Studies reporting relationships between epistasis and background fitness

Table S1 Summary of the 30 reviewed studies reporting an empirical relationship between epistasis and background fitness. These were
identified by means of a Google Scholar search for “diminishing returns epistasis”. We chose for further review the first 30 papers, found either
through this search or because they were cited in one of these papers, reporting a relationships between epistasis and expected fitness.
Information is given on the type of organism and experimental setting that was used, whether mutations had beneficial or detrimental effects,
the locations of the mutations, and under which circumstances selection on mutations was measured. Approximate F- and P-values are given for
the epistatic variance components, on which the published correlations were based. The type of test reported in the original publication is given,
and if the study corrected for regression-to-the-mean. In a few studies neither point estimates nor significance tests were provided, but instead
conclusions in these studies were based on graphical exploration of the relationship between expected fitness and epistasis, and hence they
were included here. For all studies for which error variances could be extracted, the published correlation is given along with an estimate of the

corrected correlation using Eqg. 5 in the main text.

. . . . Appr.F Published Corrected .
Organism Setting Location Selection PP r ) Correction
ssDNA 9 isolated mutations tested in
- . _ - - e (witw: .
Caudle etal. 2014 Bacteriophage ID11 novel environment (41°C) beneficial different general F1772=49.4 <0.001 0.72 0.72 ELJ'[W1+W1] n.a
9 isolated mutations tested in
- . - r
ancestral environment (37°C) beneficial different general  Fi77,=84 <0.001 0.12 0.24 Eij[witw)] n-a
9 isolated mutations tested in
. : - - r
novel environment (33°C) both different general Fi7,72=4.6 <0.001 0.54 0.53 Eijwitw;] n-a
Fitness increase following
Perfeito et al. mutation accumulation in 23
ichia coli ici i F22,46= 6.8 <0.001 - - T Tw:i—ws
2014 Escherichia coli genetic backgrounds beneficial different general 22,46 0.76 0.78 wi[wij-wi] no
Fitness decline in 23 genotypes . .
- R - r
during mutation accumulation deleterious different general Fa246=5.9 <0.001 0.34 0.31 wi [wij-wi] no

Single, double and triple

Escherichia coli mutants from 225 genotypes deleterious different general n.a
generated by mutagenesis
19 mutations conferring

Escherichia coli antibiotic resistance, tested in deleterious different general Fio2300=14.6 < 0.001 -0.19 -0.16 rEij,[wi+w]-] no
absence of drugs
25 mutations conferring

Escherichia coli antibiotic resistance, tested in deleterious different general n.a
absence of drugs

Elena & Lenski
1997

Trindade et al.
2009

Trindade et al.
2012

Bonhoeffer et al. HIV-1 Natural variation in 9466 deleterious different general selection no
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2004 isolated natural strains
Burch & Chao RNA bacteriophage Fitness decline during mutation deleterious different eneral r no
2004 ®6 accumulation & wi[wij-wi]
Fitness increase during
experimental evolution, and
Kryazhimskiy et Saccharomyces fitrrl)ess decline of gene , beneficial different eneral r es
al. 2014 cerevisiae . g . 8 Wir[Wij_Wi] Y
knockouts, in 64 genetic
backgrounds
15 mutations isolated durin
Kvitek & Sherlock Saccharomyces . . g - .
L. experimental evolution, tested beneficial different general n.a
2011 cerevisiae . .
in ancestral environment
Szafraniec et al. Saccharomyces 74 genotypes generated by . .
o ) delet different by fwiaw] <1
2003 cerevisiae mutagenesis eleterious rieren general Wl]'[wl+wl] ves
Multiple single and double
Jasnos et al 2008 Sacch'a.romyces deletpns ge.nera.ted through deleterious different general n.a
cerevisiae genetic engineering, tested in 5
environments
Sacch ) . . .
Xu et al. 2012 accharomyces Comparative meta-data deleterious different general selection no
cerevisiae
Pearson et al. ssDNA Assayed isolated mutation F - .
) ) beneficial diff t =10. <0. -0. -0. TE; :w;
2012 Bacteriophage ID11 on 8 fitness backgrounds eneticia rieren general F752=10.0 0.001 0.71 0.73 Eijwi no
Assayed isolated mutation B on - .
) beneficial different =25. <0. -0. -0. g w: no
8 fitness backgrounds general F732=25.1 0.001 0.53 0.53 Eyj,wi
ssDNA 9 mutations isolated from
Rokyta et al. 2011 . . . beneficial diff t =8. <0. . . .
oKytaeta Bacteriophage ID11  directed mutagenesis eneticia teren general Fi7.72= 8.7 0.001 0.12 0.22 n-
. . 20 singl tant: bined t . . TE. . tw: .
Lalic & Elena 2012  Tobacco potyvirus single mutants combinedto 4 oterious different general  Fa314=2.9 <0.001 -0.42 -0.23 Ejjlwi+wj]/2 no
create 53 double mutants ¢
Sanjuan et al Vesicular stomatitis Fitness increase in 12 genetic
200J5 . vires backgrounds following beneficial different general Fi148=8.7 <0.001 -0.49 -0.42 rWiv[Wij/Wi] no
mutation accumulation
Vesicular stomatitis Multiple mutations generated
Martin et al. 2007 virus by mutagenesis, tested in both different general selection no
ancestral environment
Sanjuan et al. Vvesicular stomatitis 47 genotyp.es generated by both different general selection o
2004 virus mutagenesis
14 mutations in antibiotic
Hall & MacLean Pseudomonas resistance gene, tested in
. o deleterious same gene =3. . -0. -0. TE: . Twiw no
2011 aeruginosa absence of antibiotics lou 8 general F1308=3.0 0.001 0.51 0.45 Eijlwiwj]
14 mutations in antibiotic
resistance gene, tested in .
g delet - TE. . Twiw:
absence of antibiotics eleterious  same gene general 0.55 Eij[wiwj] no
14 mutations in antibiotic
deleterious same gene - TE: . [ wiw: no
resistance gene, tested in 8 general 0.45 Eij[wiwy]
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absence of antibiotics

Hayden & Wagner

Azoarcus group 1

4 isolated mutations tested in

2012 ribozyme 3 environments beneficial different specn‘|c n-a
5 mutations isolated during
. . experimental evolution, tested - . Lo
- - - r
Flynn et al. 2013 Escherichia coli in novel environment beneficial different specific F31,128= 4.6 <0.001 0.75 0.74 Egj[witw)] no
5 mutations isolated during
experimental evolution, tested beneficial different specific Fi17,7,=17.2 <0.001 -0.28 -0.25 T'Ei].,[wi_,.wj] no
in novel environment
5 mutations isolated during o
Khan et al. 2011 Escherichia coli experimental evolution, tested beneficial different specific F2s5,364= 4.6 <0.001 -0.58 -0.56 rEijr[Wi+Wj]
in ancestral environment
rbs-mutation beneficial different specific  Fis224=10.5 <0.001 -0.26 -0.24 Twi [wj-wi] e
topi-mutation beneficial different specific Fis,224=13.9 <0.001 -0.59 -0.59 rWi.[Wij-Wi] ne
spoT-mutation beneficial different specific Fis224=16.6 <0.001 -0.50 -0.50 rWir[Wij_Wi] ne
glmUS-mutation beneficial different specific F1s,224=13.0 <0.001 -0.50 -0.50 rWir[Wij—Wi] ne
pykF-mutation beneficial different specific F1s,224=5.2 <0.001 0.65 0.78 rWi-[Wij_Wi] no
2 mutations isolated during
. . experimental evolution, tested .- . Lo
- Tg..
Wang et al. 2012 Escherichia coli in ancestral environment on 8 beneficial different specific 0.81 Eijwi yes
different genetic backgrounds
Bacteriophage Benefit of new mutation on 4 same
. - . r
Bull et al 2000 X174 genetic backgrounds evolved beneficial pathway specific wi[wij-wi] no
under heat stress
4 antibiotic resistance same o
ichia coli ici - - 4
Schenk et al. 2013 Escherichia coli mutations beneficial pathway specific  Fig33> 1000 <0.001 0.85 0.85 Eijwitw;] no
4 antibiotic resistance same Lo
—_ - - Tr
mutations beneficial pathway SpeCIfIC F10,44> 1000 <0.001 0.75 0.75 Eij'[wi+wj] no
da Silva et al. 7.mutat|ons generat.ed by . same -
HIV-1 directed mutagenesis, tested in both specific n.a
2010 X pathway
ancestral environment
Methviobacterium 4 mutations isolated during came
Chou et al. 2011 v experimental evolution, tested beneficial specific F3164=15.8 <0.001 -0.8 -0.82 Tw: [wij/wi] no
extorquens ) ) pathway ’ vIWijIWi
in ancestral environment
. - same . _ .
fghA-mutation beneficial pathway specific F7,16=2.2 0.09 -0.89 undefined rWin[Wij/Wi] no
) - same ipe _ .
pntAB-mutation beneficial pathway specific  F7,16=0.58 0.76 -0.53 undefined Twy[wij/wi] no
. - same ip _
gshA-mutation beneficial pathway specific  F7,16=5.0 0.004 -0.94 -0.97 Twy[wij/wi] no
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same

GB-mutation beneficial pathway specific  F716=2.2 0.09 -0.84 undefined Twywij/wi] no
Methviobacterium 4 mutations isolated during same
Chou et al. 2014 y experimental evolution, tested beneficial specific Fy756=289.7 <0.001 -0.53 -0.53 Vg [wiwi] yes
extorquens ) ) pathway ’ il Wil
in ancestral environment
Pseudomonas Experimental activation of two same - .
MacL 2009 both =1. . -0. Tg.. W s
actean aeruginosa antibiotic resistance pathways ° pathway speC|f|c F721= 19 0.12 0.73 undefined Eijlwiwj] no
Antibiotic resistance increase
Maclean et al. Pseudomonas in three different genetic beneficial same specific 1 r no
2010 aeruginosa g pathway P wiwij/wi]
backgrounds

Setting: See original publications for more detail.

Location: same gene refers to the authors reporting that most studied mutations were located physically in the same gene, same pathway refers
to mutations affecting the same physiological pathway (as often was the case for beneficial mutations isolated during experimental evolution on
a specific growth medium), and different refers to mutations that were random and often their effects and locations were not known a priori.

Selection: direct corresponds to when fitness of mutations was assessed under the same specific selective conditions as they first were identified
in (as for fitness of mutations conferring antibiotic resistance tested on a growth medium containing the antibiotic), and general corresponds to
when fitness of mutations were scored in less specific conditions (as for fitness of antibiotic resistance mutations on a growth medium not
containing the antibiotic, or for random mutations acquired by mutagenesis or through mutation accumulation experiments).

Appr.F: an approximation of the F-ratio for the epistatic interaction variance [i.e. 0%(E;) / o*(ei+ej+e;) for the case when absolute epistasis had
been estimated]. The first term in the subscript of F gives the degrees of freedom for the effect of mutant genotype (Ngenotypes-1), and the second
term gives the degrees of freedom for the error term (Nt — Ngenotypes)-

Appr.P: the accompanying approximation of the P-value for the epistatic interaction variance. Note that no P-values were calculated for the
corrected correlations as it would require simulation and resampling using the original datasets (see “Correcting the correlations for
measurement error” below for further details).

Test: Ty fwitw;) TEgjlwiw;1/2 and TE; [wiw;] refer to a correlation between epistasis and expected fitness, TEyw; refers to a correlation between
epistasis and background fitness, Twg [wej/wi] and Ty [wej-wi] refer to a correlation between background fitness and fitness improvement or decline,

bwi,-,[wi+wj] < 1 refers to a test of a major axis (MA) regression slope of observed fitness on expected fitness of double mutants being significantly
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below 1, selection refers to subsampling of mutations based on their fitness effects and subsequent comparisons of the strength of epistasis
between mutations with above and below average fitness effects.

Correction: whether the statistical method itself, or any additional measure was taken to reduce or correct for the effect of regression-to-the-
mean. n.a refers to cases where relationships with epistasis were not directly tested by regressions using background or expected fitness. Many
of these studies instead compared epistasis across high and low quality environments, or between high and low order gene interaction.

Correcting the correlations for measurement error

As outlined in the main text, the correlation between [w; + w;] and E; is a function of not only 6%(ai + ;), 6(i;) and o(iy, [ai+aj]), but also of o%(e; +
ej) and o%(e;) (see eqn. 4). Having knowledge of o?(e;+ ;) and o*(e;j), we are able to obtain the corrected correlation between ij and [a; + ;] that is
not biased by measurement error variance, using eqn. 5 (see main text for more details). In the main text we derive eq. 5 for the case when the
expected fitness of double mutants assuming purely additive effects (wi+ w;) is correlated with the absolute amount of epistasis (E = wj; - [wi+
w;j]). However, some studies used a relative measure of epistasis (i.e. wi; / [wi*w;]-1), or they used the absolute (i.e. wj; - wi) or relative (i.e. wj; / wi-
1) fitness improvement associated with introducing mutation j into a genetic background containing mutation i (see table S1 for further details).
To accommodate this, eq. 5 was modified appropriately.

In cases where the true variance between mutants is low (small o%(a;) , 0*(a;) and o?(aj;) relative to measurement error (o%(e;), o%(e;) and o?(ey)),
it becomes clear that correcting the variance components in the denominator inflates the corrected correlation to take on extreme values.
Hence, correlations based on non-significant variance components will be erroneous, and confidence limits and significance of correlations needs
to be estimated using data resampling techniques. Therefore we calculated the F-ratio and accompanying P-value for the epistatic variance
component using o%(E;) / o%(ei+ej+e;) as an indicator of the reliability of the published estimate of the correlation. Indeed, in four cases the
epistatic variance was approximated to be non-significant (Table S1), and correction lead to the correlation taking on values outside the
theoretical boundary (r < -1) due to the corrected epistatic variance (ij), present in the denominator of Eq. 5, approaching zero.

Approximate measurement error variances were derived from the mean squared standard errors of mean fitness for both single and double
mutants. In cases where we could not find separate estimates of error variance for both single and double mutants, equal error variances were
assumed. Estimates of errors in expected fitness (o%(e; + ;) and epistasis (c?(ei+ej+e;)) were obtained through error propagation of single and
double mutant estimation errors.
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It is clear that these corrected correlations and F-values only serve as approximations. Indeed, in all our corrections we estimated measurement
error variance from the mean standard error across all measured genotypes for one class of mutant (single or double). Thereby we assumed that
measurement error was the same for all genotypes of one class of mutant. In addition, in Khan et al. (2011), Chou et al. (2011;2014), Flynn et al.
(2013) and Schenk et al. (2013), complex higher-order epistatic interactions between 2 to 5 mutations were studied, requiring more elaborate
statistical corrections using resampling methods to arrive at exact estimates of the correlations and their statistical significance. Nevertheless,
our analysis shows that for the majority of studies measurement error variance is relatively small, and as a consequence, correction has little
effect on the qualitative conclusions drawn from the combined body of literature reviewed here concerning diminishing returns epistasis (Table
S1).
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Table S2 Numerical example of (post-hoc) correction for measurement error variance

Available for download as an Excel file at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.169870/-/DC1
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