
Supplemental Information

Genes that are used together are more likely to be fused to-
gether in evolution by mutational mechanisms: A bioinfor-
matic test of the used-fused hypothesis

Evgeni Bolotin, Daniel Melamed, Adi Livnat∗

∗ To whom correspondence should be addressed; e-mail: alivnat@univ.haifa.ac.il

This PDF file includes the below:

Supplemental Text S1 to S4

Supplemental Tables S1, S2, and S3



S1. Further information regarding distance groups

While classifying gene pairs into distance groups, in cases where the start position of the down-

stream gene was upstream to the end position of the upstream gene, we considered the genes

“overlapping.” In cases where the entirety of one gene was included in the interval of the other

gene, we considered the genes “included.” Gene pairs in the “overlapping” or “included” cat-

egories, as well as gene pairs with no protein-coding genes between the pair members, were

all considered neighbors (SC 0). If one of the genes in a pair was on a non-localized/unplaced

scaffold or on the alternate loci assembly, the distance between these two genes was considered

unclear and the gene pair was excluded from further analyses.

S2. Determining the alignment length threshold for the primate fusions analysis

All features in the human genome found in the primary genome assembly and marked as an

exon of a protein-coding gene were extracted from the human ‘genomic.gff’ file (downloaded

from the NCBI repository; NCBI, 2004) and the lengths of all of the exons were measured.

Given that exons are basic units of proteins and that >90% of human exons were of a length

equal to or longer than 20 amino acids, providing sufficient coverage while avoiding alignments

that are too short and are likely to generate random-matches, we chose 20 amino acids as the

alignment length threshold.

S3. Determining the alignment identity threshold for the primate fusions analysis

To find protein fusions, one needs to obtain an estimate of the expected identity between homol-

ogous protein-coding regions, which differs between pairs of species. Therefore, for each pri-

mate species, we compared the human and that primate’s protein datasets using FASTA (Pear-

son and Lipman, 1988) to identify pairs of bi-directional best-hit (BBH) proteins (where each

protein has the other as its best hit) and, consistent with previous literature, considered BBH

protein pairs that had at least 30% identity over an aligned region whose length was at least

70% of the shortest protein length as putative homologs (Konstantinidis and Tiedje, 2005; Rost,

1999). Based on histograms of alignment identity percents binned into 10% groups, we chose

60%, 70%, 70%, 80%, 90% and 90% as the minimum identity percent cutoff for Mouse lemur,
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Common marmoset, Owl monkey, Pig-tailed macaque, Gorilla and Chimpanzee, respectively,

thus covering ∼99% of putative homologs in each case.

S4. Similarity analysis for the identification of likely human homologs of primate fused
proteins

All of the candidate human proteins were divided into groups according to the region of the

primate protein to which they were aligned and, from each group, the best alignment, defined as

the alignment that had the highest identity percent, was used. Fused primate proteins for which

likely human homologs were not identified due to the fact that proteins from multiple human

genes aligned to them with similar quality were excluded from further analyses.

To cross-validate the above method for finding homology, we checked for a similarity in

gene names between any of the best aligned human genes and the fused primate genes, because

gene names in newly sequenced species are often assigned based on similarities to genes already

known in other species. In addition we checked for synteny between the genomic regions

flanking the primate gene and those flanking the human genes aligned to it, even though by

definition perfect synteny cannot be obtained for fusions. In many cases, name similarity or

synteny or both appeared, strengthening our confidence in the list of fusions.

To analyze synteny, we extracted the 50,000 bp-long upstream and downstream regions of

each primate gene and all human genes aligned to it. The boundaries of the genes were identified

using the gene feature table of each species downloaded from the NCBI repository (NCBI,

2004). If the length of the upstream or the downstream region in any of the compared genes

was shorter than 50,000 bp, that actual length was used for the analysis in all aligned genes for

uniformity. Upstream or downstream regions shorter than 10,000 bps were considered too short

for the synteny analysis, and the given region was excluded from analysis in all compared genes.

The regions flanking the human genes were compared to the regions flanking the primate gene in

a pairwise manner using the program mySyntenyPortal (Lee et al., 2018). The synteny strength

was determined based on the length of the synteny blocks identified between the compared

flanking regions. Upstream and downstream regions were analyzed separately.

3



References

Konstantinidis, K. T. and Tiedje, J. M. (2005). Towards a genome-based taxonomy for prokary-

otes. Journal of Bacteriology, 187(18), 6258–6264

Lee, J., Lee, D., Sim, M., Kwon, D., Kim, J., Ko, Y., and Kim, J. (2018). mySyntenyPortal: an

application package to construct websites for synteny block analysis. BMC Bioinformatics,

19(1), 216

National Library of Medicine (US), National Center for Biotechnology Information (2004).

NCBI RefSeq. Retrieved Oct 2018 from https://www.ncbi.nlm.nih.gov/refseq/.

Pearson, W. R. and Lipman, D. J. (1988). Improved tools for biological sequence comparison.

Proceedings of the National Academy of Sciences USA, 85(8), 2444–2448

Rost, B. (1999). Twilight zone of protein sequence alignments. Protein Engineering, 12(2),

85–94

4



Table S1. P-values of co-expression comparison between fusion-related and control gene pairs using GTEx database 
and calculating mean co-expression value across tissues. 

a) Distance is measured by the number of protein coding genes separating genes in the analyzed pair 
b) Number of co-expressed genes in the fusion-related (left) and control group (right). The control group represents a 10x larger group than the 
fusion-related group. If for a certain distance group the number of possible control pairs was smaller than 10x the number of fusion-related pairs, all 
available control pairs were used for the analysis. 
c) One-sided Mann-Whitney test statistics 
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 Genomic control String control 

Distancea Group sizeb p-valuec Wc Group sizeb p-valuec Wc 

All pairs 9423-94230 <2.20E-16 5.74E+08 9423-93514 <2.20E-16 4.72E+08 

Same 
chromosome 

1813-18130 <2.20E-16 1.97E+07 1813-17414 1.33E-05 1.67E+07 

SC_0 752-7520 <2.20E-16 3.40E+06 752-6817 1.37E-08 2.88E+06 

SC_1-99 652-6520 6.20E-08 2.39E+06 652-6520 7.75E-01 2.09E+06 

SC_100-499 267-2670 <2.20E-16 4.65E+05 267-2670 3.41E-02 3.81E+05 

SC_500+ 142-1420 7.25E-09 1.30E+05 142-1407 3.07E-01 1.02E+05 

Different 
chromosomes 

7610-76100 <2.20E-16 3.81E+08 7610-76100 <2.20E-16 3.11E+08 
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Distancea Group sizeb p-valuec Wc Group sizeb p-valuec Wc 

All pairs 9423-94230 <2.20E-16 5.74E+08 9423-93514 <2.20E-16 4.72E+08 

Same 
chromosome 

1813-18130 <2.20E-16 1.96E+07 1813-17414 1.65E-05 1.67E+07 

SC_0 752-7520 <2.20E-16 3.39E+06 752-6817 1.27E-08 2.88E+06 

SC_1-99 652-6520 1.70E-07 2.38E+06 652-6520 8.14E-01 2.08E+06 

SC_100-499 267-2670 <2.20E-16 4.66E+05 267-2670 2.78E-02 3.82E+05 

SC_500+ 142-1420 1.17E-08 1.29E+05 142-1407 3.26E-01 1.02E+05 

Different 
chromosomes 

7610-76100 <2.20E-16 3.81E+08 7610-76100 <2.20E-16 3.11E+08 
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Distancea Group sizeb p-valuec Wc Group sizeb p-valuec Wc 

All pairs 9423-94230 <2.20E-16 5.35E+08 9423-93514 4.08E-09 4.56E+08 

Same 
chromosome 

1813-18130 <2.20E-16 2.00E+07 1813-17414 3.83E-16 1.76E+07 

SC_0 752-7520 4.39E-09 3.19E+06 752-6817 7.39E-04 2.74E+06 

SC_1-99 652-6520 <2.20E-16 2.78E+06 652-6520 1.78E-15 2.52E+06 

SC_100-499 267-2670 4.07E-12 4.47E+05 267-2670 6.57E-03 3.89E+05 

SC_500+ 142-1420 3.55E-06 1.24E+05 142-1407 2.39E-01 1.04E+05 

Different 
chromosomes 

7610-76100 <2.20E-16 3.48E+08 7610-76100 7.27E-03 2.94E+08 

M
e

a
n

 e
x

p
re

s
s
io

n
 p

e
r 

ti
s

s
u

e
 e

x
c
lu

d
in

g
 t

e
s

ti
s

 

a
n

d
 o

v
a

ri
e

s
 

 Genomic control String control 

Distancea Group sizeb p-valuec Wc Group sizeb p-valuec Wc 

All pairs 9423-94230 <2.20E-16 5.35E+08 9423-93514 1.65E-08 4.56E+08 

Same 
chromosome 

1813-18130 <2.20E-16 2.00E+07 1813-17414 1.04E-15 1.76E+07 

SC_0 752-7520 2.19E-09 3.19E+06 752-6817 4.44E-04 2.75E+06 

SC_1-99 652-6520 <2.20E-16 2.76E+06 652-6520 3.31E-14 2.50E+06 

SC_100-499 267-2670 1.15E-12 4.49E+05 267-2670 5.24E-03 3.90E+05 

SC_500+ 142-1420 3.35E-06 1.24E+05 142-1407 2.50E-01 1.03E+05 

Different 
chromosomes 

7610-76100 <2.20E-16 3.48E+08 7610-76100 1.26E-02 2.94E+08 

Table S1: *
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Table S3. Number of donor samples contributing to gene expression data in each tissue listed in the GTEx database 
V7.  

*) Tissues removed from the analyses, since their expression data came from less than ten donors 
#) Germline tissues removed from the soma co-expression analysis 

Tissue sample description Number of donors Tissue sample description Number of donors 

Adipose: Subcutaneous 442 Esophagus: Gastroesophageal 
Junction 

244 

Adipose: Visceral (Omentum) 355 Esophagus: Mucosa 407 

Adrenal Gland 190 Esophagus: Muscularis 370 

Artery: Aorta 299 Fallopian Tube* 7 

Artery: Coronary 173 Heart: Atrial Appendage 297 

Artery: Tibial 441 Heart: Left Ventricle 303 

Bladder 11 Kidney Cortex 45 

Brain: Amygdala 100 Liver 175 

Brain: Anterior cingulate cortex BA24 121 Lung 427 

Brain: Caudate basal ganglia 160 Minor Salivary Gland 97 

Brain: Cerebellar Hemisphere 136 Muscle Skeletal 564 

Brain: Cerebellum 173 Nerve Tibial 414 

Brain: Cortex 158 Ovary# 133 

Brain: Frontal Cortex BA9 129 Pancreas 248 

Brain: Hippocampus 123 Pituitary 183 

Brain: Hypothalamus 121 Prostate 152 

Brain: Nucleus accumbens basal ganglia 147 Skin: Not Sun Exposed Suprapubic 387 

Brain: Putamen basal ganglia 124 Skin: Sun Exposed Lower leg 473 

Brain: Spinal cord cervical 91 Small Intestine: Terminal Ileum 137 

Brain: Substantia nigra 88 Spleen 162 

Breast Mammary Tissue 290 Stomach 262 

Cells: lymphocytes 130 Testis# 259 

Cells: Transformed fibroblasts 343 Thyroid 446 

Cervix: EctoCervix* 6 Uterus 111 

Cervix: EndoCervix* 5 Vagina 115 

Colon: Sigmoid 233 Whole Blood 407 

Colon: Transverse 274  

Table S3: *
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