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Unit-1 

Two Mechanisms of Genetic Robustness: Duplicate Compensation 
versus Genetic Robustness  

 

                Molecular biologists know that mutations without a phenotype are not exceptional. Yet in many ‘wet’ 

laboratories, natural or laboratory-generated null mutations are still used routinely to explore the function of 

individual genes. The wisdom of this approach is challenged in the post-genomics era because complex networks 

ranging from biological systems to the Internet show extraordinary robustness against random perturbations (e.g. 

deleterious mutations [1]). Meanwhile, this observation is greatly increasing interest in the emergence of gene 

network robustness. Currently, two possible mechanisms are proposed: (1) ‘genetic buffering’ from redundant gene 

networks (i.e. alternative metabolic or regulatory/signal pathways), and (2) functional complementation from 

duplicate genes 2, 3. Despite the fact that the relative importance of the two mechanisms in genetic robustness is still 

a matter of debate, recent genome-wide studies have provided a tremendous amount of information that could shed 

some light on this controversy 4, 5, 6, 7, 8, 9. 

1. Genetic buffering or functional complementation? 

              Wagner [4] studied 45 yeast duplicate genes to explore the relationship between sequence evolution and the 

fitness of yeast when a single gene is deleted. The fitness (f) is measured by the growth rate relative to the wild type, 

ranging from normal (f=1) to lethal (f=0). The premise is that if duplicate genes are functionally compensated, there 

would be a positive correlation between sequence similarity of duplicate genes and the fitness; for example, a 

duplicate gene pair with 99% sequence identity is expected to have f≈1 (i.e. causes a normal phenotype) when either 

gene is deleted. Although there was a correlation between sequence and fitness, it had no statistical significance, and 

Wagner [4] has virtually dismissed the role of duplicates on the genetic robustness. 

 

With the nearly complete dataset of fitness effects for yeast mutant strains with single genes deleted, new 

studies 6, 7 show that Wagner's inference [4] might not be correct, probably because he used a limited dataset. 

Indeed, Gu et al. [7] have provided several lines of evidence to show the significant role of duplicate genes on 

genetic robustness. They found a significantly higher probability of functional compensation for a duplicate gene 

than for a single-copy gene, a high correlation between the frequency of compensation and the sequence similarity 

of two duplicates, and a higher probability of having a severe fitness effect when the duplicate copy with a higher 

expression level is deleted. Overall, it has been estimated that in Saccharomyces cerevisiae at least a quarter of gene 

deletions that have no phenotype are compensated for by duplicate genes [7]. 

The effect of functional complementation by duplicate genes has also been observed recently in a systematic 

analysis of Caenorhabditis elegans genome using double-stranded RNA interference (RNAi) [9]. In this study, 

Kamath et al. [9] screened the loss-of-function RNAi phenotypes for ∼86% of predicted genes of C. elegans, and 

identified 1722 genes (∼10% of all genes) that have nonviable/lethal, growth defect or post-embryonic phenotypes. 

They observed that C. elegans genes with an orthologue in another eukaryote (i.e. the genes are conserved and 

therefore supposed to have essential function) are much more likely (∼3.5 fold) to have a detectable RNAi 

phenotype than all other genes; Furthermore, of these conserved genes, genes that have only a single-copy in C. 

elegans are more likely (∼2.6 fold) to have an RNAi phenotype than those that have at least one duplicate. 

 

The role of duplicates in genetic robustness is supported by the pattern of RNAi phenotype clustering in C. 

elegans chromosomes [9]. The five autosomes of C. elegans have a central ‘cluster’ with low rates of 

recombination, which is flanked by chromosome ‘arms’ with 10-fold high recombination rates. Kamath et 

al. [9] discovered that genes with RNAi phenotypes are enriched twofold in the cluster regions relative to the arms. 

Because of the increased gene duplications in arm regions (thanks to the high rate of recombination), it is apparently 

just another observation of the same effect, namely deletion of a gene with a duplicate has less effect than deletion 

of a singleton. 

https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB1
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB2
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB3
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB4
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB5
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB6
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB8
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB9
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB4
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB4
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB6
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB4
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB9
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB9
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB9
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB9
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2. Future experiments 

These whole-genome approaches that targeting single genes in yeast [7] are only the first-order 

approaches to investigating the pattern of genetic robustness. The limitation is that genetic interactions cannot be 

measured directly from these datasets. One (naıve) solution is to generate whole-genome libraries of yeast multi-

gene deletion strains. The obstacle is the magnitude of experiments. For yeast genome with ∼6000 genes, ∼18 

million two-gene-deletion strains are required to cover all possibilities! Obviously, a blind data-driven approach is 

no longer efficient, and a hypothesis-driven experimental design should be used. Two speculations are follows. 

 

(1) Let q be the probability of a single-copy gene having no phenotype when it is deleted. Thus, under the 

assumption of independence, the probability of no phenotype after k genes are deleted is given by P(k)=qk. The 

pattern of genetic buffering against null mutations can be investigated by the semi-log plot of P(k) against 

k (Fig. 1); a similar study has been reported for non-biological systems [10]. To obtain the P(k):k curve 

experimentally, one actually only needs to select randomly N sets of single-copy genes for each k, say, in a 

range of 500–1000. 

 

 
 

 

 

(2) A detailed characterization of functional compensation of duplicates can be obtained from a complete set of 

gene deletions of the gene family [11]. The total combination number of a gene family with n genes is 2n, 

which is feasible when n is not very large. If the phylogenetic tree of the gene family is known, one could use a 

phylogeny-based partition: member genes can be partitioned into 2n−3 various two-group sets along the tree 

(Fig. 2). For each set, two complementary multi-deletion strains are designed so that only 2(2n−3) deletion 

strains are required for a gene family. 

 

 

3. Conclusions 

In summary, genome-wide studies 6, 7, 8, 9 have indicated that duplicate genes and genetic buffering are 

both important in genetic robustness. Because neither of them is related directly to the functional constraints of 

Fig. 1. The hypothetical semi-log plotting for P(k) against k; where P(k) 

is the probability of having phenotype when a random k genes are 

deleted from the genome. The orange curve is expected by an 

independent model that the pattern of robustness is determined by 

individual gene effect (i.e. P(k)=qk ). The green curve shows the case 

where the genetic robustness remains until kc genes are deleted; where 

kc is the critical value at which robustness collapses. The blue curve is 

the case showing positive gene interactions for robustness but no 

critical change. And the red curve is for the case that when more genes 

are deleted, the genetic robustness collapses faster than predicted by the 

random model, which seems unlikely. 

Fig. 2. Phylogeny-based design for loss-of-function 

phenotypes of a gene family: For partition A, the 

two gene groups are (1,2,3,4) and (5,6), respectively. 

Then, the gene deletion patterns are D1D2D3D4, 

and D5D6, respectively. For partition B, the two 

gene groups are (1,2) and (3,4,5,6), respectively. For 

an n-gene phylogeny, there are 2n-3 different 

partitions 

https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#FIG1
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB10
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB11
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#FIG2
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB6
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB8
https://www.sciencedirect.com/science/article/pii/S0168952503001392?via%3Dihub#BIB9


5 
 

genes, no strong correlation is expected between the sequence conservation and the fitness effect when the gene is 

deleted. However, the fundamental problem, that is, the evolutionary mechanism underlying the emergence of 

genetic robustness, remains largely unsolved. The following speculations might be worth further study. 

  

(1) A certain amount of genetic buffering originally comes from gene duplication. Functional compensation 

by duplicates might be a by-product of functional divergence after gene duplication. Their recruitment 

into novel gene network (or other types of functional divergence) sets up a boundary to stop further 

divergence. For some sub-functional components, such a ‘frozen’ process is actually the part of 

functional divergence after gene duplication. The overlap in function due to the ‘frozen’ process could 

still exist (e.g. at the protein structure level), even if the sequence similarity is too little to be detected.  

(2) Genetic robustness is selectively nearly-neutral. Genetic robustness effectively removes lethal mutants 

from the population so the risk of extinction can be reduced. It is possible that the capability of genetic 

buffering could be lost when a buffered mutant spreads over the population (fixation) by genetic drifts. 

This can be illustrated by the case of two alternative pathways that are mutually functionally 

compensated. Therefore, if one of pathways is inactive, the individual is still ‘normal’, but the function 

is then no longer robust against any further null mutation. Nevertheless, an individual carrying a 

buffered mutant might have a subtle cost in fitness, for example with a coefficient of coefficient (s) as 

small as 0.01 [15], which means that the fitness of this individual is relatively 1% less than that of the 

wild type. Obviously, such tiny difference in fitness is not distinguishable under the laboratory 

conditions, but during the course of evolution, the chance of fixation is very small for a buffered mutant 

when the effective population size (Ne) is above 100, or Nes>1. In other words, the capability of genetic 

robustness can be maintained by the stabilizing selection. 

(3) Genetic robustness maintained by continuous gene duplication events. According to some theoretical 

models 10, 16, the emergence of genetic buffering against null mutations requires a continuous input of 

new genes during the course of evolution. Therefore, small- and large-scale gene (domain) duplications, 

being major mechanisms for the origin of new genes 17, 18, are a prerequisite for the emergence of 

genetic robustness. Indeed, many examples have shown that functional divergence among duplicates has 

increased the complexity of molecular pathways [19], supported by a recent estimate that 98% of the 

human proteome evolved by domain duplication [20]. Of course, these views remain to be validated by 

further research. 

 

Further-reading  

Gu, X*. (2003) Genetic buffering, gene duplication, and evolution. Trends in Genetics. 19:354-356. 
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Unit-2 

Role of Yeast Duplicate Genes in Genetic Robustness against 

Single-Gene Deletions 

 
Introduction 

Deleting a gene in an organism often has little phenotypic effect1–5, owing to two mechanisms of compensation4–10. 

The first is the existence of duplicate genes: that is, the loss of function in one copy can be compensated by the other 

copy or copies. The second mechanism of compensation stems from alternative metabolic pathways, regulatory 

networks, and so on. The availability of fitness data for a nearly complete set of single-gene-deletion mutants of the 

Saccharomyces cerevisiae genome11 has enabled us to carry out a genome-wide evaluation of the role of duplicate 

genes in genetic robustness against null mutations.  

 

Fitness measurements 

Fitness measurements were obtained from a high-throughput study11 that measured the growth of each strain of a 

nearly complete collection of yeast single-gene-deletion mutants under both fermentable and non-fermentable 

(respiratory) growth conditions. We studied five growth media: YPD (1% Bacto-peptone (Difco), 2% yeast extract 

and 2% glucose), YPDGE (0.1% glucose, 3% glycerol and 2% ethanol), YPE (2% ethanol), YPG (3% glycerol) 

and YPL (2% lactate). Each strain contained the precise homozygous diploid deletion of 1 of 4,706 ORFs in the 

yeast genome. We calculated the fitness values for each media condition as the extent of survival and reproduction 

(fitness) of the deletion strain relative to the pool of all strains grown and measured collectively. Fitness values (f) 

of 1.0 indicate no difference between a single strain and the pool average for that condition; f<1 indicates that the 

strain is less fit, and f >1 indicates that the strain is more fit than the pool average. In addition, we added to our 

analysis 1,060 ORFs that each had a lethal effect when deleted and assayed in YPD; we used only lethal deletions 

that could be inferred as lethal from both of the two studies conducted11,19. We divided all genes into four groups 

according to the f value as follows: (1) if f>0.95 for all five media conditions11, the deletion has a weak or no 

fitness effect in all conditions; (2) if 0.8 <f min<0.95, where f min is the smallest f value for all five growth conditions, 

the deletion has a moderate effect; (3) if 0<f min<0.8, the deletion has a strong effect; and (4) if the deletion is lethal, 

we set f= 0. 

Higher probability of functional compensation for a duplicate gene 
From 5,766 yeast open reading frames (ORFs) for which we had a fitness measure of strains with a 

corresponding single-gene deletion11, we excluded functionally unknown genes from further study. This yielded 

1,275 singleton genes, and 1,147 duplicate genes that had at least one paralogue elsewhere in the genome. We 

compared the frequency distribution of fitness for duplicate genes with that for singletons (Fig. 1a). We classified 

genes into four groups on the basis of the fitness value for a strain across the five different growth conditions tested 

(Methods). The two distributions were significantly different (P<0.001): duplicate genes had a significantly lower 

proportion of genes with a lethal effect of deletion (12.4% versus 29.0%) and a significantly higher proportion of 

genes with a weak or no effect of gene deletion (64.3% versus 39.5%). This comparison indicates that there is a 

significantly higher probability of functional compensation for a duplicate gene than for a singleton. We 

emphasize that ‘compensation’ here does not imply that the gene is dispensable in long-term evolution but means 

that the gene is dispensable in an individual under the conditions tested6.  

To see whether the above conclusion held for different growth environments, we compared the distributions of fitness 

( f ) for duplicate and singleton genes under each of the five growth conditions studied11. The empirical cumulative 

distributions of f under the YPD growth condition (Methods) for duplicate genes and for singletons are shown in Fig. 

1b. The Kolmogrov–Smirnov test indicated that the two distributions were significantly different (P<10-10). The 

same conclusion held for the other four growth conditions.  
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Similar fitness effects between duplicates  

          If duplicate genes tend to compensate for each other’s function, then a testable prediction is that deletions 

of duplicate genes should tend to show similar fitness effects. To avoid multiple comparisons within a gene 

family, independent (non-overlapping) duplicate gene pairs were selected randomly from each gene family. 

For each of the 418 duplicate gene pairs selected (with both copies having been previously studied), we 

computed the difference between the fitness effects of duplicate genes i and j (Dij) and then obtained the mean 

of all Dij values (D*) for each growth condition. For comparison, 418 protein pairs were selected ran- domly 

from all previously studied genes and the D* value was calculated as above. This procedure was repeated 

100,000 times to derive a frequency distribution of the mean difference in fitness effects between genes for 

each studied condition. The mean value (D*=0.193) for duplicate genes was far lower than the mean value for 

random gene pairs (P<10-5) under the YPD growth condition (Fig. 2), confirming that duplicates tend to show 

more similar fitness effects of deletion than do random gene pairs. The same results held for the four other 

growth conditions. 

 

 
 

High correlation between duplicate compensation and the sequence similarity  

           The two genes derived from a duplication should initially have the same function. In long-term 

evolution, the accumulation of mutations in both copies over time results in either functional loss in one copy 

or functional divergence between the two copies15. If gene duplication is important for genetic robustness, 

genes with close paralogues should be compensated for deletion more often than genes with only distant 

paralogues. To test this hypothesis, we focused on a set of duplicate genes that excluded ribosomal proteins 

because of their unusual properties, such as strong codon usage bias, very high expression, and severe fitness 

Figure 1 Distributions of fitness (f). a, Discrete 

distributions of f for singleton genes and for duplicate 
genes. The difference for the two distributions is 

significant (a contingency table test, P<0.001) under 

YPD growth conditions. b, Empirical cumulative 
distributions of f for singleton genes and for duplicate 

genes. The Kolmogrov–Smirnov test shows that the 

two distributions are significantly different 

(P<10-15). 

Figure 2 Distribution of mean fitness differences 

between randomly selected gene pairs 
(100,000 replicates each with 418 gene pairs) under 

the YPD growth condition. Arrow indicates the 

mean difference (D*=0.193) between duplicate 

genes 
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effects of null mutations. This set of duplicate genes was divided further into different groups on the basis of the 

nonsynonymous distance (KA) of each gene to its most similar gene in the genome (defined as the gene with the 

smallest KA value to the studied duplicate gene). Within each KA interval, the frequencies of genes with 

different values of f were calculated. As expected, the proportion of genes with a weak or no effect decreased 

with KA (correlation coefficient, R=-0.95; P<0.001), whereas the proportion of genes that are lethal when 

deleted increased with KA (R=0.94; P<0.001; Fig. 3).  

 

 
 

        As the sequence similarity between duplicated genes decreases, their frequency of compensation will 

approach that for singletons. But even among duplicate genes with a KA greater than 0.7 from their most 

similar paralogues in the whole genome, about 53% still had a weak effect or no effect when deleted (Fig. 3), 

which was significantly higher than the 39.5% of singletons that showed a weak or no effect of deletion (Fig. 1a, 

χ2-test, P<0.01), implying that the compensation effect might exist even for ancient duplicate genes. 

Nevertheless, the decreasing compensation effect between duplicate genes with KA suggests that the functional 

divergence of duplicate genes is coupled to some extent with the divergence of their protein sequences. 

 

Correlation between severe fitness effect and expression level  
           Because expression level is used frequently to infer the activity and function of gene products, we tested 

whether deleting the copy of a duplicate gene that is more highly expressed would have a stronger fitness effect than 

deleting the copy with lower expression. We considered only duplicate gene pairs with different fitness effects of 

deletion (that is, those in which the relative fitness difference (as defined by (fi-fj)/[(fi+fj)/2] for genes i and j was larger 

than 5%, or those for which one of the two duplicate copies is essential and the other is not). Expression (absolute 

transcript abundance) was estimated using available data measured by Affymetrix microarray experiments16. We 

used the fitness effects of the duplicate genes measured under the YPD growth condition in this analysis because the 

expression levels were also measured under the YPD growth condition16. Deleting the duplicate gene that has higher 

expression indeed tended to have a larger fitness effect (Table 1). For example, in 72 of the 98 gene pairs where the 

deletions had different fitness effects, the stronger fitness effect was seen in the more highly expressed gene. 

 

 
 

Relative contributions  
The analyses in this study provide strong evidence for the importance of duplicate genes in genetic robustness against 

null mutations. Yet, the high frequency of genes that have weak or no fitness effects of deletion among single genes, 

as well as among duplicate genes (Fig. 1a), indicates that the fitness effect of a gene deletion is also affected by 

factors other than copy redundancy. Whereas some genes may show null-mutation phenotypes only under 

experimental conditions that differ from the five growth conditions tested here, a fraction of weak, null-

Figure 3 Relationship between protein distance and 

fitness effect of deletion. Protein distance is 

measured by the KA of each gene to its most similar 
paralogue in the genome. The proportion of genes 

with a weak effect of deletion decreases with KA (R 

=0.95, P<0.001), whereas the proportion of genes 
with lethal effect increases with KA (R=0.94, 

P<0.001). 
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mutation phenotypes among singletons might be due to compensation through alternative pathways or network 

branching, as suggested previously10. The relative importance of the compensating mechanism through 

functionally redundant duplicate genes can be estimated roughly as follows. If we assume that the extra 

proportion of genes with a weak or no fitness effect of deletion in duplicate genes when compared with the 

proportion for singleton genes is due to copy redundancy (64.3% for duplicates, 39.5% for singletons; 

difference 24.8%; Fig. 1a), this will give the lower bound of the contribution of gene duplication to genetic 

robustness.  

Although our estimates are compatible with the view that interactions among unrelated genes rather than 

duplicate genes are the main cause of genetic robustness against mutations10,18, two additional factors need to be 

considered. First, because we have considered only five growth conditions, it is possible that when a gene 

deletion showed no effect in any of these conditions it was not due to compensation by other genes but was because 

the gene deleted was not related to the growth conditions used. For this reason, our lower bound of 25% for the 

relative contribution of duplicate genes to compensation for null mutations is likely to be an underestimate. 

Second, a singleton could actually have one or more paralogues in the genome that cannot be detected by the 

criteria used but still overlap in function. Thus, gene duplication might be the ultimate origin of functional 

compensation for some ‘singletons’. In conclusion, whether the contribution of gene duplication to genetic 

robustness is really less important than interactions among unrelated genes is an issue that remains to be 

resolved by further studies. 

 

Further-reading  

Gu, Z, Steinmetz, LM, Gu, X, Scharfe, C., Davis RD, Li, WH (2003) Role of duplicate genes in genetic 
robustness against null mutations. Nature 421:63-66. 
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Unit-3 

Biased Mouse Knockout Genes Overestimates the 
Proportion of Essential Genes in Mouse 

 

Introduction 

          Functional compensation of duplicate (paralogous) gene has been thought to be an important factor in the 

genetic robustness (Conant and Wagner 2004; Dean et al. 2008; Gu 2003; Gu et al. 2003; Harrison et al. 2007; 

Ihmels et al. 2007; Kamath et al. 2003; Winzeler et al. 1999). This is because the existence of a close paralogue in 

the same genome could increase the chance that null mutation of a given gene, by gene deletion, knockout, or RNAi 

technology, has little effect on organismal fitness, as called nonessential. Duplicate genes are indeed less essential 

than single-copy genes in both the yeast and the nematode (Gu et al. 2003; Conant and Wagner 2004; Kamath et al. 

2003); two recent papers, however, reported that the proportion of essential genes (PE) for singletons is similar to 

that for duplicates in mouse, based on the currently available mouse knockout phenotypes (Liang and Li 2007; 

Liao and Zhang 2007). However, they came up with different explanations. Liang and Li (2007) suggested that the 

potential compensatory role of gene duplication may have been counteracted by another factor—the more intrinsic 

importance of the duplicated genes. Instead, Liao and Zhang (2007) argued that duplicated genes may have a 

negligible role in mouse genetic robustness. In this study, we revisit this issue by analyzing the sampling bias for 

ancient duplicates in knockout genes, leading to an overestimation of the PE of duplicates in mouse.  

 

 

Methods 
Mouse knockout data 

           The mouse phenotype and genotype association file (MGI_PhenoGenoMP.rpt) was downloaded from Mouse 

Genome Informatics (MGI 3.54; ftp://ftp.informatics.jax. org; release 10/23/2007). Only the phenotypic annotations 

of null mutation homozygotes that were generated by target deletion or gene trap were extracted for further analysis, 

excluding all phenotypic annotations due to multiple gene knockout experiments. In total 4123 genes with 

phenotypic information were extracted from this file. We then classified these genes into 1921 essential genes and 

2202 nonessential genes. We defined an essential gene as a gene whose knockout phenotype is annotated as lethality 

(including embryonic, perinatal, and postnatal lethality) or infertility. 

 

Dating duplication age of mouse duplicate genes 

           We followed the method of Gu et al. (2002) to identify duplicate genes and single-copy genes, and chose the 

FASTA not-self best hit of a duplicate gene as its closest parologue (Pearson 2000). We have developed an analytical 

pipeline to estimate the duplication age (time) between each mouse duplicate gene and its cloest paralogue on a large 

scale, using the split time between mouse and zebrafish (430 million years ago [mya]) as a calibration. By this 

method, the duplicate ages between each of 9503 mouse genes and its closest paralogues were estimated (the whole-

genome set). Among these, 2260 genes were knockout target genes (knockout set). In addition, we used several other 

speciation events as calibrations, e.g., the splits of mammal-bird (310 mya) and primate-rodent (80 mya), and found 

that our main results are robust (not shown). To be concise we present here the results based on the mammal-zebrafish 

split time calibration. 

 

Predicting PE in the Mouse Genome: Bias Correction 

          In statistics, the proportion of essential genes in duplicates (PE) estimated from a sample of mouse knockout 

genes can be considered an unbiased estimate for the genome value, provided that the assumption of random 

ftp://ftp.informatics.jax.org/
ftp://ftp.informatics.jax.org/
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sampling holds. While the expectation of PE for singletons is 1-B, where B is the proportion of genetic buffering, 

the expectation of PE for duplicates is (1 -B)A, where A is the mean effect of duplicate compensation. Since mouse 

knockout genes were apparently not randomly selected with respect to the age distribution of duplicates, it is 

necessary to examine whether the potential sampling bias may have affected our estimation.   

             We suspect that the underrepresentation of young duplicates in mouse knockout phenotypes could mislead 

our understanding of the duplication effect (A) on mouse genetic robustness. To test this argument we designed the 

following analytical procedure: on the basis of duplicate age (t), M duplicate genes in the knockout sample are 

grouped into several (n) bins, each of which has a 100 million-year interval. For each bin i we calculate the 

gene frequency (fi = Mi/M, where Mi is the number of [knockout] duplicate genes in bin i) and the proportion of 

essential genes by PE,i = mi/Mi, where mi is the number of essential genes in bin i. Assume that the mouse genome 

frequency for each age bin is known, denoted gi. If the correlation between PE and age t in the knockout sample is 

statistically significant, differences in gene frequency between the sample (fi) and the genome (gi) point to the 

potential resource that may cause the bias in PE estimation. Under the assumption that the same PE-t correlation holds 

in the mouse genome, the bias-correcting predicted PE in the mouse genome is therefore calculated by 

 

For each bin i, the expectation of PE,i is (1 – B)Ai, where Ai is the mean effect of duplicate compensation at this age 

interval. Hence, the expectation of P*
E is (1 - B)A if the discrete genome frequency (gi) is an unbiased 

representation of age distribution of duplicates so that A = g1A1 + g2A2···+ gnAn. Note that the observed PE in the 

sample of knockout duplicates can be written 

 

where m = m1+···+mn is the number of essential duplicate genes in the knockout sample. Obviously, if the 

knockout sample is large enough to cover the whole mouse genome, the bias in PE estimation would be trivial, which 

can be estimated by m/M without knowing the ages of duplicate genes. The observed PE is expected to be 

equal to P*
E only if the duplicate gene frequency of each bin is the same between the knockout sample and the 

genome, i.e., fi = gi. Finally, from Eq. 1, one can calculate the sampling variance of P*
E. 

 

Bias-corrected PE in mouse duplicates  

        Because most mouse knockout experiments have been carried out by individual laboratories for finding 

detectable knockout phenotypes, one may suspect that recently duplicated genes have been purposely avoided to 

minimize the experimental cost of negative-phenotype results. Consequently, recently duplicated genes may have 

been underrepresented in the mouse knockout database. If this is the case, the sampling bias could be one of the most 

obvious reasons to explain why there was no statistical difference in PE between mouse singletons and mouse 

duplicates. 

       We conducted a direct comparison of duplication age (mya) of mouse duplicate genes between the whole-

genome set and the knockout set (Table 1). Apparently, the ages of most duplicates in the mouse knockout dataset 

were dated at about 500–700 mya, and recently duplicated genes, say, <100 mya, were seriously underrepresented 

in the mouse knockout set: 1.4% in the knockout set versus 19.6% in the mouse genome set. In other words, the 

sampling bias toward ancient duplicates in the currently available mouse knockout target genes is nontrivial. 

 

Since young duplicates are expected to have high degrees of functional compensation between them, resulting in a 

low proportion of essential genes (PE), degrees of functional compensation between them, result- ing in a low 

proportion of essential genes (PE), the age bias in mouse knockout duplicates may cause an overestimation of PE in 

mouse duplicates. To avoid this bias, we calculated PE in each age interval of 100 million years (age bin), 

respectively. As reported in Table 1, we found a significantly positive PE-age(t) correlation (p <0.001, χ2 test). 

Apparently, the ancient duplicates may have undergone substantial functional divergence so that they have lost the 

capacity for functional compensation. In contrast, the young duplicates, those duplicated around the mammalian 
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radiation or during the rodent lineage, are expected to make significant contributions to gene robustness in the 

current mouse genome. Therefore, the proportion of essential genes (PE) in young duplicates is much lower than 

that of singletons. When young duplicates were considerably 

underrepresented in the mouse knockout dataset, it is actually not very 

surprising that the observed PE in this biased sample of mouse knockout 

duplicates was close to that for single-copy genes. 

The duplication age (t) shows statistically significant differences 

between the sample and the genome, and the positive PE-age correlation 

provides a theory for the potential resource of sampling bias in PE. We used 

the duplicate age (t) to obtain a corrected PE in duplicates of the mouse 

genome. Finally, we predicted that PE=41.7% for all duplicate genes, 

which is impressive compared to the PE=46.3% observed in sample 

duplicates (p<10-4, χ2-test) and PE = 47% in sample singletons (p< 

10-4) (Fig. 2). We also found that PE in young duplicates is much lower 

than in all duplicates and sample singletons. For instance, we estimated PE 

= 25.2% and 24.2% for those duplicates with a duplicate age no greater 

than 400 and 300 mya (Fig. 2), respectively, indicating that those young 

duplicates that duplicated after the tetrapod-teleost split (about 430 mya) 

have a significant effect on gene robustness in the mouse genome.  

 

In short, our analysis indicates that the sampling bias for ancient duplicate 

age of knockout genes caused the overestimation of PE in mouse duplicates. 

Therefore, the similar proportions of essential genes between singletons and 

duplicates in the currently biased sample should not be taken as evidence 

supporting the claim that the role of functional compensation for duplicate 

genes in the mouse is negligible. Besides, it is intriguing that very ancient 

duplicate genes have an even higher percentage of essential genes than 

singletons (Table 1), suggesting that duplicate genes might be more 

important.  
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Further-reading  

Z. Su, and X. Gu* (2008) Predicting the Proportion of Essential Genes in Mouse Duplicates Based on 
Biased Mouse Knockout Genes. Journal of Molecular Evolution 67:705-709. 
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Unit-4 

Effect of Duplicate Genes on Mouse Genetic Robustness: 
An Update 

 

Introduction 

       Functional compensation of duplicate (paralogous) genes has been thought to play an important role in genetic 

robustness [1–7]. Indeed, existence of a close paralog in the same genome could result in null mutations of the gene with 

little effect on the organismal fitness (nonessential gene), as observed in both yeast and nematode [1–4]. However, the role 

and magnitude of the duplicate genes contributing to genetic robustness in mammals (mouse) remain controversial [8–13]. 

Since knockout mice have been widely used as animal models for human diseases, resolving this issue may have a 

significant impact on biomedical sciences. There are several hypotheses proposed in the literature. 

The Duplicability Hypothesis. By combining the protein- protein interaction data into the analysis, Liang and Li [9] found that 

mouse duplicate genes tend to have much higher protein connectivity than those for singletons. Since high connectivity 

means high functional centrality in the gene network, they proposed that mouse duplicates probably are more important 

than singletons and that this factor could compromise the contribution of duplicate compensation. In other words, 

functionally important genes may have more chance to be duplicated. It remains unexplained why more important mouse genes 

tend to be duplicated, while yeast genes may have the opposite trend [14]. 

The No-Role Hypothesis. Liao and Zhang [10] argued that the compensational role of duplicates in mouse genetic 

robustness is negligible. After examining a number of genomic factors, they discussed several possibilities that may 

result in similar proportion of essential genes between single- tons and duplicates. It implies that most recently 

duplicated mouse genes, for example, 26 rodent-specific prolactin-like proteins [15], may have lost functional 

compensations to each other. This prediction seems to be counterintuitive and does not receive much experimental 

evidence for supporting. 

Age-Distribution Hypothesis. Su and Gu [11] have noticed the effect of sampling bias: recently duplicated genes, for 

example, after the mammalian radiation, are severely underrepresented in the current mouse KO database. Because 

most of the mouse gene knockouts were generated by individual laboratories for finding knockout phenotypes, recently 

duplicated genes may have been purposely avoided to minimize the experimental cost due to negative-phenotype 

results. In other words, the age distribution of duplicates in the data sample is upwardly biased, resulting in 

underestimation of the overall duplicate effect on the genetic robustness. 

The Functional Importance Hypothesis. Makino et al. (2009) reported that there is a strong sampling bias towards the 

duplicated genes generated by whole genome duplication (WGD) in current mouse KO phenotype dataset [12]. Hsiao 

and Vitkup [8] suggested an important role in robustness against deleterious mutations of duplicate genes in human [8]. 

 

In this study, we use an updated mouse KO dataset to carry out an extensive analysis. To facilitate the study, we proposed 

an empirical evolutionary model of gene essentiality— the A&B model (Age of duplication and genetic Buffering)— 

to explain knockout duplicate puzzle. Our results suggest that duplication age and genetic buffering determine the essentiality 

of mouse duplicates. 

 

Sampling bias in mouse KO genes toward ancient duplicates  

Of the 4123 mouse genes with available phenotypic data, 1921 were identified as essential genes. Meanwhile, we 

identified 2479 duplicate genes and 464 singleton genes and calculated proportions of essential genes (𝑃𝐸), 

respectively. Consistent with previous studies [9–12], the updated mouse KO dataset shows no statistical difference 

of 𝑃𝐸 between singletons and duplicates (44.8% versus 46.3%). Based on a more broad definition of gene essentiality 

(Materials and Methods), that is, genes with premature death or induced morbidity phenotype were considered as essential 

genes, we found the same pattern. 
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We estimated the duplication times between 2260 mouse knockout genes and their closest paralogs and found that the 

age distribution of KO duplicate pairs differs significantly from the whole-genome duplicate pairs (P<10-16, 𝜒2-test). The 

histograms in Figure 1 clearly show that mouse KO experiments have been designed to avoid recently duplicated genes, 

for example, only 1.4% for those duplicated within 100 mya (around or after the mammalian radiation) in the KO set, 

compared to 19.6% in the mouse genome set. Consequently, the ages of duplicate genes in the mouse knockout dataset 

are typically around 500 to 700 mya (in early vertebrates), with a long-tail toward even more ancient ones (>1000 mya). 

In other words, the sampling bias toward ancient duplicates in the currently available mouse KO target genes has been 

nontrivial. These ancient duplicates may have undergone substantial functional divergence so that they have lost the 

capacity of functional compensation. In contrast, recent gene duplications, those duplicated around the mammalian 

radiation or in the rodent lineage, are expected to have significant contributions to the gene robustness in the current mouse 

genome. While these young duplicates were considerably underrepresented in the mouse knockout dataset, the 

observed proportion of essential duplicate genes is upwardly biased close to the value of singletons. 

 

 

The Duplication-Age and Buffering Model (Age-Buffering Model) of Gene Essentiality  

Since initially duplicated genes were completely compensated, the loss process of duplicate compensation is 

apparently time dependent, during which the outcome can be influenced by many gene-specific factors. To have a 

complete understanding of gene essentiality in duplicates and singletons, an evolutionary model is needed. We 

formulate a simple A&B model as follows, short for Age of duplication and genetic Buffering. Without genetic buffering, 

we assume that the probability of a duplicate remains nonessential, that is, functionally compensated by another 

duplicate copy in the same genome, and decayed exponentially with the time t (the age of gene duplication), that is, e-λt,  

where λ is the loss rate of duplicate compensation by mutations. Next, let g be the probability that a gene is genetically 

buffered. Together, the A&B model demonstrates that a gene to be essential depends on two mechanisms: the effect 

of genetic buffering (g) and the age-dependent effect of duplication compensation (e-λt) . Obviously, the probability of 

a duplicate gene being essential is the probability for both mechanisms failure, that is, 

𝑃𝐸 = (1 − 𝑔) (1 − 𝑒−𝜆𝑡)  (1) 

In fact, Eq.(1) suggests that three parameters, t (duplication age), 𝑔 (genetic buffering), and 𝜆 (loss rate of functional 

compensation), together determine the gene essentiality of mouse duplicates. In particular, we have two arguments: (i) the 

proportion of essential genes in mouse duplicates (𝑃𝐸) is age dependent on gene duplications; (ii) gene essentiality correlates 

to sequence conservation or protein connectivity in either duplicates or singletons largely because these two factors 

affect the efficiency of genetic buffering (𝑔), rather than the functional compensation between duplicates. Moreover, 

our models suggested that, for sufficient time, 𝑃𝐸 approaches to a level that is roughly equal to 𝑃𝐸 of singleton. 

However, it does not mean that all these ancient duplicates are subject to the genetic buffering. A likely situation is 

that genetic buffering and duplication coevolve. In other words, the reason why some duplicates can remain 

dispensable for a long time is because they were integrated into existing or novel genetic buffering mechanisms. 

Chen et al. (2010) found that in Drosophila new genes could become essential rapidly after the gene duplications [23]. This 

mechanism is also likely to exist in mammals. To take this factor into account, we modify (1) as follows: 

 

𝑃𝐸 = (1 − 𝑔) [1 − (1 − 𝜌) 𝑒−𝜆𝑡] , (2) 

where the parameter 𝜌 > 0 indicates the process of rapid essentiality in the early stage after gene duplication. Because 

the number of mouse KO genes is small for very young duplicates, a further investigation requires when the data are 

available. 

Figure 1: Duplication age distribution of mouse genome set 

(blue bars) and knockout gene set (green). The x-axis 
indicates the duplication age (t) between a duplicated gene 

and its closest paralog. The y-axis indicates the frequency of 

the duplicates in each duplication age category 
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Proportions of Essential Genes (𝑃𝐸) in Mouse Duplicates Are Age Dependent.  

A simple solution to correct this knockout sampling bias is to calculate 𝑃𝐸 under a given age bin. We implemented several 

approaches to minimize the noise effect in time estimation. First, we used three time calibration points to date mouse 

duplication events: the mammal- zebrafish split (430 mya), the mammal-bird split (310 mya), and the primate-rodent 

split (80 mya), respectively, and calculated 𝑃𝐸 for every age bin of 100 million years. As shown in Figure 2, in all 

cases we observed that 𝑃𝐸 increases from a low value in young duplicates with the increasing of duplication ages; 

this 𝑃𝐸-age (𝑡) correlation is statistically significant (P<10-4, 𝜒2-test). To be concise, in the following of this paper, we 

mainly present the results based on the mammal- zebrafish split time calibration. Noticeably, we found that PE in 

ancient duplicates, say, >700 mya, is unexpectedly higher than that of singletons; P𝐸 = 0.542 ± 0.016, P < 0.001. Next, 

we inferred the phylogenetic locations of mouse KO duplication events in three intervals: after the mammal-zebrafish 

split, after the mammal-bird split, and after the primate-rodent split. In each interval we calculated 𝑃𝐸, which is compatible 

to the proportion of essential genes, with respect to the three major speciation events in vertebrates: 𝑃𝐸 is ∼23% for 

those duplicated after the mammalian radiation, ∼31% for those duplicated after the bird-mammal split, and close to 

∼39% for those duplicated after the teleost-tetrapod split. Although a decreasing 𝑃𝐸 in younger duplicates is 

biologically intuitive, it is subject to the statistical uncertainty due to small sample size. Under a more broad age 

category, such as before the split of land animals and fishes versus the more ancient duplicates, the difference is statistically 

significant (P < 0.01). 

 

 

Age Dependence of 𝑃𝐸 in Mouse Duplicates and Sequence Conservation 

             Though a simple interpretation for the 𝑃𝐸-t correlation is that the capability of duplicate compensation decays 

with the evolutionary time since the duplication [11], some other alternatives cannot be ruled out, which were based on 

the correlation of gene essentiality with, for instance, sequence conservation or protein connectivity [9, 10, 24].  

To measure the sequence conservation, we used the conventional ratio of the number of nonsynonymous substitutions 

per site (𝑑𝑁) to the number of synonymous substitutions per site (𝑑𝑆), which was estimated from the mouse gene and its human 

ortholog. Consistent with previous studies [10, 25], we showed that essential mouse genes tend to be more conserved: 𝑃𝐸 

decreases with the increase of 𝑑𝑁/𝑑𝑆 for both duplicates (Spearman rank 𝜌 = −0.23, P<10-15) and singletons (𝜌 = −0.18, 

P<10-15); see Figure 3(a) for binned results. After calculating the mean 𝑑𝑁/𝑑𝑆 ratio for each age bin of mouse duplicates, we 

unexpectedly found that sequence conservation is actually positively correlated with the duplication age (t) (Figure 

3(b), P<10-10). This unexpected inverse age-𝑑𝑁/𝑑𝑆 relationship raises the possibility that the observed 𝑃𝐸-t (age) correlation 

could be confounded by the𝑃𝐸-𝑑𝑁/𝑑𝑆 correlation conjugated with the age-𝑑𝑁/𝑑𝑆 correlation. 

We first claim that the 𝑃𝐸-𝑑𝑁/𝑑𝑆 correlation is the consequence of the inverse relationship between the genetic 

buffering (𝑔) and the sequence conservation (𝑑𝑁/𝑑𝑆). Hence, the inverse age-𝑑𝑁/𝑑𝑆 relationship in mouse duplicates 

suggests less effect of genetic buffering in ancient duplicates than that in recent duplicates, implying that the genetic 

buffering of duplicates 𝑔 could be age dependent. One possible evolutionary mechanism for the age-𝑔 inverse 

relationship could be the neo-functionalization in the late stage after the gene duplication so the preexisting (ancestral) 

genetic buffering systems did not work for the newly acquired functions. 

Figure 2: Relationship between 𝑃𝐸 in duplicate 

genes and the duplication age. Error bars show one 

standard error. The dashed line indicates the 𝑃𝐸 level 

of single-copy genes. 
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Age Dependence of 𝑃𝐸 in Mouse Duplicates and Protein Connectivity.  

The proportion of essential genes is positively correlated with protein connectivity in mouse [9]. In our updated mouse 

KO dataset, we compiled 211 singleton mouse KO targeted genes with available protein connectivity data, as well as 

845 mouse KO duplicates [26]. Consistent with [9], we confirmed a weak but significant positive correlation between 

protein connectivity and 𝑃𝐸 in both duplicates (Spearman rank 𝜌 = 0.11, 𝑃 = 0.001) and singletons (𝜌 = 0.11, 𝑃 = 

0.003; see Figure 4(a) for binned results). Similar to the effect of sequence conservation, the A&B model interprets 

this finding as genes with high connectivity may have low genetic buffering. Due to the small sample size, we further 

group the 845 genes into seven age groups. We then calculated the mean of protein interaction number for duplicated 

genes in each age bin and found no correlation of the mean protein connectivity with the duplication age (t) (Spearman 

rank 𝜌 = 0.04, 𝑃 = 0.19, Figure 4(b)).  

 

 

 

 

We 

thus hypothesize that 𝑃𝐸-connectivity and 𝑃𝐸- age correlations reflect two independent underlying mechanisms. 

Figure 3: The effect of sequence 

conservation on the relationship between 𝑃𝐸 

and duplication age. (a) Relationship 

between 𝑃𝐸 in duplicate genes (blue) or 

singletons (purple) and the evolutionary 

conservation of the gene, measured by the 

ratio of the nonsynonymous (𝑑𝑁) to 

synonymous (𝑑𝑆) nucleotide distances 

between the target gene and its human 
ortholog. Linear regression line and 

regression equation between 

𝑑𝑁/𝑑𝑆 ratio and 𝑃𝐸 in knockout single-copy 

genes are presented on the panel. (b)Mean 

𝑑𝑁/𝑑𝑆 ratio for each age bin of duplicates. 

Dashed line denotes the mean 𝑑𝑁/𝑑𝑆 ratio 

of singleton mouse knockout genes. (c) 𝑃𝐸 

in each age bin of duplicates—𝑃𝐸 (dup, t)—

and that of singletons with the same 𝑑𝑁/𝑑𝑆 

ratio—𝑃∗𝐸(𝑡). 𝑃∗𝐸(𝑡) is calculated based on 

the mean 𝑑𝑁/𝑑𝑆 ratio for duplicates in each 

age bin (panel b) and the linear regression 

equation (panel a). (d) Ratio of 𝑃𝐸 (dup, t) 

and 𝑃∗𝐸 (𝑡) in each age bin of duplicates. 

Error bars show one standard error. 

Figure 4: The effect of protein connectivity on the relationship between 𝑃𝐸 and duplication age. (a) Relationship 

between 𝑃𝐸 in duplicate genes (blue) or singletons (purple) and the protein connectivity of the gene. (b) Mean 

interaction number for each age bin of duplicates. Dashed line denotes the mean interaction number of singleton 

mouse knockout genes. (c) Relationship between 𝑃𝐸 in duplicate genes and the duplication age for high connectivity 

genes and low connectivity genes. Error bars show one standard error. 
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To further test this hypothesis, we divided duplicate genes with interaction data into two groups, those with high 

connectivity (larger than the median interaction, i.e., >2 interactions) and those with low connectivity (otherwise). 

The proportion of essential genes in the high- connectivity group is apparently higher than that in the low-connectivity 

group (𝑃 < 0.001). But, as shown in Figure 4(c), the inverse relationship between 𝑃𝐸 and the age of duplicates holds 

in both gene groups. We thus conclude that age dependence of the proportion of essential genes (𝑃𝐸) in duplicates is 

unlikely to be confounded by the effect of protein connectivity. 

 

 

What Determines Duplicate Compensation: Evolutionary Time (Age) or Sequence Conservation?  

The protein sequence divergence between duplicate genes, or the evolutionary distance (d), was widely used as a proxy 

measure of the age of duplicates. In our study we used the Poisson-corrected method to estimate the protein sequence 

distance (d). Figure 6(a) shows no correlation between 𝑃𝐸 and d, as claimed in [10]. A straightforward explanation is that the 

sequence distance between duplicates (d) is determined by 𝑑=2v𝑡, where v is the evolutionary rate of the protein sequence 

and t is the age of duplicates. As shown in Figure 3(b), an ancient duplicate gene (a large t) tends to be conserved (low 

v as measured by low 𝑑𝑁/𝑑𝑆 ratio) so that the 𝑃𝐸-𝑑 independence could be the result of canceled 𝑃𝐸-𝑡 and 𝑃𝐸-𝑑𝑁/𝑑𝑆 correlations. 

Our conclusion that the 𝑃𝐸-d relationship is not fundamental differs from Liao and Zhang [10]. Assuming that it is the 

protein sequence similarity, not the age of gene duplication, which determines the likelihood of compensation 

between duplicates, the authors of [10] argued that the lack of correlation between 𝑃𝐸 and d may indicate the negligible 

role of duplicate genes in the mouse genetic robustness. Here, we conduct a simple case-study to show that it may not 

be the case. We divided 135 mouse KO duplicate pairs with 𝑑<0.2 (corresponding to 82% sequence identity 

between KO duplicates and their paralogs) into the “young” group (age<310 mya, after the bird-mammal split) or 

the “old” group (≥310 mya). Strikingly, we found 𝑃𝐸 = 0.39 for the young group and 𝑃𝐸 = 0.58 for the old group 

(𝜒2=4.56, P = 0.03) (Figure 6(b)). Moreover, we calculated the mean sequence conservation (the 𝑑𝑁/𝑑𝑆 ratio) in both 

groups: 𝑑𝑁/𝑑𝑆 = 0.12 for young duplicates and 0.02 for ancient duplicates. Does this mean that different 𝑃𝐸 in young 

and old groups is caused by the difference in sequence conservation? From the𝑃𝐸-𝑑𝑁/𝑑𝑆 regression in singletons 

(Figure 3(a)), we predict that, if there is no functional compensation between duplicates, the young group should have 

the 𝑃𝐸 = 0.56 versus the old group 𝑃𝐸 = 0.64 (Figure 6(b)), which is contradictory to our observation. We therefore 

conclude that, for these duplicate pairs with >82% protein sequence identity, recent duplicate pairs are 

functionally more compensated than ancient pairs. 

 

 

The A&B model we proposed suggests that the age of gene duplication plays an important role in functional 

compensation between duplicates, while the sequence conservation indicates the likelihood of a duplicate gene 

actually genetically buffered by other (non-homologous) genes, as supported by recent double deletions of yeast 

duplicate pairs [29, 30]. Noticing that, in many cases, the sequence similarity and functional similarity between paralogs 

may not be strongly correlated [31], we tentatively propose the transient hypothesis for the observed 𝑃𝐸-age correlation. 

Figure 6: Relationship between 𝑃𝐸 and protein sequence divergence. (a) 𝑃𝐸 in duplicate genes is not correlated with the 

Poisson-corrected distance (d) between the target gene and its closest paralog in the genome. Error bars show one standard 

error. (b) 𝑃𝐸 and 𝑃∗𝐸 of mouse knockout duplicate pairs with sequence divergence 𝑑 < 0.2. “Young” group represents the 
knockout genes with duplication age <310mya, and “old” group represents the knockout genes with duplication age ≥310mya. 

𝑃∗𝐸 is calculated based on the mean 𝑑𝑁/𝑑𝑆 ratio for each group and the linear regression equation of Figure 3(a). 
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That is, because only a few nucleotide substitutions are responsible for the compensation loss between duplicates, the 

time interval for maintaining the effective compensation between duplicates mainly depends on the “waiting time” 

for these substitutions to occur. 

 

Technical comments  

Genetic robustness in difference species 

It is interesting to find that 𝑃𝐸 seems to increase with organismal complexity. That is, though a greater fraction of 

genes in complex organisms may have been essential to ensure viability and fertility than that in simple organisms, for 

example, under laboratory conditions, 𝑃𝐸 is ∼7% in Escherichia coli [32], 17% in yeast [8, 33], and >46% in mouse. The 

effect of gene duplications on genetic robustness depends on the distribution of young duplicate genes in the current 

genome. Therefore, its impact varies among species, mainly because each species has its unique age distribution of 

gene duplications. In the yeast Saccharomyces cerevisiae, the most recent WGD event occurred relatively recently (in 

the last ~100 million years) [34], much younger than the vertebrate genome duplication (in the last ~500 millions). 

Therefore, the majority of the yeast duplicated genes are quite young. For example, we found that only 13.1% of the 

yeast duplicates were generated 500 mya, whereas 58.9% of the mouse duplicates were created 500 mya. By 

contrast, due to recent polyploidizations (normally in the range from 1-50 mya), duplicate genes may dominate the 

genetic robustness in plant genomes [47]. Nevertheless, the age-dependent effect of duplicates on gene robustness 

remains similar from simple to complicated organisms, as shown by the yeast and mouse.  

Ancient duplicate gene tends to be more essential 

         We observed that ancient duplicates tend to be more conserved, and the ancient duplicate gene tends to be more 

essential than an average single-copy gene. It is somewhat puzzling because it is generally believed that duplicated 

genes may have experienced a relaxed evolution due to the functional redundancy.  One possible explanation invokes to 

the positive selection in the follow-up neo-functionalization, which ultimately imposes a stronger functional constraint 

on the protein sequence. Though it stands as an interesting hypothesis, we offer a much simpler explanation: for those 

ancient duplicate genes originated over 500 mya, only highly conserved duplicate pairs can be detected by the standard 

homologous search. In other words, sequence similarity between ancient duplicate genes with relatively low sequence 

conservation may be too low to be detected. 

Ancient functional compensation 

            In our study, the duplication age was estimated between the mouse KO gene and its closest paralog. Many 

mouse KO genes have more than one paralog, consisting of a large gene family. In such cases the pattern of functional 

compensation is complex, which cannot be revealed because most members have no KO phenotype information. Our 

approach is based on the premise that the closest paralog is the major determinant of functional compensation. Of 

course our treatment could be biased, and the future study should be gene-family based. The bottleneck still is the 

lack of sufficient KO genes. We indeed conducted a preliminary survey of the distribution of KO genes in a family but 

the dataset is too small to be useful at the current stage. Another technical issue is about the age of singleton. While we 

use the common procedure to determine singletons, the age of gene does affect 𝑃𝐸 in both duplicate and singleton 

genes. One may see Chen et al. (2012) for details [44]. 

 
 
Further-reading  

Su Z, Wang J, Gu X* (2014) Effect of duplicate genes on mouse genetic robustness: an update. 
BioMed research international 2014:758672. doi:10.1155/2014/758672. 
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Unit-5 

Evolution of Genetic Robustness after Duplication of an Essential or 

Dispensable Gene    

 

Introduction       

       The role of functional compensation by duplicate genes has been examined in diverse organisms by comparing 

the proportion (PE) of essential genes in duplicates to PE in singletons (Wagner 2000; Gu et al. 2003; Conant and 

Wagner 2004; Hanada et al. 2009). Technically, a gene is called ‘essential’ if the single-gene deletion phenotype is 

severe or lethal, or ‘dispensable’ if its deletion phenotype is normal or nearly-normal (Ihmels et al. 2007; Hsiao and 

Vitkup 2008; Su et al. 2014; Kabir et al. 2017; Cacheiro et al. 2020). One may see Rancati et al. (2018) for a 

comprehensive review of gene essentiality. Intuitively, one may speculate that if duplicates play a significant role in 

functional compensation, the PE for duplicates should be significantly lower than that of singletons. In other words, 

duplicate genes have major contributions to the genetic robustness at the organismal level. While this is indeed the 

case in yeasts, worms, and plants (Gu 2003; Kamath et al. 2003; Qian et al. 2010; Hanada et al. 2011), no significant 

difference in PE was found between mouse single-copy and duplicate genes (Liang and Li 2007; Liao and Zhang 

2007). A number of explanations were proposed (Li et al. 2010; Makino and McLysaght 2010; Vandersluis et al. 

2010; Mendonça et al. 2011; Plata and Vitkup 2014; Zhang et al. 2015). Some studies showed that functional and 

protein connectivity bias between essential and dispensable duplicate genes may be the cause (Liang and Li 2009; 

Makino et al. 2009).  

Though it is universal in almost all life forms, the pattern of duplicate compensation is complex (Szklarczyk 

et al. 2008; Hahn 2009; Chen et al. 2012; Keane et al. 2014; Saito et al. 2014; Diss et al. 2017; Teufel et al. 2018; 

Láruson et al. 2020; Mallik and Tawfik 2020). When an essential gene is duplicated (termed ancestral essentiality), 

duplicate compensation is the only mechanism to keep two resulting copies dispensable. On the other hand, when a 

dispensable gene is duplicated (termed ancestral dispensability), the ancient genetic buffering and duplicate 

compensation together keep both duplicate copies dispensable. Note that almost all previous PE-related analyses in 

the literature did not distinguish between these two possibilities. Indeed, duplication of dispensable genes virtually 

result in no change of PE, except for being essential duplicate by neo-functionalization. By contrast, after sufficiently 

long time, duplication of essential genes would be ultimately back to no change of PE, except for long-term 

functional compensation maintained.  

This paper will address this issue as follows. We first develop a statistical model to analyze duplicate pairs 

with three possible states: double-dispensable (DD), semi-dispensable (one dispensable one essential, DE) or 

double-essential (EE). With some biologically reasonable assumptions, a probabilistic model is then developed to 

estimate the proportion of essential genes duplicated from essential genes, and that from dispensable genes, 

respectively. Exemplified by the yeast and mouse duplicate pairs from their own whole genome duplications 

(WGD), respectively, some new insights about the evolutionary pattern of genetic robustness after gene duplication 

are discussed. 

 

Genetic robustness between duplicate genes  

        A gene is called ‘essential’ (denoted by d-) if the single-gene deletion phenotype is severe or lethal, or 

‘dispensable’ (denoted by d+) if its deletion phenotype is normal or nearly-normal (Ihmels et al. 2007; Hsiao and 

Vitkup 2008; Su et al. 2014; Kabir et al. 2017; Cacheiro et al. 2020). Consider two paralogous genes (A and B) 

duplicated from a common ancestor (O) t time units ago. There are four combined states, denoted by (dA, dB), 

representing double-dispensable (d+,d+), semi-dispensable (d+,d-) or (d-,d+), or double-essential (d-,d-), respectively.  
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We are interested in the derivation of Qt(dA, dB), the probability of any joint states (dA, dB) at time t since 

the duplication. To this end, one should distinguish between the duplication of an essential gene (ancestral 

essentiality, denoted by O-) and the duplication of a dispensable gene (ancestral dispensability, denoted by O+). Let 

Qt(dA, dB|O-) be the probability of being (dA, dB) after t time units since gene duplication, conditional of the ancestral 

essentiality (O-), and Qt(dA, dB|O+) be the probability conditional of the ancestral dispensability (O+). Since the 

ancestral state (dispensable or essential) for a duplicate pair is usually unknown, a mixture model is then 

implemented: let R0=P(O+) be the probability of a gene pair duplicated from a dispensable gene, and 1-R0=P(O-) be 

that from an essential gene (Liang and Li 2007; Liao and Zhang 2007; Su and Gu 2008). Together, one can write  

 (1) 

where (dA, dB)= (d+, d+), (d+, d-), (d-, d+) or (d-, d-), respectively. Note that the process of non-functionalization of 

one duplicate copy was not conceptualized in the model under the assumption that the rate of non-functionalization 

was the same between dispensable and essential genes.  

 

Table 1. A summary of mathematical notations and biological interpretations  

 

Notation Interpretation 

d+ State of ‘dispensable’ if the single-gene deletion phenotype is normal 

d- State of ‘essential’ if the single-gene deletion phenotype is severe or lethal 

O+ Duplication of an dispensable gene (ancestral dispensability) 

O+-duplicates Duplicates from ancestrally dispensable genes 

O- Duplication of an essential gene (ancestral essentiality) 

O--duplicates Duplicates from ancestrally essential genes     

Q(dA, dB|O+) Probability of duplicates A and B being (dA, dB) after t time units since duplication, conditional of 

ancestral dispensability (O+); dA, dB= d+or d- 

Qt(dA, dB|O-) Probability of duplicates A and B being (dA, dB) after t time units since duplication, conditional of 

ancestral essentiality (O-); dA, dB= d+or d- 

Qt(dA, dB) Probability of duplicates A and B being (dA, dB) after t time units since duplication; dA, dB= d+or d- 

R0 Probability of a gene pair duplicated from a dispensable gene, i.e., R0=P(O+) 

PE Proportion of essential genes in duplicates 

PE(O+) Proportion of essential genes in O+-duplicates 

PE(O-) Proportion of essential genes in O--duplicates 

 

 

Duplication of essential gene: the sub-functionalization  

  When an essential gene was duplicated, the process of sub-functionalization, has been thought to be the major 

evolutionary mechanism for duplicate preservation (Force et al. 1999; Stoltzfus 1999; Prince and Pickett 2002; 

Innan and Kondrashov 2010; Stark et al. 2017). As a result, both duplicate copies can be preserved without invoking 

positive selection. Suppose a duplicate pair has m independent functional components, each of which is either 

‘active’ (denoted by ‘1’) or ‘inactive’ (denoted by ‘0’). Let U11 be the probability of a component being active in 

both genes; U01 (or U10) is that of being inactive in gene A but active in gene B (or active in A but inactive in B); and 

U00 be the probability of a component being inactive in both genes. Without loss of generality, it is assumed that 

U01=U10. According to the not-all-inactive constraint, i.e., each component is functionally active at least in one 

duplicate copy, we claim U00=0, leading to U11=1-2U and U10=U01=U, respectively. That is, with a probability of 

2U, a functional component is active in one duplicate but inactive in another one, and with a probability of 1-2U, a 

component is active in both duplicates.  

If these functional components of a gene are statistically independent and identical, Qt(dA, dB|O-) can be derived 

in terms of the component parameter (U) and the number (m) of functional components, that is, 
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 (2) 

The rationale of Eq.(2) is follows. Under the m-component model (m>1), two duplicate copies remain both 

dispensable only when each component is active in both duplicates (with a probability of 1-2U), which leads to the 

derivation of Qt(d+, d+|O-) directly. Next we consider the (marginal) probability of dispensability (d+) conditional of 

the ancestral essentiality (O-), denoted by Qt(d+|O-). It appears that Qt(d+|O-)=(1-U)m because the probability of a 

component for being active in one duplicate is given by (1-U). Since Qt(d+|O-)=Qt(d+, d+|O-)+Qt(d+, d-|O-), it is 

straightforward to obtain the second and third equations of Eq.(2). The last equation of Eq.(2) is derived by the sum 

of probabilities to be one.    

       

Duplication of dispensable gene: the rare neo-functionalization  

 When a dispensable gene was duplicated, gene dispensability can be maintained through ancient genetic 

buffering and/or duplicate compensation (Prince and Pickett 2002; Innan and Kondrashov 2010; Stark et al. 2017). 

As a result, sub-functionalization becomes ineffective approach for the retention of duplicate genes, because the 

process of complementation between functional components (Force et al. 1999) is difficult to achieve. While the 

neo-functionalization has been suggested for the duplicate preservation in the case of genetic buffering (Chen et al. 

2010; Vankuren and Long 2018; Lee and Szymanski 2021), it is unlikely that both copes acquire new functions 

simultaneously. In this sense one can assume that  

       (3) 

This assumption holds well except for very ancient duplicates that may acquire new functions in the later stage.  

 

Analysis of genetic robustness model between duplicates 

Model formulation and estimation      

Together with Eq.(2) and Eq.(3), the model of genetic robustness between duplicates formulated by 

Eq.(1) can be further specified as follows  

 (4) 

where Q(d-|O+) is the probability of an O+-duplicate being essential (d-); under Eq.(3), one can show Q(d-

|O+)=Q(d-,d-|O+)+Q(d-,d+|O+)=Q(d-,d+|O+). Note that there are four unknown parameters, R0, U, m and Q(d-|O+) in 

two independent equations. A practically feasible approach is therefore implemented to solve this difficulty, as 

shown below.    

(i) Suppose we have a set (N) of duplicate pairs; all 2N genes have single-gene deletion phenotypes (dispensable 

or essential). Three types of duplicate pairs are considered, that is, DD for (d+,d+), DE for (d+, d-) or (d-, d+), 

and EE for (d-, d-), and their frequencies are denoted by fDD, fDE and fEE, respectively.  
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(ii) R0, the (prior) probability of a gene being dispensable before gene duplication can be replaced by the 

proportion of single-copy dispensable genes in the current genome as a proxy, under the assumption that R0 

remained a rough constant during the long-term evolution.  

(iii) The parameter U can be estimated by replacing Qt(d-, d-) in the last equation of Eq.(4) by fEE, that is,   

(5) 

where m, the number of functional components, is treated as a known integer, i.e., m=2, 3,….      

(iv) The proportion of essential O--duplicates, i.e., those duplicated from essential genes, is given by Q(d-

|O-)=Q(d-,d-|O-)+Q(d-,d+|O-). When U is estimated by Eq.(5) (for any fixed m), according to Eq.(2) one can 

estimate Q(d-|O-) by 

    (6) 

(v) After replacing Qt(d+, d+) in the first equation of Eq.(4) by fDD, one can show that the proportion of 

essential O+-duplicates can be estimated by  

     (7) 

In short, from the observed frequencies fDD, fDE and fEE with two degrees of freedom, we attempt to estimate two 

parameters Q(d-|O-) and Q(d-|O+) by Eqs.(5-7). To this end, we use the proportion of single-copy dispensable genes 

in the current genome as a proxy of R0, and m as a constant that may only affect our estimation marginally.  

 

Statistical evaluation       

       The statistical property of two estimates, Q(d-|O-) and Q(d-|O+), can be evaluated by two approaches. First, their 

large-sample variances can be obtained by the delta-method under a multinomial model of fDD, fDE and fEE. The 

analytical formulas can be approximately obtained though the algebra was tedious (not shown). Second, a 

bootstrapping approach was implemented to empirically determine the sampling variance, as well as the confidence 

internals of these estimates.  

 

Effect of the number of functional components (m) 

 By computer simulations, we examined how the number (m) of (canonical) functional components may 

affect our analysis. Note that the model of sub-functionalization requires at least two functional components. Hughes 

and Liberles (2007) suggested that between m=2 and m=12 regulatory regions would be biologically realistic. Our 

main results are follows: (i) the estimate of Q(d-|O-) tends to decrease slightly when m is increased from 2 to 5 

(about 20%), whereas that of Q(d-|O+) tends to increase slightly; (ii) in both cases little difference was observed for 

m=5 or more; and (iii) all estimates are virtually the same from m=7 to m=∞. In short, it seems that the effect of 

variable m is negligible as long as it is reasonably large, say, m=5 or more.  

       

Prediction of joint conditional probabilities  

      In practice it is desirable to know two types of conditional probabilities, Qt(dA, dB|O-) and Qt(dA, dB|O+), from the 

observed frequencies fDD, fDE and fEE. According to Eq.(2), it is straightforward to calculate the conditional 

probabilities of (dA, dB) after duplication of an essential gene (O-) as 
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(8) 

where U is the positive solution of Eq.(5). Next, one can predict Q(d+,d+|O+) by equating Qt(d+, d+) with fDD in 

Eq.(1) in the case of dA=d+ and dB=d+, and replacing Q(d+,d+|O-) by its prediction given by the first equation of 

Eq.(8). They are, respectively, given by  

(9) 

As indicated before, for a set of duplicate pairs with observed fDD, fDE and fEE, there are only two degrees of 

freedoms. Hence, the statistical procedure described above treated R0 and m as known constants and then estimated 

U and Q(d-|O+). In this sense, Eq.(8) and Eq.(9) are not statistically well-justified to be treated as ‘estimates’; 

instead, they should be regarded as predicted values. 

 

Case study: duplicate pairs from the whole genome duplication (WGD) in yeast or mouse 

Data availability 

      In total 325 yeast duplicate pairs were collected, which were from the yeast WGD about 100 million years ago 

(Kim and Yi 2006; Guan et al. 2007; Musso et al. 2008). According to the yeast single-gene deletion genomics, it 

can be further grouped into lethal, the strong effect, the moderate effect and the very weak effect (Gu et al. 2003). 

From the evolutionary view, a yeast gene is then classified as d+ if it belongs to the very weak-effect group, or d- 

otherwise. Under this classification, the proportion of dispensable single-copy genes (0.605) from Gu et al. (2003) is 

used as a proxy of R0.  

The second dataset includes 217 mouse duplicate pairs from the WGD occurred (Makino and McLysaght 

2010), about 600 million years ago (in the early stage of vertebrates). Each pair were assigned by the mouse 

knockout phenotypes as follows (Su and Gu 2008): an essential gene was defined as a gene whose knockout 

phenotype is annotated as lethality (including embryonic, prenatal and postnatal lethality) or infertility.  

 

Analysis  

Our analysis is focused on three variables: (i) PE is the observed proportion of essential duplicates; (ii) 

PE(O-) is the expected proportion of essential O--duplicates, i.e., those duplicated from essential genes, as estimated 

by �̂�(d-|O-) in Eq,(6); and (iii) PE(O+) is the expected proportion of essential O+-duplicates, i.e., those duplicated 

from dispensable genes, as estimated by �̂�(d-|O+) in Eq,(7). Their relationship is simply given by  

(10) 

The frequencies of duplicate pairs with DD (double-dispensable), DE (dispensable-essential) and EE 

(double-essential) are presented in Fig.1(A) (yeast) and Fig.2(A) (mouse), respectively. While there is no empirical 

information about the number of functional components (m) for mouse and yeast genes, the robustness of the 

following analysis against various m’s is important. Consistent with the simulation result, our analysis was generally 
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not affected by m (the number of functional components); overall it revealed little difference among those cases of 

m=3 or more. Our analysis of yeast WGD duplicate pairs is shown in Fig.1(B), and that of mouse in Fig.2(B) (m=6). 

Roughly speaking, yeast WGD pairs represent the case of recent WGD event, whereas mouse WGD pairs represent 

the ancient one.  

 

 

 

 

 

 

In the case of yeast WGD pairs, the proportion of essential duplicates (PE=10.3%) is significantly larger 

than zero (p-value<10-6), yet it is much lower than that of single-copy yeast genes (PE,sin=0.395). The new analysis 

showed that the PE in O--duplicates (duplication of essential genes) was PE(O-)=21.2%, significantly greater than 

zero (p<0.001), whereas PE in O+-duplicates (duplication of dispensable genes) is PE(O+)=3.0% that was not 

significant (p>0.05). As expected, fEE (the proportion of double-essential duplicate pairs) is so small that the 

estimation of U is subject to a large sampling variance. At any rate, one should be cautious to draw any conclusion 

based on a non-significant result. Nevertheless, it appears that the increase of PE in the yeast WGD was mainly due 

to O--duplicates, those duplicated from dispensable genes. Since the duplication time is the same for all duplicate 

pairs, one may predict that the rate of essentiality in O--duplicates through sub-functionalization is about as 7-fold 

(21.2/3.0) as that in O+-duplicates through neo-functionalization.   

In the case of mouse WGD pairs representing an ancient WGD, we observed PE=62.2%, virtually the same 

as PE in single-copy genes (Liang and Li 2007; Liao and Zhang 2007; Su and Gu 2008). As expected, the estimate 

of PE(O-)=86.0% indicated that the majority of O--duplicates in mouse WGD pairs, i.e., those duplicated from 

essential genes, may have become essential. Interestingly, the estimate of PE(O+)=28.4% was significantly greater 

than zero (p<0.001). Indeed, a nontrivial portion of O+-duplicates in mice, i.e., those duplicated from dispensable 

genes, may be essential, which were subjected to neo-functionalization after the gene duplication (Chen et al. 2010; 

Vankuren and Long 2018; Lee and Szymanski 2021).    

 

Fig.1. Analysis of yeast 325 WGD pairs. (A) Frequencies of duplicate pairs with DD (double-dispensable), DE 

(dispensable-essential) and EE (double-essential) are presented. (B) The proportion of essential duplicates (PE), the 

estimated PE in O--duplicates (duplication of essential genes), PE(O-), and the estimated PE in O+-duplicates (duplication 

of dispensable genes), PE(O+), are presented. In the analysis, the number of functional components is set to be m=6. For 

comparison, the proportion of essential genes in single-copy genes (1-R0) is also presented.  
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We observed that, strikingly, PE(O-)>PE(O+) significantly in both WGD duplicate pairs (p<0.005), which 

can be tentatively interpreted as follows: after the occurrence of WGD, the proportion of essential duplicates (PE) 

increases with time t (the same for all duplicate pairs) through two distinct evolutionary routes: a fast process of 

essentiality in O--duplicates through sub-functionalization, and a slow process of essentiality in O+-duplicates 

through neo-functionalization; the difference is about 3-fold (86/28.4). Finally, Fig.3 shows the predicted 

conditional probabilities of yeast duplicate pairs: indeed, only marginal differences appeared when m=2, and all 

estimates were virtually the same between m=5 and m=∞. It was therefore concluded that the effect of variable m is 

usually negligible.  

 

  

 

Technical comments  

         The current model for the evolution of genetic robustness is certainly oversimplified. Due to different gene-

silence/knockout technologies, the criteria to determine gene essentiality or dispensability are usually not 

comparable between species such as yeasts and mice. The concept of gene essentiality is therefore theoretical, 

depending on different experimental conditions, it has been used as the first-order proxy to study the evolutionary 

pattern of genetic robustness: how an organism is resilient against the occurrence of null mutations. In yeast, 

Hillenmeyer et al. (2008) found that 97% of gene deletions exhibited a measurable growth phenotype, suggesting 

that nearly all genes are essential for optimal growth in at least one condition. Hence, the model of genetic 

robustness actually depends on a cutoff of fitness effect under a given environmental condition (Nowak et al. 1997; 

Visser et al. 2003; Flatt 2005). Indeed, dispensable genes in our case studies (yeast or mouse) should be interpreted 

Fig. 2.  Analysis of mouse 217 WGD pairs. (A) Frequencies of duplicate pairs with DD (double-dispensable), DE 

(dispensable-essential) and EE (double-essential) are presented. (B) The proportion of essential duplicates (PE), the 

estimated PE in O--duplicates (duplication of essential genes), PE(O-), and the estimated PE in O+-duplicates (duplication 

of dispensable genes), PE(O+), are presented. In the analysis, the number of functional components is set to be m=6. For 

comparison, the proportion of essential genes in single-copy genes (1-R0) is also presented.  

Fig.3. Predicted conditional probabilities of yeast WGD duplicate pairs plotting against the number of functional components 

m=2,…, 20. (A) Q(dA, dB|O-), probabilities conditional of ancestral essentiality (O-). (B) Q(dA, dB|O+), probabilities conditional 

of ancestral dispensability (O+).  
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as ‘nearly-dispensable’ under ideal experimental conditions, whereas essential genes are likely to be truly ‘essential’ 

under the wild condition. One may speculate that natural selection may act on those dispensable genes that are only 

‘essential’ under certain conditions.  

   When an essential gene was duplicated, the current model assumed that two duplicate copies evolved under 

sub-functionalization, neglecting other possibilities such as neo-functionalization. Each functional component is 

assumed to undergo sub-functionalization independently, which is not biologically realistic. Meanwhile, after the 

duplication of a dispensable gene, interactions between ancestral genetic buffering, duplicate compensation and neo-

functionalization remain largely unknown. In addition, some attributes of genetic mechanisms have not been taken 

into accounts, such as the effect of dosage balance, or the later-stage functional divergence (Prince and Pickett 2002; 

Innan and Kondrashov 2010). For instance, a high dosage requirement for a duplicated gene pair could result in both 

being essential (since loss of expression from either copy would bring the expression below the required threshold). 

In particular, for WGD-produced duplicates, some evidence showed that much of the duplicate preservation is due 

to the need of dosage balance (Birchler and Veitia 2012). Indeed, duplicate genes that are subject to dosage selection 

and constraint tends to be essential, raising an important question how much the estimated neo-functionalization in 

mouse WGD pairs is actually due to the dosage constraints. Our future study will focus on the development of a 

more realistic model of gene duplication.  

       A key assumption in our analyses is Eq.(3), that is, after duplication of a dispensable gene (O+), the chance for 

both duplicate copies to be essential is negligible. While it is biologically intuitive, it may cause some bias, 

especially for some very ancient duplicate pairs. We conducted a simulation study to examine this effect by letting 

Q(d-,d+|O+)=q, where q is a small positive value. Our preliminary result showed that the estimation bias was usually 

marginal, except for an extremely long evolutionary span after gene duplication (not shown). In addition, the current 

model does not consider the neo-functionalization after the duplication of an essential gene if the acquired new 

function would not impair the current functions. Nevertheless, the neo-functionalization after sub-functionalization, 

or sub-neo-functionalization for short, would not change the status of essentiality. 

Dean et al. (2008) demonstrated that yeast duplicated genes can maintain substantial redundancy for extensive 

periods of time following duplication (over 100 million years). In another study, Vavouri et al. (2008) showed 

genetic redundancy was not just a transient consequence of gene duplication, but is often an evolutionary stable 

state; that is why some genes have retained redundant functions since the divergence of the animal, plant and fungi 

kingdoms (Gu 1997). Though the current study supported the basic idea provided by Vavouri et al. (2008) and Dean 

et al. (2008), a more careful analysis is required to clarify the difference in the evolutionary time-scale.    

Further-reading  

Gu, X (2022) A Simple Evolutionary Model of Genetic Robustness After Gene Duplication. Journal of 

Molecular Evolution. https://doi.org/10.1007/s00239-022-10065-1  
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