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Abstract 

Synthetic lethal interactions are of paramount importance both in biology and in medicine, and hence 

increasing efforts have been devoted to their systematic identification. Our previous computational 

analysis revealed that in prokaryotic species, synthetic lethal genes tend to be further away in 

chromosomes than random (i.e. repulsion), which was shown to provide bacterial genomes with 

greater robustness to large-scale DNA deletions. To test the generalizability of this observation in 

eukaryotic genomes, we leveraged the wealth of experimentally determined synthetic lethal genetic 

interactions of yeast that are curated in the BioGRID (Biological General Repository for Interaction 

Datasets) database. We observed an opposite trend that is the genomic proximity of synthetic lethal 

gene pairs both on the 2D and 3D chromosomal space of the yeast genome (i.e. 2D and 3D attraction). 

To gain mechanistic insights into the origin of the attraction of synthetic lethal gene pairs in S. 

cerevisiae, we characterized four classes of genes, in which synthetic lethal interactions are enriched 

and partly explain the observed patterns of genomic attraction: i) gene pairs operating on the same 

pathways, 2) co-expressed genes, 3) gene pairs whose protein products physically interact and 4) the 

paralogs. However, our analysis revealed that the contribution of these four types of genes is not 

sufficient to fully explain the observed 2D and 3D attraction of synthetic lethal gene pairs and hence 

its evolutionary origin still remains as an open question. 

  

Keywords: Synthetic lethality, Genome organization, Yeast, Co-expression, Protein-protein 

interaction, Paralogs 

  

Significance statement: Unravelling the organizing principles underlying gene arrangements is one 

of the fundamental questions of research in evolutionary biology. One understudied aspect of this 

organization is the relative chromosomal arrangement of synthetic lethal gene pairs. In this study, by 

analyzing a wealth of synthetic lethality data in yeast, we provide evidence that synthetic lethal gene 

pairs tend to be attracted to each other both on 2D and 3D chromosomal space of the yeast genome. 

This observation is in sharp contrast with the repulsion of synthetic lethal (metabolic) gene pairs that 

we observed previously in bacterial genomes. Characterizing the evolutionary forces underlying this 

genomic pattern in yeast can open the door towards an evolutionary theory of genome organization in 

eukaryotes. 
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Introduction 

Synthetic lethal interactions occur when simultaneous perturbations of two genes cause cellular or 

organismal death, whilst perturbation of individual genes does not affect viability (Nijman 2011). 

Their impact on cellular viability implies that synthetic lethal (SL) interactions potentially have been 

optimized under strong selective pressure in the course of evolution (Dixon et al. 2008). Previously, 

features of SL gene pairs such as their co-functionality (Srivas et al. 2016), subcellular colocalization 

(Wong et al. 2004) and conserved patterns of protein-protein interactions (Benstead-Hume et al. 2019) 

have been investigated to some extent. However, their chromosomal arrangement remains poorly 

studied, in spite of the well-known functional relevance of the arrangement of genes on prokaryotic 

(Adams et al. 1992) and eukaryotic (Trowsdale 2002; Hurst et al. 2004) chromosomes. 

Previously, we observed in bacterial genomes, the “repulsion of synthetic lethal gene pairs” (Hosseini 

& Wagner 2018), namely that SL (metabolic) gene pairs tend to be positioned far from each other on 

bacterial chromosomes, and we provided evidence that this repulsion might be a signature of 

evolutionary adaptation to pervasive gene deletions (Mira et al. 2001; Kunin & Ouzounis 2003; 

Nilsson et al. 2005; Lee et al. 2012; Koskiniemi et al. 2012; Albalat & Cañestro 2016) that exert 

significant selective pressure on bacterial genomes (Sung et al. 2016). If a pair of synthetic lethal 

genes is closely located on a chromosome (i.e. attracted, Figure 1a), they are likely to be hit 

simultaneously by a single deletional event and thus cause lethality. Conversely, if they are located far 

from each other (i.e. repulsed, Figure 1b), only one of the genes is likely to be hit during a deletional 

event, conferring robustness to such deletional events. 

However, the importance of the role of large DNA deletions in the evolution of eukaryotic genomes is 

not comparable to that of prokaryotes. Therefore, we hypothesized that repulsion of synthetic lethal 

genes would not be observed on eukaryotic chromosomes. Furthermore, eukaryotic genomes are 

strongly influenced by gene duplication events (Friedman & Hughes 2001; Qian & Zhang 2014), 

which generate closely located paralog gene pairs accounting potentially for a significant proportion 

of the synthetic lethal genetic interactions (De Kegel & Ryan 2019; Dede et al. 2020). Moreover, 

studies on budding yeast as a eukaryotic cell have indicated that gene pairs showing negative genetic 

interactions tend to participate in closely related biological processes (Kelley & Ideker 2005; 

Costanzo et al. 2010; Bellay et al. 2011; Costanzo et al. 2016) and hence might be co-expressed. 

Finally, it was shown (Cohen et al. 2000) that the closely located genes on yeast chromosomes tend to 

be co-expressed. These observations altogether, raise the possibility of observing an opposite trend 

that is the enrichment of closely located synthetic lethal gene pairs (i.e. attraction) in eukaryotic 

chromosomes. 

Fortunately, recent high-throughput techniques such as SGA (Synthetic Gene Array (Tong et al. 

2001)) or dSLAM (Diploid-based Synthetic Lethality Analysis with Microarrays (Pan et al. 2007)), 

which in yeast are frequently followed by rigorous classical confirmatory methods such as tetrad 

dissection, random sporing or spot dilution assays to minimize the false discovery rate, have resulted 

in thousands of high quality experimentally validated synthetic lethal interactions curated in the 

BioGRID database (Oughtred et al. 2018). In this study, we leveraged this data to test the above 

hypothesis in the budding yeast as a well-studied eukaryotic species. Furthermore, the availability of a 

comprehensive three-dimensional chromosome map in yeast (Duan et al. 2010) encouraged us to 

extend the analysis to investigate the 3D spatial attraction or repulsion of synthetic lethal gene pairs. 
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Figure 1. Repulsion of synthetic lethal gene pairs and deletional robustness. The circles represent bacterial 

chromosomes in which two synthetic lethal genes are in attraction (panel a) and repulsion (panel b). Deletion of 

a DNA segment of a given size causes the cell to die when both genes are affected (red rectangle, a), but not 

when only one of the genes is deleted (blue rectangle, b). 

Materials and methods 

Yeast genomic information: In this study, we focused on S. cerevisiae genome, which includes 7926 

distinct genes (Supplementary table S1). The whole genome annotation of the yeast was obtained 

using the Bioconductor R packages, AnnotationDBI based on the corresponding TxDB and org.db 

(Gentleman et al. 2004; Pages et al. 2018). The chromosomal location and genomic coordinates of 

genes were retrieved using rentrez R package v1.2.2 (Winter 2017) based on the entrez_id provided in 

the extracted datasets. 

Synthetic lethality data: Synthetic lethal (SL) gene interactions were obtained from the BioGRID 

database; release 3.5.184 (Oughtred et al. 2018), which includes 12,552 SL gene pairs for S. 

cerevisiae (supplementary table S2). Note that this is a strictly conservative collection of SL gene 

pairs in the sense that candidate SL interactions identified by high-throughput methods such as SGA 

have further been confirmed by classical orthogonal methods such as tetrad dissection or random 

sporing, which ensure minimum false discovery rate.  

3D model of the yeast genome: We re-analyzed a previously published three-dimensional genome of 

yeast (Duan et al. 2010), which has identified chromosomal interactions genome-wide by coupling 

chromosome conformation capture-on-chip (Simonis et al. 2006) and massively parallel sequencing. 

The method captures the 3D chromosomal information from the interacting HindIII fragments. 

Among 8,759,221 potential pairs, 65,683 distinct interacting fragment pairs were identified. We 

consider a given gene as 3D proximate, if an interacting pair of HindIII fragments are each located 

within one of the given gene pairs. We identified 188,847 total gene pairs and 206 SL gene pairs as 

3D proximate based on this definition. Alternatively, a more moderate criterion would consider a gene 

pair as 3D proximate, if an interacting pair of HindIII fragments are each located within a given 

genomic distance (half of the HindIII fragment size) from one of the given gene pairs. Considering the 

HindIII fragment size as 1 KB, we identified 577,586 total gene pairs including 407 SL pairs among 

them as 3D proximate (supplementary table S3). 

KEGG pathway analysis: KEGG pathways associated with each gene were retrieved from the KEGG 

database using the KEGGREST R package (Dan Tenenbaum 2018). We identified 36,071 total gene 

pairs including 515 SL gene pairs with Jaccard similarity of one, as gene pairs belonging to exactly 

the same pathways (Supplementary table S4). 
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Identification of co-expressed genes: We analyzed the yeast microarray gene expression compendia 

from SPELL (Serial Pattern of Expression Levels Locator; version 2.0.3) database (Hibbs et al. 2007), 

which includes genome-wide expression profile from a total of 752 datasets representing 15,475 

microarray experiments. To calculate the co-expression of a given gene pair from multiple datasets, 

we followed the same procedure as in (Hibbs et al. 2007). First, we applied Singular Value 

Decomposition (SVD) on every dataset separately to minimize the impact of noise in the data. SVD 

decomposes the original 𝑚 × 𝑛 data matrix, 𝑋, into three matrices of the form: 𝑋!×# =

𝑈!×#𝛴#×#𝑉#×#
$  where 𝑈 is the projection of each original data vector in the new basis. Next, for a 

given dataset, we calculated the Pearson’s correlation coefficient of the expression profiles (in the U 

matrix) between every gene pair, which was then subjected to Fisher’s z-transformation in order to 

obtain normally distributed scores for each given dataset. Finally, these quantities were standardized 

by subtracting the mean and dividing by the standard of the z-scores of the given dataset to get 

standard normal scores (∼ 𝑁(0,1)) for every dataset. The final score of a given gene pair is quantified 

as the median of their z-scores among all datasets in which the expression profiles of both genes have 

been measured. We only considered gene pairs in which both genes were present together in at least 

10 datasets. We identified gene pairs as “co-expressed” if their median z-scores >1 (i.e. one standard 

deviation above the mean), which resulted in a total of 97,815 co-expressed gene pairs including 305 

synthetic lethal interactions among them (Supplementary table S5). 

Protein-protein interaction data: We collected the physical protein-protein interaction data from the 

BioGRID database (Oughtred et al. 2018) resulting in 110,904 total gene pairs, whose protein 

products physically interact (including 1552 SL gene pairs among them; Supplementary table S6). 

Paralog genes: Paralogous genes were obtained from the PANTHER classification system (Protein 

ANalysis THrough Evolutionary Relationships; release 15.0) (Mi et al. 2019). UniprotKB identifiers 

from PANTHER dataset were mapped to entrez_id using “Retrieve/ID mapping” web-based tool from 

Uniprot (Consortium 2019). We identified 1590 paralog gene pairs including 90 SL gene pairs among 

them (Supplementary table S7). 

Statistical analyses: We generated the null distribution of genomic distances, by calculating the 

genomic distance among all gene pairs. To calculate the expected number of synthetic lethal gene 

pairs located on the same chromosome or in a genomic distance of shorter than a given threshold (e.g. 

25 KB), under the null hypothesis, we multiplied the fraction of gene pairs on the same chromosome 

or within the defined genomic distance in the null distribution by the number of known synthetic 

lethal gene pairs. Similarly to quantify the expected number of synthetic lethal gene pairs of a given 

type (e.g. 3D proximate, paralogs, or co-expressed ones, etc.) under the null distribution, we 

multiplied the fraction of gene pairs of the given type (among all possible gene pairs) by the number 

of known SL gene pairs in our dataset. Finally, to calculate the statistical significance, we used Chi-

squared test. All the statistical analyses and data visualization were done using R software version 

3.6.1. 

 

 

 

 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 13, 2020. ; https://doi.org/10.1101/2020.05.05.078626doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.05.078626
http://creativecommons.org/licenses/by-nd/4.0/


 5 

Results 

We examined the distribution of synthetic lethal gene pairs on the genome of S. cerevisiae, which has 

16 distinct chromosomes. We first observed that 1109/12552 (8.8%) SL gene pairs, compared to 

931.32 (7.4%) expected by the null distribution, were located on the same chromosome (Figure 2a). 

Thus, synthetic lethal gene pairs are to some extent attracted to each other on the inter-chromosomal 

level in S. cerevisiae (𝜒2=33.9 and p-value < 10-8). Looking into the distribution of the SL gene pairs 

on the same chromosome, we found that there is significant enrichment of synthetic lethal interactions 

in shorter genomic distances (Figure 2b and 2c). For example, 161 gene pairs are closely located 

(genomic distance <25 KB), compared to 63.4 that was expected from the null distribution (𝜒2=149.9 

and p-value < 10-33; Figure 2b and Supplementary table S8). Furthermore, we found that the 

enrichment of SL gene pairs is statistically significant up to genomic distance of almost 500 KB 

(Figure 2c). Thus, synthetic lethal gene pairs are attracted to each other on the yeast chromosome (i.e. 

2D attraction). 

Next, we examined the attraction or repulsion of synthetic lethal gene pairs on the 3D model of the 

yeast genome (Duan et al. 2010). To this end, we characterized all gene pairs, which were considered 

as 3D proximate based on the existence of a pair of 3D interacting HindIII fragments each located 

within one of the given gene pairs. We observed that 206/12552 (1.6%) SL gene pairs are 3D 

proximate that is significantly higher than 75.5 (0.6%) expected from the null distribution (Figure 

2d;	𝜒2=225.7 and p-value < 10-50). Alternatively, a less strict criterion to consider a given gene pair as 

3D proximate, would require an interacting pair of HindIII fragments are each located within a given 

genomic distance (half of the HindIII fragment size) from one of the given gene pairs. Figure 2e 

indicates that the enrichment of the 3D proximate SL genes is still preserved in various HindIII 

fragment sizes. For example, considering the HindIII fragment size as 1 KB, we observed 407/12552 

(3.2 %) 3D proximate SL gene pairs that is significantly higher than expected 230.8 (1.8 %) from the 

null distribution (𝜒2=134.4 and p-value < 10-30). Therefore, synthetic lethal gene pairs are attracted to 

each other on the yeast 3D chromosomal space (i.e. 3D attraction). 

 

 

 

Figure 2. Chromosomal attraction of synthetic lethal gene pairs in the yeast genome (2D and 3D). Vertical 

axes indicate respectively the number of expected (blue) versus observed (black) a) synthetic lethal gene pairs 

located on the same chromosome, b) closely located synthetic lethal gene pairs (with genomic distance<25 KB), 

c) the ratio of the observed versus expected synthetic lethal gene pairs (in log2 scale) located within a given 

genomic distance (x-axis). The red points indicate the genomic distances below which the synthetic lethal gene 

pairs are significantly enriched (P value of the Chi-square test<0.05), d) The expected (balck) versus observed 

(blue) number of 3D proximate synthetic lethal gene pairs ((Duan et al. 2010); see Methods), and e) the 

expected (blue curve) versus the observed (black curve) number of 3D proximate synthetic lethal gene pairs as a 

function of HindIII fragment size (x-axis). 
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Our next aim was to characterize the potential factors, which might explain the 2D and 3D attraction 

of SL gene pairs. For this purpose, we identified four classes of gene pairs (see Methods), in which 

synthetic lethal interactions are observed significantly more frequently than expected from the null 

distribution: i) gene pairs whose protein products operate in exactly the same pathways (observed: 

515/36071 (1.43%), expected: 14.4 (0.04%), 𝜒2=17382.2 and p-value < 10-300 , Figure 3a), ii)  co-

expressed gene pairs (observed: 305/97815 (0.31%), expected: 39.1 (0.04%), 𝜒2=1808.3 and p-value 

< 10-300 , Figure 3b),  iii) gene pairs, whose protein products physically interact (observed: 

1552/110904 (1.4%), expected: 44.3 (0.04%), 𝜒2=51270.7 and p-value < 10-300 , Figure 3c), and iv) 

paralogs (observed: 90/1590 (5.66%), expected: 0.6 (0.04%), 𝜒2=12567.3 and p-value < 10-300 , Figure 

3d). 

Then, we examined the distribution of these 4 classes of gene pairs over the yeast 2D and 3D genome. 

We observed that all of them tend to be located on the same chromosome more frequently than 

expected by chance (Figures 3e-h). Moreover, three classes of gene pairs (all expect those 

participating in PPI interactions) are enriched among closely located genes, and hence have 

contributed to the 2D attraction of SL gene pairs (Figures 3i-l). Furthermore, we observed that all four 

types of gene pairs are significantly enriched among the 3D proximate genes and hence have 

contributed to the 3D attraction of SL gene pairs as well: class i) observed: 740/36071 (2.05%), 

expected: 663.4 (1.84%), 𝜒2=8.8 and p-value =0.003  (Figure 3m), class ii) observed: 2600/97815 

(2.65%), expected: 1798.8 (1.84%), 𝜒2=358.8 and p-value < 10-78  (Figure 3n), class iii) observed: 

3654/110904 (3.3%), expected: 2039.6 (1.84%), 𝜒2=1277.9 and p-value < 10-280  (Figure 3o), and 

class iv) observed: 60/1590 (3.77%), expected: 29.2 (1.84%), 𝜒2=32.35 and p-value < 10-7  (Figure 

3p). 

We then checked the overlap between these four classes to see how independent they are. We 

observed that the majority of the gene pairs are specific to one of the given classes and only a minor 

fraction of them is shared across the classes (Figures 4a and 4c). However, when we focus exclusively 

on synthetic lethal gene pairs, we observe noticeable overlap particularly among the first three classes 

(Figures 4b and 4d). The protein products of 43.8% of the same-pathway SL gene pairs (class I) and 

33.3% of co-expressed SL gene pairs (class II) also interact physically (shared with class III), which 

underscores the importance of protein-protein interaction in the enrichment of synthetic lethal 

interactions among the same-pathway and co-expressed gene pairs.    

Finally, we aimed to quantify the contribution of these four classes in the 2D and 3D attraction of 

synthetic lethal gene pairs. We observed that only 16/161 (9.9%) of gene pairs among the closely 

located SL pairs (genomic distance < 25 KB) belong to one of these four classes (Figure 4e), which 

accounts only for 16/97.6 (16.4%) of the difference between the observed and expected closely 

located SL gene pairs. Hence, even if we remove all the SL gene pairs of these four classes, the 

enrichment of closely located SL gene pairs remains significant (observed: 145, expected: 63.4, 

	𝜒2=105.02 and p-value < 10-23). Similarly, we observed only 64/407 (15.7%) of gene pairs among the 

3D proximate SL pairs belong to one of these four classes (Figure 4f), which accounts for 64/176.1 

(36.3%) of the difference between observed and expected 3D proximate SL gene pairs. Hence, even if 

we remove all the gene pairs of these four classes, the enrichment of 3D proximate SL gene pairs 

remains significant (observed: 343, expected: 230.9, 𝜒2=54.4 and p-value < 10-12). Therefore, the 

enrichment of synthetic lethal gene pairs among the same-pathway, co-expressed, PPI interaction 

pairs and paralogs, does not sufficiently explain the 2D and 3D attraction of SL gene pairs. 
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Figure 3. The potential drivers of the attraction of synthetic lethal gene pairs in the yeast genome. The 

panels in each of the four columns correspond to one of the potential drivers of the attraction of synthetic lethal 

gene pairs in the S. cerevisiae genome. From left to right: i) gene pairs belonging to the same pathway, ii) co-

expressed gene pairs, iii) gene pairs, whose protein products physically interact, and iv) paralog gene pairs. 

Panels in the first row (a-d), show the expected (black) versus the observed (blue) number of synthetic lethal 

gene pairs. The panels of the second row (e-h) illustrate the expected (black) versus observed (blue) number of 

gene pairs, which are located on the same chromosome. Panels in the third row (i-l) show the enrichment of 

closely located gene pairs (i.e. 2D attraction). The vertical axes indicate the ratio of the observed versus 

expected gene pairs (in log2 scale) located within a given genomic distance (x-axis). The red points highlight the 

genomic distances in which the given type of gene pairs is significantly enriched (P value of the Chi-square 

test<0.05). Finally, the panels in the fourth row (m-p) illustrate observed (blue) versus expected (black) number 

of gene pairs in chromosomal regions, which interact in the 3-dimensional chromosomal space of the budding 
yeast (considering the HindIII fragment size as one KB). 
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Figure 4. Independence and insufficiency of the four potential drivers of the attraction of synthetic lethal 

gene pairs in the yeast genome. Venn diagrams (panels a and b) indicate the overlap between the four types of 
gene pairs i) gene pairs belonging to the same pathway (blue), ii) co-expressed gene pairs (purple), iii) gene 

pairs, whose protein products physically interact (brown), and iv) paralog gene pairs (yellow), both among all 

gene pairs (panel a) and specifically among synthetic lethal ones (panel b). Each pie chart (panels c and d) 

corresponds to one category of the gene pairs specified in the title of the given chart, which indicates the 

proportion of gene pairs not shared (independent) with other categories (black) and the proportion shared with a 

given category color-coded according to the legend at the bottom of the figure. It is shown both among all gene 

pairs (panel c) and specifically among synthetic lethal ones (panel d). Panels e) is the same as figures 2c, but the 

synthetic lethal gene pairs belonging to the four categories color-coded according to the legend are distinguished 

from the other synthetic lethal gene pairs, which are not assigned to any of the four categories (grey color). The 

vertical axis in panel e) indicates the number of synthetic lethal gene pairs with genomic distance <25 KB, while 

in panel f) it shows the number of synthetic lethal gene pairs, which are closely located in the 3D chromosomal 

space of the budding yeast (considering HindIII fragments as one KB). 
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Discussion 

It is well known that the arrangement of genes on chromosomes both in prokaryotes and in eukaryotes 

is not random, but rather has been shaped under the influence of selective forces over the course of 

evolution (Adams et al. 1992; Trowsdale 2002; Hurst et al. 2004). Synthetic lethal interactions 

profoundly impact cellular survival and so it is not unexpected that the relative genomic arrangement 

of SL gene pairs reveals special evolutionary patterns. Previously, using a computational approach we 

observed that synthetic lethal (metabolic) gene pairs on bacterial genomes tend to be located further 

away (“repulsed”) from each other (Hosseini & Wagner 2018). Although ample experimentally 

verified gene interaction data for E. coli has been generated using SGA method (Babu et al. 2011, 

2014; Kumar et al. 2016; Gagarinova et al. 2016) the technology suffers from linkage suppression, 

which prohibits reliable identification of genetic interactions in closely located loci (Typas et al. 

2008), and hence the current experimental data in E. coli cannot be used to support or refute our 

previous computational observation.   

Fortunately, the linkage suppression problem does not prohibit such an investigation in yeast, because 

there are orthogonal confirmatory experimental systems such as tetrad analysis, random sporing and 

spot dilution assays available for yeast, which can minimize the effect of this potential technical 

artefact by confirming the true positive hits from the pool of candidate synthetic lethal interactions 

determined by SGA or other high-throughput methods (see methods). This collection of reliably 

conservative experimental SL data in yeast encouraged us to check the generalizability of the previous 

computational observation beyond the prokaryotic species. Jacques Monod assertion on biological 

unity, “anything found to be true of E. coli must also be true of Elephants” (Friedmann 2004), 

resonates well with this generalization purpose, but it needs to be taken with a grain of salt, at least 

because exceptions pervade biological rules. As a prominent example, the operon organization, an E. 

coli based discovery that earned Jacques Monod the Nobel prize, has rarely been observed in 

eukaryotes. 

More importantly, the evolutionary forces operating on prokaryotic and eukaryotic genomes in some 

respects are fundamentally different. For example, whereas there is ample evidence attesting to the 

importance of large-scale gene deletions on the evolution of prokaryotic genomes (Mira et al. 2001; 

Kunin & Ouzounis 2003; Nilsson et al. 2005; Lee et al. 2012; Koskiniemi et al. 2012; Albalat & 

Cañestro 2016; Sung et al. 2016), such evidence for eukaryotic ones is rare. Therefore, if the repulsion 

of synthetic lethal gene pairs is a signature of adaptation to pervasive deletional events as was shown 

in the previous study (Hosseini & Wagner 2018), it must remain as a particular characteristic of the 

prokaryotic genomes. Our results indeed revealed evidence against the repulsion of synthetic lethal 

gene pairs in eukaryotes. Interestingly, we observed even an opposite trend, namely the enrichment of 

closely located synthetic lethal gene pairs (i.e. attraction) both in 2D and 3D chromosomal space of 

the S. cerevisiae. 

To gain mechanistic insights into the origin of the genomic attraction of SL genes in yeast, we 

identified four relatively independent classes of gene pairs, in which SL interactions are highly 

enriched: i) gene pairs operating on the same pathways, ii) co-expressed genes, iii) the gene pairs 

whose protein products physically interact and iv) the paralogs. We observed that unlike the other 

three classes of genes, the gene pairs whose proteins physically interact are not enriched among the 

2D proximate genes. However, all four types of genes were significantly enriched among the 3D 

proximate ones. Our emphasis on the 3D organization of gene pairs is particularly important, without 

which we would have neglected, for example, the importance of protein-protein interactions in the 
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chromosomal organization of synthetic lethal genes. This emphasizes the importance of the 3D 

arrangement of genes towards establishing an evolutionary theory of genome organization in 

eukaryotes (Hurst et al. 2004). Importantly, we also observed a considerable overlap between the SL 

gene pairs in the first two classes with the third one, which further underscores the importance of the 

protein-protein interactions among SL gene pairs that has also been highlighted recently in the human 

cancer cell lines (Lord et al. 2020). 

Although our attempt to dissect the aforementioned four classes of gene pairs is insightful on its own, 

we concluded that the enrichment of 2D and 3D proximate synthetic lethal gene pairs cannot be fully 

explained by them, and so its evolutionary origin still remains as an open question. In other words, the 

proximity of synthetic lethal gene pairs in yeast cannot be fully explained by functional relevance, co-

expression, protein-protein interaction or gene duplication events. To understand its origin, we might 

either need to characterize additional types of gene pairs enriched among SL genes or attribute these 

patterns directly to natural selection, in which case the next emerging question to be addressed would 

be what are the direct evolutionary advantages of the 2D and 3D proximity of synthetic lethal genes 

for a eukaryotic species like the budding yeast?   
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