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Epistasis

DEF DIFFERENT EFFECT OF MUTATION UPON A PHENOTYPE
DEPENDING UPON OTHER MUTATIONS PRESENT

CAN BE ANY PHENOTYPE HENE MAINLY

IMAGINE TWO MUT X o Y EACH INDIVIDUALLY
improve GROWTH BY 50 W FITNESS

wane 1.0 1.0 wave Sx Sy
W 5 I 5 LARGESTSINGLE

Wy I 5 2.0 It sxtsy

Way
2.254 Ctu Gts
3.0 F WA Wig 1 5 1 4



How calculate epistasis?
WHICH NULL MODEL FOR INDEPENDENCE TO USE

FORSMALL s fits Itsy It sets
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Depict epistasis graphically
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Sign epistasis
DEF ONE OR MORE ALLELES CHANGE FROM BEN TODELETERIOUS
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(Weinreich et al., 2006. Science)

Epistasis w/in proteins
EVOLVED ALLELES w SEVERALMUTATIONS
HOW DO MUT AFFECT EACH OTHER
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Epistasis w/in proteins

(Weinreich et al., 2006. Science)
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Patterns of epistasis btw/ genes?

(replotting Weinreich et al., 2006. Science)
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Studying epistasis btw/ genes
WILL SAME TRENDS HOLD FOR btw GENES

WHN PROTEINS BIOPHYSICS

BIOPHYSICSCATPROTEININTERFACES
btw PROTEINS ORPROTDNAINTERACTIONS

INTERACT THROUGH PHYSIOLOGY
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Methylobacterium model for methylotrophy

www.marxlab.org

(Peyraud et al., 2011. BMC Syst Biol)

• M. extorquens main 
system for 60 years

• Dominant member of 
plant microbiome

• Facultative methylotroph 
that grows on limited 
multi-C substrates 

• Uncovered majority of 
knowledge of C1
dissimilation and 
assimilation

Introduction to Methylobacterium

(Lewis Ward)



Methanol release as connection between 
plant microbiome niche and C1 use

www.marxlab.org

• Plants release 3-10% 
NPP as methanol

• Mainly from pectin 
methylesterases

• C1 mutants (grey, black) 
compromised on plants

(Dorokhov et al., 2018. Front Plant Sci)

(Sy et al., 2005. Appl Env Microbiol)

WT vs. WT WT vs. 
mutant

Introduction to Methylobacterium



Methylobacterium and biotechnology

www.marxlab.org

(Ochsner et al., 2014. Appl Microbiol Biotechnol)

• High flux through reduced 
C3, C4, C5 compounds

• Can be cultured to >40 g 
DCW/liter (OD600 > 150)

Introduction to Methylobacterium



Methylobacterium biotechnology: 
plant growth & aquafeed ingredient

www.marxlab.org Introduction to Methylobacterium

• Commercialization of 
plant growth promotion 

• Biotechnological platform 
for aquafeed 

• CJM is co-founder and board member of KnipBio, Inc.



Formaldehyde as key intermediate
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• Produced & consumed at 2 mM/s 
during growth on methanol

O



(Chou et al., 2011. Science; Lee and Marx, 2013. Genetics)

Evolution with new pathway
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(Lee et al., 2009. Evolution)

Assay fitness via competition

PAIRWISE CHANGE IN FREQ

STRAINS wr FLUORESCENTPROTEINS
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What types of mutations to test in combination?

1 COMBINEDPAIRS OFALLELES FROM DIFFERENT2 POPULATIONS BUT
AFFECTING THE SAME INTRODUCED PATHWAY

2 COMBINED ALLELES FROM A SINGLE ADAPTIVE TRAJECTORY



Beneficial from different lineages affecting 
same pathway

• Mutations of many types in different populations; 25-
45% benefit; affect expression differently

(Chou and Marx, 2012. Cell Reports)

btw 2 GENESPATHWAY

INTEGRAT
PLASMID
INTOHOST

LASMID GENOME
REPLICATION



Expression per copy vs. copy#

• Distinct, independent mechanisms to reduce
expression of the GSH pathway enzymes

• But no promoter mutations?...
(Chou and Marx, 2012. Cell Reports)
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Independent effects upon expression
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(Chou et al., PLOS Genetics, 2014)
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Independent effects upon expression

• Two classes should 
interact independently:
• EAB = EA × EB

• Yes

• Indep. upon fitness?
• No.
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(Chou et al., PLOS Genetics, 2014)



(Chou et al., 2011. Science)

Fitness values of mutational combinations
FOOL

TRIPLE

trouble

GINO

FEE'Iatai

ANC T
AFTER 600GEN 9MUTATIONS NO516NEPISTASIS ALLALLELESBEN

ONALL BACKGROUNDS
IN C METAD EVENTTRAJECTORY POSSIBLE

6 OTHERS LUMPEDASONEALLELE RED XMAGNITUDE 34 ALLELES DECLINE
IN MAGNITUDE W W



Epistasis across genes vs. within protein

(Chou et al., 2011. Science)
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What might cause diminishing returns?

(Chou et al., 2011. Science)
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What might cause diminishing returns?

(Chou et al., 2011. Science)
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Classic system: Lenski long-term evolution



Continued improvement for 25+ years

(Wiser et al., 2014. Science)



Picture of genomic change during adaptation

(Wiser et al., 2014. Science)



Picture of genomic change during adaptation

(Barrick et al., 2009. Nature; Good et al., 2017. Nature)

8 0

2K 9

GENO ALLCOMBOS
OF 5 MUT
FROM Ecoli
FVOLONGLUCOSE



(Khan et al., 2011. Science)

Diminishing returns in E. coli
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(Khan et al., 2011. Science; Chou et al., 2009. PLOS Genetics)

Some loci have synergistic effects
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Continued observation of diminishing returns

(Kryazhimskiy et al., 2014. Science)
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Epistasis with beneficial mutations vs. deleterious

(Johnson et al., 2019. Science)

NEW STUDY INTRODUCED MANY DECETEA.IO MUTATIONS INTOMANY FIT STRAIN

GENERIC TREND ur FITNESS MUTATIONS HAD BIGGEST EFFECT
ON HIGH FITNESS BACKGROUNDS



Epistasis with beneficial mutations vs. deleterious

(Miller, 2019. Science)
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(Zheng et al., 2019. Science)

Changing environments allows cryptic 
variation to escape local fitness peaks

CAN STARTING From MULTIPLE
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(Lee and Marx, 2019. Science)

Changing environments allows cryptic 
variation to escape local fitness peaks
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(Harms and Thornton, 2014. Nature)

Specific epistasis: basis of historical contingency
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Generic epistasis: stability

(Romero and Arnold, 2009. Nat. Rev. Mol. Cell. Biol.) 
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