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Abstract

Experimental evolution has become an increas-
ingly common approach for studying evolutionary
phenomena, as well as uncovering physiological
connections in a manner complementary to tradi-
tional genetics. Here I describe the development
of Methylobacterium as a model system for using
experimental evolution to study questions at the
intersection of metabolism and evolution. Each
experiment was initiated to address a particular
question inspired by patterns in natural methylo-
trophs, such as trade-offs between single-carbon and
multi-carbon growth, or the challenges involved
in incorporating novel metabolic pathways or
genes with poor codon usage that are acquired via
horizontal gene transfer. What I could not have
appreciated initially, however, was just how many
fortuitous, surprise findings would emerge. These
have ranged from the repeatability of evolution,
complex dynamics within populations, epistasis
between beneficial mutations, and even the ability
to use simple mathematical models to generate
testable, quantitative hypotheses about the fitness
landscape.

Introduction
Experimental evolution of populations in the labo-
ratory allows a researcher to simultaneously address

evolutionary and physiological questions. The great

advantage from an evolutionary perspective is
that — in a typical experimental design — replicate
populations initially have no within- or between-
population genetic variation, and the selective
conditions are under the control of the experi-
menter. This allows for a ‘reductionist’ approach to
evolutionary questions, whereby the influence of
one or a few individual factors upon the outcome
canbeascertained (reviewedin Lenski, 2017). From
a physiological perspective, experimental evolution
is simply a patient version of a genetic selection
experiment (reviewed in Marx, 2011). Rather than
requiring a discrete change in phenotype to be
immediately apparent upon plating, the continued
transfers of the experiment permit mutations of
‘modest’ effect — such as a 10% increase in growth
rate — to occur, escape drift, and rise towards fixa-
tion. Furthermore, the advent of high-throughput
sequencing has revolutionized the ability to address
both the evolutionary and physiological questions
(reviewed in Bruger and Marx, 2018).

The kind invitation I received to write this chap-
ter was a request to specifically describe the work in
my laboratory where we have repeatedly used exper-
imental evolution with Methylobacterium extorquens
to address both evolutionary and physiological
questions. Given that charge, I will shamelessly
describe themes arising from our own work, but my
primary goal is to highlight two broader messages.
The first message is that experimental evolution can
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Epistasis
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How calculate epistasis?
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Epistasis w/in proteins

- EVOLVEDR A[LE(LES w/ SEVEAAL MUTATIONS
~HOWw Do muT. APFECT EACH 0Tyer?
~ CTRONG BNOUGH TO LIMT PAME OF APAPTATIW ?

_EXAMPLE :  TEM-L BETALACTAMASE v E.coli
(> puzrme THAT PROVIBS /ESISTAME To et Ciling

wT > TEM* (G Pesistqwes T
5 . CEFOTH(1ME.)

40,000 -RLD INCEASE

[ CovSTNUCTED Al 25222 ALLELES ( 4 Mow-Senol, 1 PrloMon)

7. ASSAY RESISTAACE: MwMust (M HBrTowy (OWEeTAATIN “ (MIC)
AMT BloTI C r & w tAeTTIcutan cwp,

g T
N - 37%¢, LB, 96-Wee PuATE
N 2=z |- | Mic
. . 24 U LATA
) - QELow FOME THRESHILD
=l 1 OF GrewTH
F. LI

(Weinreich et al., 2006. Science)



Epistasis w/in proteins
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Patterns of epistasis btw/ genes?
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Studying epistasis btw/ genes
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Methylobacteriurmn model for methylotrophy
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Methanol release as connection between
plant microbiome niche and C, use

WTvs. WT  WTvs.
pectins mutant
MeOH i S eOH x

m chI wall 60
loosening \ M & i T : .
Ca2+ 40
% [%] 30
20
Caz+

C o
5 | 2|8 &2 | 8|8 |¢
(Dorokhov et al., 2018. Front Plant Sci) E § H] é § 1 é
§’ ° 2 ° 2
- 8 8
seed 0d seedling 2d plant 9d plant 16d
o P I an tS re I ease 3- 1 O % (Sy et al., 2005. App! Env Microbiol)

NPP as methanol

- Mainly from pectin
methylesterases

- C4 mutants (grey, black)
compromised on plants

www.marxlab.org Introduction to Methylobacterium



Meth y/obacter/l/m and biotechnology
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Methylobacteriurm biotechnology:
plant growth & aquafeed ingredient
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Formaldehyde as key intermediate
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Evolution with new pathway CH,OH
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Assay fitness via competition
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Table 2. Fitness of fluorescent strains against wild-type Methylobacterium. |O <R1 : 64
. Methanol Succinate I:{0
Strains W —
Plate count Flow cytometer Plate count Flow cytometer |Og (1 G I:*1 ) 64
CMI1176 0.994840.0036 0.995540.0036 l 0.9908+0.0131 0.9968+0.0012 1 = RO
CMI1178 0.9798+0.0179 0.9799+0.0016 0. 00056 0.9869+0.0009
CM1180 1.013040.0078 1.002140.0030 0.994240.0093 0.9996£0.0003

(Lee et al., 2009. Evolution)



What types of mutations to test in combination?
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Expression per copy vs. Copy#

....................

1
............. I Ami2
. 0.6

“oriV R, orT A 0 = ——
I A .
' V(BY) Plasmid copy
—_—

(B2) 511096 iSMexzs (B5) i | mRNA
S ——) fghA
FIhA
Enzyme
FghA

H1-50 0 BJA1A2A{B5B1B2B4[E3 C1C2

125 : Fitness

R %
1.00 K:Lou/ B0 oty Lower VY

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

- But no promoter mutations?...

(Chou and Marx, 2012. Cell Reports)




Independent effects upon expression
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Independent effects upon expression

Decreased
e — a1 copy A
ISMex4 A11b — A
(A2) E .—P. C(A3) o { At
v R A
ATCTAGAGTTCCACGACTTGACAGAAGGGAAGAACCCATG L0

Poar A o fghA
fﬁ > > Decreased Decreased

expression/copy expression/copy

“oriV_ Ry, oriT A
#(B3) O /WO A
(B2)AT1096p IsMex25 (B5) —)D :
- > C/W ecrease
rE— copy
© -
- Two classes should 2 _ |20 2
. . =t n o @
interact independently: & o £ oo -
5 9 . [T
- Yes J. ' e
3 0 |
(@) o / R4

- Indep. upon fithess? ° T

- No. \

0.5

Predicted Fitness

Predicted Expression (mU)

(Chou et al., PLOS Genetics, 2014)




Fitness values of mutational combinations
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Relative selective advantage
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What might cause diminishing returns?
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What might cause diminishing returns?
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Classic system: Lenski long-term evolution

Experimental evolution: the Lenski populations

1.) Approach and model! system

» On February 24th, 1988, Rich Lenski started 12
populations of E. coli B in minimal glucose medium

Evolved
Isolates
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Continued improvement for 25+ years
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(Wiser et al., 2014. Science)



Allele frequency, f(t) Allele frequency,

Allele frequency, f{(t)

& o

Picture of genomic change during adaptation
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Picture of genomic change during adaptation

hsdM nadR mokC/nhaC::IS150
BIS1::I5750

fimA::1S186
pcnoc g
iclR \\ / / /araJ insL-2/lon (-1 bp)
(-1 bp) pfiC / / / ,insL-2/lon
) \ - Y \ 1/ jybal (+1 bp)
hslu \ . /' /nmpC-ECB_00513 (~8,224 bp)
mrdA gltl nagC

(~6,934 bp) kup-yieO et

/

ECB_00736/ECB_00737

(+1 bp) kupfinsJ-5_\
N
(+1 bp) gimU/atpC — 2\ % .
spoT .~ ls1se
gpE. > * : " ybiNlpotF
malT, s \@ ' /pﬂB::lS150
nirC L | : ; SHEe ompF/asnS
rpsM — ; 3.5Mb strain : .
i $oae REL606 peit ]
rpsD 2y = (ancestor) Z K - ____—dham
yhdG/fis —— 1 78 ! 6 S S o — narllychK
. 30Mb IZEN —topA
7 - N
2.0Mb /~ /%C (OMBaS
1
~ xasA:1S150 -
OF S mMur,

XN e, 25Mb

(16 bp) gitB %

arcB 7
inf8 /
tdcRlyhaB / £ /.
PykF
ebgR = = ’
e \ ‘ ~ pykF:1S150 (10 U .E('a/[
kpsD::IS150 / 3 = ez ~ ™ ynjl:1S150
1 b e N yedWiyeax BVOL. OA GLUcose
-1 bp) nr [
maeB/talA manB-cpsG (-23,293 bp)
nupClyfeA:1S186  insB-15 Ye9!
» Off line of descent to 40K clone

Clone sequenced from generation... Evolved mutations...
SNP [l Protein coding DIP Il Deletion [l IS insertion
[l Intergenic [l Insertion [ Inversion

[O2Kk [5K 10K @ 15K @ 20K

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



Diminishing returns in E. coli
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Some loci have synergistic effects
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Continued observation of diminishing returns
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Epistasis with beneficial mutations vs. deleterious
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Epistasis
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Changing environments allows cryptic
variation to escape local fitness peaks
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Changing environments allows cryptic
variation to escape local fitness peaks

Cryptic mutations facilitate adaptation ~-One ANSWEN TO How/

Accumulation of mutations that yield neutral changes in a protein

promotes adaptation when selecting for a new function. TO Cﬂogs A F{m ESS
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Under selection for yellow fluorescence When the selection phenotype is changed
(yellow glow), mutations in the ancestral (gray arrow) to green fluorescence (green
gene (ANC) that do not change the selection glow), every path from ANC to the (brightest)
phenotype (neutral; black arrows) can ABC variant (such as ANC— A) is blocked by
accumulate as cryptic genetic variation. deleterious mutations (red arrows).

(Lee and Marx, 2019. Science)



Specific epistasis: basis of historical contingency
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Generic epistasis: stability
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(Romero and Arnold, 2009. Nat. Rev. Mol. Cell. Biol.)



