **P<0.01; ***P<0.001.
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Fic. 4.—Differences in the percentage of essential genes (Pg) between singletons and duplicates, and between compensable and noncompensable du-
plicates, controlling for the number of protein—protein interactions. Fisher's exact test significance levels: *P<0.05; **P<0.01; ***P<0.001.

both singletons and duplicates was higher for proteins in-
volved in a high number of interactions (fig. 4).

Pe was significantly higher for singletons than for dupli-
cates in all four groups, ranging from 74.58% in group 1 to
55.11% in group 4 for singletons and from 56.15% in
group 1 to 43.52% in group 4 for duplicates (FET, P=
1.16x 1079 for group 1, P=2.94 x 107° for group 2, P=
2.77 x 107> for group 3, and P=0.0001 for group 4; fig.
4). Moreover, the Pg estimates for compensable and non-
compensable duplicates are, respectively, 54.68% and
62.66% within group 1, 52.09% and 66.96% within
group 2, 52.61% and 60.00% within group 3, and
39.58% and 64.88% within group 4, with significant dif-
ferences in all groups (FET, P=0.0250 for group 1, P=4
x 107 for group 2, P=0.0101 for group 3, and P=
0.0430 for group 4; fig. 4). These results confirm that the
differences between the P¢ of singletons and duplicates,
and those between the Pz of compensable and noncom-
pensable duplicates, are not due to differences in their
number of protein—protein interactions.

Gene Developmental Function does Not Explain the Low
Essentiality of Compensable Duplicates

Earlier research revealed that the mouse knockout data set
is enriched in developmental genes, which results in biased
Pe estimates, especially for duplicated genes (Makino et al.
2009). Developmental genes are more likely to be essential
than nondevelopmental genes (Liao and Zhang 2007,

Makino et al. 2009; Su et al. 2014; Kabir et al. 2019). The
fraction of developmental genes was higher among com-
pensable duplicates than among noncompensable dupli-
cates (table 2). The fraction of developmental genes is
thus unlikely to account for the lower essentiality of com-
pensable duplicates. Nonetheless, in order to account for
this possible effect, we divided our data set into two cat-
egories (developmental and nondevelopmental; n=2,762
and 5,768, respectively) and repeated our analyses within
each category. In line with previous results (Makino et al.
2009; Su et al. 2014; Kabir et al. 2019), we found that de-
velopmental genes are more essential than nondevelop-
mental genes (fig. 5).

We found significant differences in the Pt of singletons
and duplicates, and in the Pz of compensable and noncom-
pensable duplicates, both within developmental (FET,
P=0.0061 and P=0.0069, respectively) and within nonde-
velopmental genes (FET, P<2.2x107'® and 1.33x 107'%,
respectively; fig. 5). These results indicate that the differences
between these groups cannot be explained by gene ontology
(GO) annotation status relating to developmental function.

Compensable and Noncompensable Duplicates Differ in
Pe Regardless of Whether They are Ohnologs or
Small-Scale Duplicates

Previous studies have revealed a sampling bias in the mouse
knockout data set toward ohnologs (duplicates resulting
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from WGD events; Makino et al. 2009; Su et al. 2014).
Compensable duplicates are enriched in ohnologs com-
pared with noncompensable duplicates (table 2). As ohno-
logs are more likely to be essential than duplicates resulting
from small-scale duplication (SSD) events (Makino et al.
2009), it is unlikely that this observation is driving the
differences in Pz between compensable and noncompensa-
ble duplicates. Nonetheless, to test this possibility, we com-
pared the Pr of compensable and noncompensable
duplicates among WGD and SSD duplicates separately
(fig. 6).

We found significant differences in both cases.
Among WGD duplicates, compensable duplicates exhib-
ited a Pz of 42.88% and noncompensable duplicates
displayed a P¢ of 53.44% (FET, P=3.79x107°).
Among SSD duplicates, Pe was 44.40% and 54.09%
for compensable and noncompensable duplicates, re-
spectively (FET, P=7.33x1077). These results indicate
that the type of duplication event (WGD vs. SSD)
does not explain the differences in the Pr of essential
and nonessential genes.

Multivariate Analyses Confirm that P Differs Between
Compensable and Noncompensable Genes, Regardless
of Their Differences in Confounding Factors

Our controls indicate that the differences in Pz between
compensable and noncompensable duplicates are not
due to differences in any of the controlling factors (gene
age, sequence similarity to closest paralog, number of pro-
tein—protein interactions, function, or WGD) individually
(figs. 2-6). Nonetheless, it is conceivable that these factors,
combined, might be producing the observed differences in
P:. To account for potential effect, we conducted a multi-
variate binary logistic regression, using essentiality as the
dependent variable and all potentially confounding factors,
as well as the type of duplicate (compensable vs. noncom-
pensable), as explanatory variables. All binary variables
were encoded as dummy variables (see Materials and
Methods).

Our analyses confirm that compensability has a negative
effect on essentiality, independently of all other factors (8=
—0.4568, P=167%x10"°: supplementary table ST,
Supplementary Material online). Thus, the differences in
the Pz of compensable and noncompensable genes are
not due to the studied confounding factors. Ohnology
also has a negative effect on essentiality, whereas develop-
mental function, gene age, and number of protein—protein
interactions have a positive effect, and sequence similarity
with the closest paralog has no significant effect
(supplementary table S1, Supplementary Material online).
The two factors with the strongest effect are developmen-
tal category (8=0.8166, P<2x 107'%) and type of dupli-
cate (f=—0.4568, P=1.67x1079).

Discussion

Comparing the percent of essential genes (Pz) among sin-
gletons and duplicates in the genomes of several organisms
has allowed researchers to infer the extent to which dupli-
cates can compensate for the loss of their paralogs. If dupli-
cates can often compensate for the loss of their paralogs,
their P should be lower than that of singletons. This effect
has been observed in all analyzed organisms (Gu et al.
2003; Conant and Wagner 2004; Hannay et al. 2008;
Hanada et al. 2009; Wang, Birsoy, et al. 2015). Initial ana-
lyses in mouse, based on 2,899 and 3,872 genes, did not
observe this effect (Liang and Li 2007; Liao and Zhang
2007), and only later analyses based on larger data sets
and controlling for a number of confounding factors un-
covered significant differences between the Pg of singletons
and duplicates (Liang and Li 2009; Makino et al. 2009;
Chen et al. 2012; Su et al. 2014; Acharya et al. 2015;
Kabir et al. 2019). Analyzing a total of 8,530 genes with
known knockout phenotypes, we found significant
differences in the Pg of singletons and duplicates, either
when controlling (figs. 2—6; supplementary table ST,
Supplementary Material online) or not controlling (fig. 1)
for potentially confounding factors. These results indicate
that mouse duplicates can, in many cases, compensate
for the loss of their paralogs, and that early studies were
limited by biases in the mouse knockout data set.

Previous studies in yeast, worms, and plants have shown
that the loss of a gene is more likely to be compensated by a
paralog if the proteins encoded by both genes are highly
similar at the sequence level (Gu et al. 2003; Conant and
Wagner 2004; Hanada et al. 2009). Nonetheless, the op-
posite effect (Liao and Zhang 2007), or no effect (Su and
Gu 2008; Suetal. 2014), has been found in mice, potential-
ly due to biases in the data set (Liao and Zhang 2007; Su
and Gu 2008; Makino et al. 2009; Su et al. 2014).
Indeed, our analyses show that the essentiality of duplicates
as a whole is largely unaffected by the amount of similarity
with their closest paralogs (fig. 3); however, among non-
compensable duplicates, those with low similarity with their
closest paralogs exhibited a high Pe (fig. 3), in line with pre-
vious results in yeast, worms, and plants (Gu et al. 2003;
Conant and Wagner 2004; Hanada et al. 2009).

We hypothesized that, in multicellular organisms, a
gene's ability to compensate for the loss of a paralog would
depend not only on the sequence of the encoded protein,
but also on the tissues in which the gene is expressed.
Mouse genes tend to diverge in expression patterns soon
after duplication, but after that initial period of divergence
expression patterns tend to be stable (Huerta-Cepas et al.
2011). For a gene (gene 1) to be able to compensate for
the loss of one of its paralogs (gene 2), gene 1 needs to
be expressed at least in the same set of tissues in which
gene 2 is functional. For example, experiments in mice
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have shown that loss of the Myf5 gene, which is associated
with skeletal muscle development, can be compensated by
paralogs of the gene that are expressed in the same tissue
(Myod1, Myog, and Myf6; Wang et al. 1996). In contrast,
experiments in Daucus carota have shown that the function
of the ZDS1 gene, essential for early carrot development,
cannot be compensated for by that of its ZDS2 paralog, be-
cause only ZDST7 is expressed in the developing carrot
(Flores-Ortiz et al. 2020). For some examples of mouse
genes whose ancestral expression patterns were parti-
tioned among the duplicates after duplication, and thus re-
main as duplicates (i.e., examples of subfunctionalization at
the level of tissue expression), see Lynch and Force (2000).

To test our hypothesis, we divided mouse duplicates into
two categories: compensable duplicates (those with para-
logs expressed in the same tissues) and noncompensable
duplicates (those without paralogs expressed in the same
tissues). In agreement with our hypothesis, the P: of non-
compensable duplicates is similar to that of singletons,
whereas compensable duplicates exhibit a significantly
higher Pz (fig. 1). The differences remain significant
after controlling for a number of confounding factors
(figs. 2-6, supplementary table S1, Supplementary
Material online). These results indicate that, as we hypothe-
sized, a gene's loss can mostly only be compensated by
paralogs that are expressed in the same tissues. In addition,
our results, combined with the fact that no clear association
has been detected between essentiality and sequence similar-
ity with the closest paralog (Liao and Zhang 2007; Su and Gu
2008; fig. 3), indicate that the compensation ability of mice
genes is more dependent on the genes’ expression patterns
than on the sequence similarity of the encoded proteins.

Our analyses thus reveal the existence of two kinds of
duplicates: noncompensable duplicates, which behave
like singletons in terms of compensation (and thus exhibit
a Pg similar to that of singletons), and compensable dupli-
cates, which exhibit a substantially lower P¢. Previous stud-
ies have grouped both kinds of duplicates into the same
category, which may have hindered the detection of differ-
ences between singletons and duplicates.

At least four factors may be homogenizing the Pg of sin-
gletons, compensable and noncompensable duplicates,
thus hindering the detection of differences. First, proteins
encoded by homologous genes do not necessarily carry
out the same function, due to sequence divergence
(Hahn 2009), which increases the essentiality of duplicates.
Second, the loss of a gene can be compensated by mechan-
isms other than paralogs. For instance, the loss of a certain
enzyme can be compensated by another enzyme catalyzing
the same reaction (even if it is not encoded by a paralog), or
by an alternative pathway (Gu et al. 2003; Papp et al. 2003;
Deutscher et al. 2006; Harrison et al. 2007; Hanada et al.
2011), which may reduce the essentiality of both singletons
and duplicates. Third, for the loss of a gene to be

compensated by one of its paralogs, both genes need to
be co-expressed during the same developmental period
(Kabiretal. 2019). Last, a gene may not be functional or es-
sential in all the tissues in which it is expressed (e.g., even
though DNA methyltransferases Dnmt1, Dnmt3a, and
Dnmt3b are ubiquitously expressed and essential in mice,
conditional mutants deficient for the enzymes in certain tis-
sues can survive; Dodge et al. 2005; Gao et al. 2011; Barau
etal. 2016; Chen et al. 2021; Li et al. 2021), which may re-
sult in some genes being compensable even if they do not
have paralogs covering all of the tissues in which it is
expressed.

Conclusion

In conclusion, we show that mouse duplicates are less likely
to be essential than singletons, but only if they have para-
logs that are expressed in the same tissues. Thus, the diver-
gence of expression patterns after gene duplication plays a
critical role in determining whether genes can compensate
for the loss of their paralogs. Indeed, paralog divergence at
the level of expression patterns seems to be more determin-
ant than divergence at the level of protein sequence. The
existence of two groups of duplicates with significantly dif-
ferent essentialities (unrecognized until now), along with
various biases in the mouse knockout data set (particularly
in early versions) may have hindered the detection of differ-
ences in the essentiality of singletons and duplicates in earl-
ier studies.

Materials and Methods

Genomic Expression and Essentiality Data

For each mouse protein-coding gene (n=22,175), we re-
trieved a list of mouse paralogs from Ensemble’s Biomart,
release 90 (Kinsella et al. 2011). Genes with one or more
paralogs were classified as duplicates (n=16,208), where-
as those without paralogs were deemed as singletons (n =
5,967).

We further classified duplicated genes into two categor-
ies (compensable duplicates and noncompensable dupli-
cates) based on their patterns of protein expression. For
each gene, protein abundances in eight adult organs/tis-
sues (brain, brown adipose tissue, heart, kidney, liver,
lung, pancreas, and spleen) were retrieved from the
PaxDb database, version 4.0 (Wang, Herrmann, et al.
2015). For each tissue, the "“integrated data set” was
used. Genes that have, for each tissue in which it is ex-
pressed, at least one mouse paralog expressed in that tis-
sue, were considered compensable (n=5,562), whereas
all other duplicated genes were deemed as noncompensa-
ble (n=1,204). As an example, let us consider a hypothet-
ical gene family with three members: gene 1 is expressed in
the brain and the liver, gene 2 is expressed in the brain and
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the muscle, and gene 3 is expressed in the liver. In this ex-
ample, gene 1 would be compensable (by the combined ac-
tion of genes 2 and 3), gene 2 would be noncompensable
(since neither gene 1 nor gene 3 are expressed in the mus-
cle), and gene 3 would be compensable (by gene 1).

Next, we retrieved phenotype information from all mouse
genes from the Mouse Genome Informatics (MGI) database,
release 6.10 (Eppig et al. 2017). Using this information, we
classified the mouse genes into three categories: essential
(n=4,215), nonessential (n=4,515), and genes without es-
sentiality information (n = 13,645). Essential genes are those
producing lethality (prenatal, perinatal or postnatal) or steril-
ity in mice upon gene knockout. Genes without essentiality
information were removed from all our analyses. For each
gene category (singletons, duplicates, compensable dupli-
cates, and noncompensable duplicates), we computed the
proportion of essential genes (Pg) as the number of essential
genes divided by the total number of genes with essentiality
information (essential + nonessential).

Confounding Factors Data

For each mouse protein-coding gene, we collected data for
five potentially confounding factors to assess whether they
account for the difference in Pg between singletons and du-
plicates, and between compensable and noncompensable
duplicates.

i. Similarity with the closest paralog: For each duplicated
gene, we retrieved the percentage of sequence similar-
ity with its closest paralog (at the level of amino acid se-
quence) from Ensembl’s BioMart, release 98 (Kinsella
etal. 2011).

ii. Gene age: For each gene, we collected the time of origin
of its gene family from the ProteinHistorian database
(Capra et al. 2012). We used the estimates based on
the Wagner parsimony algorithm (Wagner 1961).

iii. Type of duplication event: We classified gene duplicates
into two categories according to whether they origi-
nated from SSD or WGD events. Mouse genes listed
as ohnologs in the OHNOLOGS v2 database (Singh
and Isambert 2020) were deemed as WGD genes (n=
2,539), whereas all other duplicates were classified as
SSD (n=4,227).

iv. Connectivity: For each mouse gene, we obtained the
number of protein—protein interactions from the
BioGRID database, v4.4 (Oughtred et al. 2021), which
lists protein interactions determined experimentally.
Only physical interactions were included in our calcula-
tions. Protein connectivity information was available for
6,437 of the mouse genes.

v. Gene function: We classified genes as “developmental”
or “nondevelopmental” using their GO “slim” annota-
tions (Ashburner et al. 2000). We classified genes as

developmental if they were annotated with terms
G0:00075225 (“development of multicellular organ-
isms”) or GO:0030154 (“cell differentiation”), as in
Makino et al. (2009).

Statistical Analyses

We compared a number of variables (essentiality and the
potentially confounding factors listed above) between sin-
gletons and duplicates, and between compensable and
noncompensable duplicates. We used the FET to test for
differences in categorical variables (essentiality, type of du-
plication event, and gene function), and the MWU test to
test for differences in noncategorical variables (gene age,
connectivity, and sequence similarity with the closest
paralog).

In order to test the possibility that the differences in Pg
between different kinds of genes (singletons vs. duplicates,
and compensable vs. noncompensable duplicates) may be
due to differences in potentially confounding factors, we
partitioned the genes according to these factors and re-
evaluated the differences in Pg in each of the resulting
gene groups. Based on their age, we partitioned genes
into three groups. The first group contains genes originated
between 0 and 361.2 Ma, the second group contains genes
originated between 454.6 and 842 Ma, and the third group
contains genes originated between 910 and 4,200 Ma.
Next, using the number of protein—protein interactions,
we partitioned genes into four categories with a similar
number of genes (~1,600). Genes in group 1 have >15 in-
teractions, genes in group 2 have 7-15 interactions, genes
in group 3 have 3-6 interactions, and genes in group 4 have
1-2 interactions. Finally, based on the percentage of se-
guence similarity with the closest paralog, we divided genes
into four groups with the same number of genes (n=
1,649). Group 1 contains genes with a percentage of simi-
larity >60.20%, group 2 contains genes with a percentage
of similarity between 60.19% and 46.28%, group 3 con-
tains genes with a percentage of similarity between
46.27% and 32.25%, and group 4 group contains genes
with a percentage of similarity below 32.24%. As the per-
centage of sequence similarity with the closest paralog is
only applicable to duplicates, this variable was only used
to confirm the differences between compensable and non-
compensable duplicates.

To evaluate the effects of the duplicate type (compensable
vs. noncompensable) and all five potentially confounding fac-
tors on essentiality simultaneously, we conducted a multivari-
ate binomial logistic regression. This kind of regression
simultaneously examines the effects of a number of explana-
tory variables (including binary and nonbinary variables) on a
dependent binary variable. In this analysis, we used essential-
ity as the dependent variable, and all other variables (type of
duplicate—compensable vs. noncompensable—plus the five
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confounding variables) as explanatory variables. Binary vari-
ables were recoded using dummy variables (essential=1,
nonessential =0, compensable=1, noncompensable=0,
developmental=1, nondevelopmental=0, WGD=1, and
SSD =0). The analysis was conducted using R (R Core Team
2018).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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