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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 (reviewed in 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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be utilized as a complementary approach to address
some of the same questions that emerge from stud-
ying natural populations. Second, the unexpected,
surprise results from experimental evolution can be
as impactful as answering the questions that were
part of the intended experimental design. For this
reason, I have divided the topics along these lines
— the planned questions and the answers we uncov-
ered (section “The planned: experimental evolution
to address questions inspired by natural methylo-
trophs’), and then the several categories of surprise
findings (section ‘Surprises: unexpected lessons
emerging from evolution experiments’) — but have
tried to illuminate the connections between these
as best as I can.

The planned: experimental

evolution to address

questions inspired by natural
methylotrophs

Thus far, my laboratory has published experimen-
tal evolution stories using M. extorquens that were
designed to address three major topics: evolution of
metabolic trade-offs, adaptation to utilize a foreign
metabolic pathway, and the use of experimental
evolution to illuminate how codon usage can evolve.

Trade-offs between C, and multi-C
metabolism

My initial foray into experimental evolution was
to explore metabolic trade-offs between C, and
multi-C metabolism. Many methylotrophs have
a fairly limited breadth of multi-C use. In particu-
lar, although Methylobacterium are a member of
Bradyrhizobiales, which generally have a wide
substrate breadth, the major model systems of M.
extorquens, strains AM1 and PA1 (Peel and Quayle,
1961; Knief et al., 2010; Nayak and Marx, 2014a),
have not been reported to use many common
multi-C substrates, such as sugars. Having studied
the function of C, pathways as a grad student in
Mary Lidstrom’s lab, when I applied for an NSF
postdoctoral fellowship to work with Rich Lenski,
I focused half of my proposal upon exploring
whether C| versus multi-C trade-offs would emerge
over the short term in the laboratory, if they would
be consistent and symmetric between substrates,
and whether they would be driven by selection or
arise neutrally due to a lack of selection.

Before moving to our results, let me explain how
this experimental evolution — and the other ones
mentioned below — were actually carried out? For
this experiment (Lee et al., 2009), I set up eight
populations to evolve on methanol (1SmM) in
minimal medium, and eight to evolve on succinate
(3.5mM). These somewhat lower concentrations
than usual were chosen to prevent large changes
in medium pH (which would exert a second selec-
tive pressure). Critically, each population was
initiated from a single colony of the given ancestral
strain, thus ensuring that if any identical mutations
emerged between replicates, these could be inter-
preted as having risen independently, rather than
from shared ancestry, as in a Luria-Delbriick experi-
ment (Luria and Delbriick, 1943). Culturing took
place in 9.6ml of liquid medium in 50ml flasks,
shaken, at 30°C. A volume of 150 yl was transferred
to fresh medium every two days, which permitted a
26=64-fold net increase in cells, and thus six gen-
erations per transfer. These particular populations
were carried forward for 1500 generations in this
manner. There are a couple differences in experi-
mental design I will note later, but otherwise, this
style of batch transfer experiments were the norm
throughout what I present here. Unsurprisingly,
given where I did my postdoc, this style of experi-
mental evolution is analogous to that used during
the very well-studied Lenski long-term experimen-
tal evolution populations of Escherichia coli (Lenski
et al., 1991; Lenski, 2017).

The second generic aspect to convey is how fit-
ness is assayed, as natural selection depends upon
the fitness (i.e. relative net reproductive success)
of genotypes. The classical method for assaying
fitness is a pairwise competition between the strain
of interest and a common competitor, generally the
ancestor of the populations. These strains must be
distinguishable in order to enumerate each of them
in a mixture, and we did possess the ability to use
pigmentation and count colonies (Van Dien et
al., 2003). Given the time intensity of plating and
counting, however, as well as the large measure-
ment noise inherent in counting relatively small
numbers of colonies on plates, for our first paper
on experimental evolution we invested time in
developing a flow cytometry-based method (Lee
et al., 2009). This allowed us to use a fluorescently
labelled ancestor as a common competitor against
a non-fluorescent evolved isolate (or a genetically
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constructed strain). If possible, even better reso-
lution can be obtained by using two different
fluorescent proteins, one in each competitor, but
this was not yet established in our early work. We
found that either Venus or mCherry expressed at a
modest level from a chromosomal locus was effec-
tively neutral (fitnesses between 0.995 and 1.005)
and could be measured accurately (95% confidence
intervals of less than 0.3% of the mean).

Finally, it is critical to realize that fitness is not
synonymous with maximal growth rate, but in this
sort of evolution regime the two are often very
highly correlated. Under batch culture conditions
in well-mixed medium, exponential growth rate is
the primary fitness component, with lag or survival
in stationary phase generally contributing to a far
lesser extent (Vasi et al., 1994). Note that final yield
(in terms of biomass converted or cfu/ml) is not
a fitness component during batch growth (Vasi et
al,, 1994). The Malthusian fitness parameter, W,
is calculated from the change in the ratio of com-
petitors from the initial to final timepoint, as well
as the number of net generations. As such, Wis a
relative, ‘per generation’ fitness value averaged over
the entire growth cycle. For example, a fitness of 1.2
would indicate the strain in question is 20% more
fit than the one it is being compared with, such as
its ancestor. If the two strains only differ in growth
rate, this would also equate to a 20% difference
in growth rates. Indeed, in many experiments we
have observed a tremendously tight correlation
between fitness measured in a competition and
growth rate measured individually (e.g. R* of 0.98;
Agashe et al.,, 2013). If, however, there are interac-
tions between strains beyond competition, such as
toxins or cross-fed metabolites, this makes fitness
both non-transitive across multiple strains, and
frequency-dependent between strains (i.e. different
values depending upon the ratios of competitors).
Furthermore, the fitness can even depend upon
the absolute densities of competitors rather than
their ratio, as discussed below (section ‘Swapping
formaldehyde oxidation pathways’). There was very
little of these sort of complex non-transitive fitness
effects for most of the work I describe here on M.
extorquens alone, but it can be quite common in
other scenarios. For example, non-transitive fitness
interactions between genotypes were the norm
in as a series of experiments we performed with
two- and three-species consortia that exchanged
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metabolites as public goods in spatially structured
environments (Harcombe et al., 2014, 2016; Doug-
las et al., 2016,2017).

Having covered how the experimental evo-
lution was performed, what did we uncover
regarding trade-offs in performance on C, versus
multi-C substrates? This work, led by a former
graduate student, Ming-Chun ‘Miki’ Lee, gener-
ated two primary findings (Lee ef al., 2009). First,
the trade-offs were asymmetric: succinate-evolved
became worse in methanol, but the methanol-
evolved became better in succinate. Correlated
improvements in substrates other than the one
experienced in the selective environment are in fact
quite common in such experiments, even over quite
long timescales (e.g. Leiby and Marx, 2014). There
are many dimensions to the selective environment
(temperature, media, gas exchange, timescale of
transferring) that are identical even when testing
different substrates. In this regard, the methanol-
evolved populations simply improved to the overall
laboratory conditions. The second primary find-
ing was that, although the succinate-evolved
populations on average decreased in performance
on methanol, this obscured a bimodal evolutionary
response. Approximately half of the populations
actually improved in growth on methanol, whereas
the other half entirely lost the ability to grow on
methanol at all!

Was the loss of ability to grow on methanol a side-
product of a mutation that was beneficial during
succinate growth (and was thus driven by selection,
a phenomenon known as antagonistic pleiotropy),
or did it occur due to lack of purifying selection to
maintain methylotrophy in a succinate-only world
(and thus occurred neutrally, aphenomenon known
as mutation accumulation). Subsequent genome
sequencing of one isolate revealed a loss-of-func-
tion mutation in formate-tetrahydrofolate ligase
(encoded by ftfL; Marx et al., 2003a,b). Miki Lee
discovered that all of the methanol-minus isolates
- across independent populations — had non-
identical mutations that caused loss-of-function of
SifL. So were these fifL null alleles beneficial during
succinate growth? A former postdoc, Sean Carroll,
picked up this work and found that there was not
a simple answer. A loss-of-function fifL allele was
beneficial in the strains in which it emerged during
succinate growth, but the same allele was neutral,
or even deleterious, in strains that had retained the
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ability to grow on methanol. This dependence of a
mutation’s phenotypic effect upon other alleles - i.e.
epistasis — indicated that one (or more) of the other
beneficial alleles that had arisen during succinate
adaptation either opened the door to selection-
driven loss of methylotrophy, or would prevent it,
at least from this mechanism. We thus had a story
that began due to a desire to explore trade-offs, and
ended up uncovering a key role for epistasis in the
modest level of evolutionary repeatability, themes
covered in more detail in the sections ‘Epistatic
interactions between beneficial mutations’ and
‘Repeatability in adaptation) respectively.

Adaptation requiring use of an
introduced enzyme or metabolic
pathway

The second half of my postdoctoral fellowship
proposal focused upon the concept of using an
‘engineered horizontal gene transfer’ to study how
bacteria adapt to use foreign metabolic pathways.
This was written in 2002, when the appreciation
of horizontal gene transfer from phylogenetic and
genomic analyses was sky-rocketing, but we had
very little understanding of the evolutionary steps
that proceed immediately after gene acquisition
in the cases that turn out to be successful (which
I co-authored a review about; Michener and Marx,
2015). Beyond my initial project involving formal-
dehyde oxidation, three other systems involving
primary oxidation enzymes for C, compounds
were later established by members of the labora-
tory, and I will discuss each of these in turn.

Swapping formaldehyde oxidation

pathways

The first example of adaptation with a foreign path-
way involved swapping unrelated formaldehyde
oxidation pathways. During my graduate work, I
introduced a pathway with known function to try
to decipher the roles of two apparently redundant
pathways with unclear functions (Marx et al.,
2003c). The glutathione (GSH)-dependent formal-
dehyde oxidation pathway from a distantly related
methylotroph, Paracoccus denitrificans, is known to
function irreversibly in the dissimilatory direction
(Raset al., 1995; Harms et al., 1996). M. extorquens,
on the other hand, has two pathways that were
thought to function in formaldehyde oxidation: the
tetrahydromethanopterin (H,MPT)-dependent

C, transfer pathway and the tetrahydrofolate (H,F)-
dependent pathway. Mutants with lesions in either
pathway failed to grow on methanol, despite that fact
that either pathway was thought at the time to be suf-
ficient for formaldehyde oxidation (Chistoserdova
and Lidstrom, 1994; Chistoserdova et al., 1998;
Marx et al., 2003b,c; Marx and Lidstrom, 2004).
When I introduced the foreign GSH-dependent
pathway on an expression plasmid into mutants
defective for one of these two pathways, I found
that it could complement the H,MPT-dependent
pathway mutants, but not the H,F-dependent
pathway ones (Marx et al., 2003c). This, combined
with analytical chemistry experiments to follow
radio-isotopes or stable isotopes through the
cell led to the realization that only the H MPT-
dependent pathway functions oxidatively in vivo;
the H,F-dependent pathway functions in the
reverse direction to feed the serine cycle, and thus
the flow of carbon splits to assimilation versus dis-
similation at the level of formate, not formaldehyde
(Marx et al., 2003b, 200S; Crowther et al., 2008).
The replacement of the H,MPT-dependent path-
way with the GSH-dependent one meant that an
unrelated set of enzymes could handle the central
flow of carbon in the cell, yet it did so substantially
slower (3-fold) than wild-type, suggesting there
may be clear room for evolutionary improvement.

What I proposed in my fellowship application
was that the slowed growth of the GSH-depend-
ent M. extorquens strains presented a remarkable
opportunity to study adaptation subsequent to
acquiring a new pathway — as often occurs via
horizontal gene transfer — because it focuses selec-
tion upon a particular module of the cell. Owing
to this, I hypothesized that the biggest benefit
mutations — which would be the most likely to
escape drift and rise in frequency in the popu-
lations — would be constrained to occur within
the introduced pathway, or functions that were
directly connected to it.

As in the above experiment, I set up eight
populations that were passaged through 64-fold
dilutions and evolved these for a period of
time. Owing to their very slow initial growth
(t,=11h), they were passaged every four days
for the first 300 generations, before bumping all
populations up to the 2-day schedule I was using
with my trade-off work. The majority of our
work was on isolates taken from 600 generations,
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although some of the dynamics were followed
for 900 generations (see ‘Complex allele dynamics
during adaptation’).

Could M. extorquens substantially improve over
this timescale in terms of its ability to utilize such a
different pathway for formaldehyde oxidation? T had
not really even considered this as a ‘hypothesis’ for
the project when I started it, but looking back I had
implicitly assumed they would improve, and likely
due to multiple mutations, rather than just a single
quick-fix. My graduate student, Hsin-Hung ‘David’
Chou spearheaded the majority of this project.
He found tremendous improvements in fitness:
over 600 generations the average improvement
was to nearly double fitness (Chou et al., 2011).
And unlike wild-type having evolved on methanol,
improvement of this strain was specific to metha-
nol, and not generic adaptation to lab conditions.
Similar gains were noted for methylamine growth,
which also requires formaldehyde oxidation, but
not for formate growth, which is downstream of
that step (Carroll and Marx, 2013). Adaptation was
also quite rapid, with a full 50% of the observed
improvement occurring in just the first 150 gen-
erations. Some of the populations improved much
more than others, however, and the shape of fitness
increases over time suggested that some may have
gotten stuck on a lower trajectory of improvement
than others (see more about epistasis below; Lee
and Marx, 2013).

Was adaptation largely due to mutations in
either the GSH-dependent pathway or one physi-
ological process removed from it? As it turned out,
yes! David collaborated with another former
graduate student, Nigel Delaney, to use Illumina
to generate the first re-sequenced genome from an
evolved isolate from our lab. This strain, CM114S5,
will come up several times below. We identified
a total of nine mutations that had occurred over
600 generations in CM114S (Chou et al., 2011).
Three of these fit our expectations, and using allelic
exchange (Marx, 2008) to generate various muta-
tional combinations, these collectively accounted
for =85% of the total improvement. These three
loci were: fghA, which encodes the second of the
two GSH-dependent pathway enzymes; gshA,
which encodes the first step of GSH biosynthesis;
and pntAB, which encodes transhydrogenase (the
GSH-dependent pathway cannot make NADPH
directly). This makes quite clear the point that use
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of a novel pathway can require coordinated muta-
tional changes in both the new genes and in the
rest of the recipient genome (Michener and Marx,
2015). Much more emerged from this experiment,
but these surprise findings about repeatability
(section ‘Repeatability during adaptation to use
of an introduced enzyme or metabolic pathway’),
evolutionary dynamics (section ‘Complex allele
dynamics during adaptation’), epistasis (section
‘Epistatic interactions between beneficial muta-
tions’), and modelling the fitness landscape (see
‘Simple mathematical models to understand epista-
sis between beneficial mutations’) are discussed
below.

As a side note, the eight populations mentioned
above were not actually the first ones initiated from
the GSH-dependent M. extorquens strain, but rather
were a re-start to correct an initial ‘failure’ that
turned out to have its own interesting story (Marx,
2012). During my postdoc, the first eight popula-
tions I started behaved quite strangely. Despite
having tested what dilution scheme would work
with this slow strain, when I started these popula-
tions, six of the eight crashed to final cell densities
60- to 400-fold lower than their cohorts. Five of
these recovered soon after, but one population
persisted with final densities 10-fold lower than
expected for over 100 generations. It turns out that
specifically for this strain growing on methanol,
there was an absolute density threshold for growth.
The one population that remained at low density
rapidly adapted to this scenario: by generation 84
it had a fitness more than 3-fold greater than the
ancestor if competed at a starting density 16-fold
lower than normal, but had a fitness less than half
the ancestor if started at the typical initial density
of =1x10%/ml By the time this population recov-
ered to a typical final density by generation 180,
its advantage at low density had waned. These data
suggest that adaptation to low densities may come
with trade-offs to growth at high densities. This
whole mistake occurred because I went straight
from single colonies — to eliminate the possibility of
shared mutations — to growth in methanol media.
Owing to the very slow growth on methanol,
four days was not sufficient for the tiny inoculum
of a single colony to reach full density, and thus
the cultures remained too dilute after the next
1/64 dilution. I avoided this for the second set of
populations with a simple change in protocol: for
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the first transfer cycle, each colony was inoculated
into a mixture of succinate and methanol, and then
all flasks thereafter grew on methanol alone. This
allowed the populations to rapidly use succinate to
pop up from a single colony to half the typical final
density in the flask (for this strain, = 1 x 10%/ml),
and then during the remaining time before the first
transfer they could switch metabolism to utilization
of methanol.

Use of the novel, toxic C, compound
dichloromethane

The second experimental example of this sort
involved introduction of a metabolic capacity
not present in M. extorquens AM1. A couple M.
extorquens strains have the ability to utilize dichlo-
romethane (DCM), an industrial solvent, as a
growth substrate. In strains such as M. extorquens
DM4, DCM is converted — via a genotoxic
intermediate — to one formaldehyde and two hydro-
chloric acids (Muller ef al., 2011). What a way to
live! A former postdoc, Josh Michener, developed
a collaboration with two experts on DCM growth,
Stéphane Vuilleumier and Francoise Bringel from
Université de Strasbourg, to explore how easily this
novel trait could be moved into other Methylobac-
terium strains. In principle, DCM use only needs
a single enzyme, DCM dehalogenase (encoded by
decmA), to generate formaldehyde, and thus feed
into metabolism in the same manner as methanol
would be utilized. Expressing dcmA in various
Methylobacterium strains within and beyond the M.
extorquens clade, he found that strains were quite
variable in their ability to use DCM, and it did not
correlate with phylogenetic relatedness (Michener
et al., 2014a). Inspired by this finding, Josh initi-
ated replicate populations for each of five initial
strains bearing the same dcmA-expressing plasmid
(Michener et al., 2014b). Populations from all but
one of these initial ancestors showed substantial
improvement in just 150 generations. Genome
sequencing revealed no mutations on the demA-
expressing plasmid, but rather, each genome had
one mutation in a known or putative transporter.
As it turns out, there were four separate genomic
targets revealed that could lead to increased CI
export, which appears to have been the primary
physiological challenge for these cells (more about
repeatability in section ‘Repeatability during adap-
tation to use of an introduced enzyme or metabolic

pathway’). By making a construct that expressed
dcmA and one of these identified exporters, clcA, he
demonstrated across a wide swath of natural isolates
that providing both the enzyme and a ‘solution’ to
the primary physiological challenge — CI~ export
— strains could utilize DCM much better than
with demA alone. Furthermore, when later testing
chloromethane growth after having introduced the
necessary ‘cmu’ gene cluster (Vannelli et al., 1999;
Vuilleumier et al., 2011), to our surprise, there was
no correlation between the ability of these strains
to use DCM and chloromethane, despite the fact
that both lead to HCI production (Michener et al.,
2016).

Utilization of methylamine as a growth
substrate by novel pathways

The third example of novel metabolic pathways
involved two very different pathways of meth-
ylamine utilization. Another former graduate
student, Dipti Nayak, initiated these projects due
to curiosity as to why some strains of M. extorquens
grow phenomenally faster on methylamine than
others (t,, =4h versus t, >24h). It turns out that
the major difference came down to whether the
cells were using the well-studied methylamine
dehydrogenase system (the fast ones), or were
using the N-methylglutamate (NMG) pathway
(the slow ones; Nayak et al., 2015). Besides having
uncovered that the NMG pathway directs C, units
through metabolism in a unique manner (Nayak
and Marx, 2014b), and that all Methylobacterium
genomes encode the NMG pathway, whereas only
select few appear to have acquired methylamine
dehydrogenase (Nayak et al., 2015), she decided
to test the ability to improve the methylamine use
of strain in two ways. First, she tried introducing
methylamine dehydrogenase (from M. extorquens
AML1) into a strain without it (M. extorquens PAL).
Remarkably, unlike all examples above, this imme-
diately resulted in growth equivalent to that in M.
extorquens AM1 without any further mutations
(Nayak et al., 2015)! Second, she tried to evolve
strains of M. extorquens AM1 or PA1 that were left to
utilize their NMG pathway (Nayak et al., 2016). In
this case, she observed only modest improvement.
Why was adaptation so stunted? The beneficial
mutations that Dipti identified were quite illumi-
nating. Besides changes in the NMG pathway itself
to increase its expression, she identified mutations
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that appeared to have relieved the challenges of
cytoplasmic production of ammonium. These
occurred in either a K*/H* antiporter (KefB), or
in a urea transporter (and urea was detected in the
supernatant of this strain). Use of methylamine
dehydrogenase obviates this challenge because it
generates ammonium in the periplasm. This finding
also hinted at a possible advantage to cytoplasmic
production: to prevent ammonium loss when using
methylamine as a nitrogen source. Indeed, she
demonstrated that strains without the NMG path-
way perform worse when using low concentrations
of methylamine as a nitrogen source during growth
on succinate. Thus, the outcome of experimental
evolution provided the key hint as to selective pres-
sures in nature to use different pathways for optimal
use of methylamine as a carbon versus a nitrogen
source. This distinction in which cellular need
methylamine was fulfilling could thus maintain
selection upon what would otherwise appear to be
degenerate pathways.

Adaptation to ameliorate the
negative effects of synonymous
mutations
The final example in this section involves a study by
a former postdoc, Deepa Agashe, to examine what
selective pressures act upon synonymous codons,
and how adaptation may proceed to overcome these
challenges. Many C, pathways appear to have been
acquired via horizontal gene transfer, and thus may
initially be encoded with poor codons (e.g. Kalyu-
zhnaya et al., 2005). As a target protein for this work
we chose the small, highly expressed (1-2% total
protein) enzyme FAE (formaldehyde-activating
enzyme), which catalyses the condensation of
formaldehyde with HMPT (Vorholt et al.,, 2000).
We designed seven versions of fae to be synthesized
that only differed in their codon usage (Agashe et
al., 2013). These ranged from using the most fre-
quent codon at all sites, to using the rarest codon
at all sites. Remarkably, there were huge fitness dif-
terences between these versions, and they did not
correlate with the proportion of frequent codons.
The only commonality was that all versions led to
insufficient FAE protein levels. Thus, although fre-
quent codons are generally selected for across the
genome, they may not always be advantageous in a
particular gene.

Strains with these versions swapped into the
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chromosomal locus were used as ancestors for
experimental evolution (Agashe et al, 2016).
Despite the fact that these variants contained up
to 150 synonymous mutations, Deepa observed
rapid adaptation in all lineages. Some of these
beneficial mutations were in the promoter region
of fae, but most were single SNPs in its coding
sequence, including some synonymous mutations
(more about repeatability in this system in section
‘Repeatability during adaptation to ameliorate the
negative effects of synonymous mutations’). This
indicates that even single mutations can rapidly
lead to improved usage of genes that have poor
codon usage in their new host.

Surprises: unexpected lessons
emerging from evolution

experiments

Although all of the above experiments were ini-
tiated with clear goals to examine a particular
question inspired by natural methylotrophs, one of
the great benefits of experimental evolution is the
rich set of unintended outcomes. Indeed, I would
have to say that these collateral benefits have, in
many cases, had a greater level of impact than the
answers to the questions we intended to ask. To
try to help maintain connection to the previous
sections, within each theme below I have covered
the model systems in the same order as they were
described above.

Repeatability in adaptation

One of the most common outcomes to emerge
from experimental evolution is the ability to
ascertain whether — for a particular strain in the
chosen selective environment — adaptation tends
to proceed similarly across independent replicates,
or rather differently. This question can be addressed
at the level of the genetic basis of adaptation, or at
the level of repeated, parallel changes in phenotype.
Repeatability will be affected by the relative rates
of different beneficial mutations, as well as by the
magnitude of their selective coeflicients. The latter
is particularly important due to the fact that benefi-
cial mutations tend not to be alone in a population:
these populations are plenty big to have many
beneficial mutations occurring and escaping drift
simultaneously. Those with a greater selective ben-
efit not only escape drift and ‘establish’ more easily,
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but also have an increased ability to outcompete
the other beneficial mutations that have estab-
lished. This process is known as ‘clonal interference’
(Gerrish and Lenski, 1998), and is in contrast to
the traditional image of one beneficial mutation
establishing and sweeping through a population
is known as ‘periodic selection’ (for more detail,
see ‘Complex allele dynamics during adaptation,
below).

Repeatability during evolution of

trade-offs between C, and multi-C
metabolism

Although we never broadly applied whole genome
resequencing to uncover the genetic basis of adap-
tation from our trade-off experiment. We managed
to uncover genetic repeatability in a couple of ways.
The repeated occurrence of loss-of-function muta-
tions in fifL for succinate-evolved lineages that lost
the ability to grow on methanol was already briefly
described above in section “Trade-offs between C1
and multi-C metabolism, and two other stories
also emerged.

The first route to uncovering repeatability in
adaptation originated in an odd way: from trying to
uncover why my lab was initially unable to produce
media that would lead to reliable growth. I had
no troubles growing M. extorquens as a postdoc at
Michigan State, but when I moved to Harvard in
2005, we were besieged with inconsistent growth.
Our major hint came from one of the first beneficial
mutations David Chou uncovered (Chou et al.,
2009). An insertion sequence (IS) element had
transposed right upstream of a putative metal trans-
porter, and kicked up expression of this locus. Upon
examination of other populations, 30 of 32 that had
evolved with methanol as a carbon source in their
media had mutations at the same locus, but none
of the eight populations that grew on succinate
alone. Most remarkably, all of these mutations were
caused by the same ISMex4 element, and it inserted
into one of only two locations upstream of this gene.
After a series of elegant experiments, David was
able to demonstrate that this gene encoded a cobalt
transporter, which we named icuAB (for increased
cobalt uptake). Why was cobalt a problem, and
only for the methanol-evolved populations? As it
turns out, the recipe for the Vishniac trace metal
mix that was used in our medium had changed
compared with its original formulation in terms of

strength and ratio of metals (Vishniac and Santer,
1957; Delaney et al, 2013). Notably, the total
metal concentration was now similar in strength
as the EDTA chelator present. Owing to the light
sensitivity of EDTA, this led to inconsistencies:
David noted good growth on sunny days when the
metal mix was a paler purple, and worse growth on
cloudy days when the metal mix was more intensely
coloured. Why did icuABEY© alleles only arise as
beneficial mutations in medium containing metha-
nol? Cobaltisrequired for B, ,, and there are a couple
of enzymatic steps unique to the ethylmalonyl-CoA
pathway for glyoxylate regeneration in this organ-
ism that use B , (Peyraud ef al., 2009). Mutants in
this pathway have a defect on C, or C, compounds,
which mirrored the scenarios that the medium was
problematic, and were the media in which icu ABEV0
alleles were beneficial. Accordingly, just like for
glyoxylate regeneration mutants, the addition of
glyoxylate — the end product of this pathway — alle-
viated the problem. The laboratory of Julia Vorholt
at ETH Zirich independently found the same
cobalt problem in the medium, but their clue came
from metabolomics. They noted accumulation of
intermediates immediately upstream of the vitamin
B ,-requiring reactions of the ethylmalonyl-CoA
pathway (Kiefer et al., 2009). Thankfully, the new
minimal medium developed by Nigel Delaney and
others avoids these issues and has become increas-
ingly utilized in the field (Delaney et al., 2013).

The second story of repeatability from these
populations emerged in a different manner: use of
comparative genomic hybridization to microar-
rays (remember those?) to identify potential gene
amplification or deletions. Many other selection
experiments have identified key selective targets
due to amplifications that increased gene dosage,
and thus expression (Dunham et al., 2002; Mais-
nier-Patin and Roth, 2015). Thus, prior to today’s
ability to inexpensively sequence genomes, we
decided to try it out. Miki Lee looked at a total of
44 isolates across 32 different populations that had
evolved for 1500 generations, including the 16 pop-
ulations described above in the trade-offs story (see
“Trade-offs between C, and multi-C metabolism’),
and found much more than we could have guessed
(Lee and Marx, 2012). About 80% of these popula-
tions experienced a series of similar deletions that
removed 5-10% of the genome. This region was
present on a 1.3Mb megaplasmid unique to M.
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extorquens AM1 versus the other M. extorquens
isolates (Vuilleumier et al., 2009; Marx et al., 2012).
All of the deletions involved homologous recombi-
nation between pairs of matching IS elements, but
the precise end points of these events were different
between populations. Most importantly, Miki was
able to generate clean deletions of these regions and
demonstrated that they were selectively beneficial,
but not in a manner that scaled with the length of
the deletion. As such, it is the loss of particular gene
products that was beneficial, rather than directly
due to having a smaller genome to replicate.

Repeatability during adaptation to use

of an introduced enzyme or metabolic
pathway

Several stories of repeatability emerged from the
multiple examples of evolving engineered ancestral
strains that depended upon a novel, introduced
metabolic capacity (section ‘Adaptation requiring
use of an introduced enzyme or metabolic path-
way’). To see parallelism when selection acts upon
a particular physiological challenge is not surpris-
ing, but the types and targets of adaptation were
beyond what we could have expected.

Our richest
populations that evolved on methanol with the
GSH-dependent pathway in place of the native
H,MPT-dependent one. Perhaps unsurprisingly,
looking across populations, every winning lineage
possessed mutations on the plasmid expressing
the GSH-dependent pathway (Chou and Marx,
2012). David found that these were of three muta-
tional classes: mutations that affected expression
of the two introduced genes that encode the GSH-
dependent pathway (flhA and fghA), mutations
that affected the copy number of the plasmid, or
integrations of the introduced plasmid into the host
genome via incomplete transposition events. It was
not a shock that all of these mutations, despite the
molecular details being so different, all of these
mutations affected levels of FIhA and FghA in the
same direction, but we were rather surprised that
they all led to decreased expression! As it turns out,
the high level of FIhA and FghA arising from using
the strong P promoter on a multi-copy plasmid
(Marx and Lidstrom, 2001) led to expression costs
(Chou et al.,, 2011). Although the expression phe-
notype was similar across lineages, the mutational
paths to get there were quite distinct. Strangely,

information comes from the
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the one ‘obvious’ class of mutations — mutations to
decrease the strength of the promoter — was never
observed. More on that below in section ‘Simple
mathematical models to understand epistasis
between beneficial mutations’

Unlike the universal presence of beneficial
mutations in the introduced plasmid expressing the
GSH-dependent pathway in these strains, chromo-
somal mutational targets were much more variable
between lineages (Carroll et al., 2015). Sean Carroll
examined the genome sequences for one strain from
generation 600 for each of the eight populations.
There was great variety in the total number of muta-
tions present, from 4 to 18. The chromosomal locus
most commonly mutated was icuAB described
above in section ‘Repeatability during evolution
of trade-offs between C, and multi-C metabolism’
(six of eight), followed by gshA mentioned above in
section ‘Adaptation requiring use of an introduced
enzyme or metabolic pathway’ (five of eight), and
then seven other loci with mutations in two or
three of the eight populations. This modest overlap
of mutational targets is perhaps consistent with the
relatively large spread in fitness values achieved by
these lineages, ranging from 70% to 160%, and the
corresponding maintenance of among-population
variation in fitness through time (Lee and Marx,
2013).

Although the beneficial mutations may have
been only modestly repeatable, analyses of gene
expression and some currency metabolites were
much more consistent across lineages. Sean took
these same eight strains and analysed mRNA levels
during exponential phase (Carrolland Marx, 2013).
There were huge changes in gene expression from
the ancestor to each of the eight evolved isolates
examined, and these were remarkably parallel. How
to rationalize this compared to the fairly different
set of underlying mutations? Comparison back to
wild-type, which grows quickly using the H,MPT-
dependent pathway was tremendously useful.
Nearly all the genes that went up (such as stress
responses) or down (metabolism and ribosomes)
due to swapping the pathways in the original strain
were those with a reversed pattern during adapta-
tion. It is clear that most of these represent the
indirect consequences of poor growth versus rapid
growth, and this aspect changed in all lineages.
Steady-state ratios of the concentrations of the
pyridine nucleotides - NAD(P) (H) - also changed
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in this manner: increases in the ratio of NADPH/
NADP* and NADH/NAD" occurred in the engi-
neered ancestor compared with wild-type, and
these were reversed during adaptation. Indeed,
the exact ratios for each pair of nucleotides cor-
related quite well with the fitness of the strains.

This pattern of modest repeatability was also
seen for the DCM adaptation by Josh Michener
(Michener et al., 2014b). Although CI- export
appeared to be the central challenge in all cases,
he found four distinct loci could ameliorate this
challenge. Interestingly, the same locus was often
observed as a beneficial mutation across different
strains or species used as ancestors. Beneficial
alleles in secY (subunit of protein secretion system)
were found in M. extorquens AM1, M. extorquens
BJ001 (formerly M. populi), and M. nodulans; clcA
(CI-/H* antiporter) in M. extorquens PAl and
BJ0O1; and edgA (new locus named for evolved
DCM growth) in M. extorquens PA1 and M. nodu-
lans. This pattern seemed to imply that the same
loci could solve this common problem regardless
of the genomic background of the strain. Indeed,
beneficial mutations from one strain could be
introduced into another strain where none of
the beneficial mutations were at that locus, and
that allele was still beneficial in the new genomic
context.

Perhaps the most exciting part of this study
was Josh’s examination of how M. extorquens DM4
first may have evolved originally to use demA in
nature (Michener et al, 2014b). The amino acid
sequences for all four loci identified above to solve
the Cl” export problem were identical between
the natural DCM utilizer (DM4), and the other
M. extorquens strains (AM1, BJoo1, CM4, PA1).
There were, however, mutations unique to M.
extorquens DM4 in the clcA promoter. Swapping
just P, , between DM4 and the DCM-naive
PAl strain was suflicient to completely swap
the phenotype! Furthermore, as there happens to
be only one other strain of M. extorquens known to
utilize DCM, Josh obtained this strain and
sequenced P .. A beneficial mutation (another IS
insertion) was also found in this strain that increased
clcA expression. Thus, not only was adaptation
repeatable in the lab across different strains
and species within a genus, we were able to
identify the chromosomal locus that permitted
effective DCM utilization in two independent

natural isolates after they had acquired demA in
the past.

Repeatability during adaptation to
ameliorate the negative effects of
synonymous mutations

Deepa Agashe’s work on rapid adaptation to various
synonymous re-codings of fae produced another
remarkable pattern of repeatability (Agashe ef al.,
2016). Although all of the strains initially grew
poorly on methanol due to insufficient levels of
FAE, they evolved in a manner that was highly
consistent per strain, but very different between
them. Replicate populations for three of the six
variants always had beneficial mutations in the
promoter of fae that increased gene expression, but
never had coding mutations. On the other hand, for
the other three synonymous variants the pattern
was reversed: always coding mutations and never
promoter mutations. For this last set, there were
commonly repeated mutations to the exact same
residue of FAE, such as three distinct mutations to
Ile-12, two different synonymous mutations and
one non-synonymous one. Furthermore, to briefly
mention epistasis in this system, when 12 different
beneficial coding mutations were moved to alterna-
tive synonymous ancestral versions, only two of
these conferred benefit in the new context. This
version-specific pattern of adaptation corroborated
her earlier work (Agashe et al.,, 2013) that suggested
that each recoded version of fae was problematic to
express in a unique way.

Complex allele dynamics during
adaptation
Besides examination of the collection of alleles or
phenotypes that have emerged in single evolved
isolates, a complementary aspect of the evolution-
ary process is to uncover the trajectories of alleles in
the populations. As I have commented upon before
(Marx, 2013), these dynamics alone can give clues
as to aspects such as multiple ecological niches.
Recent work has greatly expanded the quantitative
inferences that can be made in this regard (e.g. Lang
et al., 2013; Good et al., 2017), but two simple sto-
ries have emerged from our work on adaptation of
M. extorquens dependent upon the GSH-dependent
pathway for formaldehyde oxidation.

The first story of allele dynamics built upon our
desire to develop a simple, inexpensive method to
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follow allele frequencies in populations via ampli-
con sequencing. Before then, the standard method
to follow allele dynamics was to isolate many
(10-100) isolates per timepoint to interrogate, and
then amplify each allele from each isolate at each
timepoint, and submit these for standard Sanger
sequencing. Although simple in design, this is
rather laborious and expensive. A former postdoc,
Lon Chubiz, worked with Miki Lee to develop a
cheap method we named ‘FREQ-Seq’ (Chubiz et
al.,2012). The primary innovation was to recognize
that we wanted to barcode individual samples, yet
did not want to order tens or hundreds of barcoded
primers for every locus in question. FREQ-Seq
uses two rounds of PCR, beginning with a single
set of allele-specific primers to amplify a locus in
question from a mixed population timepoint (using
primers with generic ' extensions that match the
3' extensions of primers in step two). This product
is then re-amplified in a mixture containing three
primers: two universal primers (that are also the
Ilumina A and B adapters, eliminating the need for
further sample prep) and a small amount of a long
bridging primer that carries the sample-specific
barcode. This worked amazingly well. The very
first time we tested this in full, Lon sacrificed an
opportunity to join the lab for a well-earned beer,
and instead spent = 3h performing two rounds of
PCR for each of three loci (fghA, gshA, pntAB; see
‘Adaptation requiring use of an introduced enzyme
or metabolic pathway’) at 27 time-points of the
population that CM1145 was isolated from (Chou
et al., 2011). These samples — as well as controls for
each locus — were then put in to 3% of an Illumina
control lane. Even at the modest sequencing depth
available at the time, this resulted in an average
coverage of 150,000-fold per timepoint per locus,
with almost no PCR bias. What did we learn? First,
it became clear that, of these three mutations, the
gshAEVO mutation occurred first, and then fghA*"©,
then pntABEVO. This matched the order of their
selective benefits from largest to smallest (Chou et
al.,2011), which was on its own unsurprising. What
was fascinating, however, was that the gshA®V© had
rapidly risen to =40% of the population by gen-
eration 108, and then fell to <10% at generation
180, before rapidly rising again to near fixation by
generation 210. This pattern is indicative of clonal
interference: the gshAF"0
beneficial, but was temporarily passed by one (or

allele did not become less
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more) lineages that were even more fit, before being
able to rise to eventual fixation once coupled with
the fghAFY0 allele. In this case we were lucky, and in
the next story we figured out just what mutation(s)
temporarily pushed gshAFVC down in frequency.
The second window into allele dynamics arose
due to a particular type of allele mentioned above in
section ‘Adaptation requiring use of an introduced
enzyme or metabolic pathway’: the beneficial inte-
gration of our introduced plasmid encoding the
GSH-dependent pathway into the host genome
(Chou and Marx, 2012). As bizarre of a genetic
event as this would seem to be, it occurred multiple
times in the small number of isolates David exam-
ined. These integrations were not due to traditional
homologous recombination, but, rather, were
caused by incomplete transposition of ISMex2$
into our plasmid, pCM410, resulting in a cointe-
grate. Every one of these events that we obtained
was an insertion into trfA, which encodes the essen-
tial replication initiation gene of this small IncP
plasmid backbone (Marx and Lidstrom, 2001).
Miki decided to follow-up on this, and devised a
simple semi-quantitative PCR approach to identify
such insertions. Her data were striking: not only
could she follow the dynamics of these bizarre
alleles in the populations where they had been
previously identified, it turns out every population
contained multiple (up to 17!) such insertions. This
was possible to discern because distinct insertion
sites or orientations of ISMex25 in trfA generated
PCR products of different lengths. If these were
beneficial (=20% when tested alone) and so easy to
produce, how could they have failed to become the
winning lineage in all populations? In the five popu-
lations where these alleles did not fix, the whole set
of alleles became detectable at the same time, rose
in frequency together, and then fell in synchrony
with each other. They were thus victims of clonal
interference. In the population studied with FREQ-
Seq and described above, we could clearly see that
it was the 17 genotypes bearing one these insertion
alleles (along with other mutations) that rose in
frequency and peaked precisely when the gshA®V0-
containing genotype was at its lowest point, and
then the insertion alleles fell in frequency together
when the gshAFV0 rapidly rose towards eventual
fixation. It should be noted that the complex
dynamics of clonal interference are not just seen in
laboratory-based experimental evolution, but also
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occur in natural situations such as persistent infec-
tions (Lieberman et al.,,2011; Yang et al.,2011; Silva
etal.,2016; Levade et al., 2017; Xue et al., 2017).

Epistatic interactions between

beneficial mutations

Once one has found the beneficial mutations that
were targets of adaptation, and perhaps having
uncovered their complex temporal dynamics, this
opens the door to considering how the mutations
affected each other along an adaptive trajectory. If
the selective effect of an allele were independent
of the genotype it arose upon, the order of ben-
eficial mutations observed would solely be due to
the balance between the likelihood of a mutation
happening, and the probability a mutation of that
(fixed) selective coefficient would escape drift and
beat out other mutations it was clonally interfering
with. It would also imply a perfectly smooth, single-
peaked adaptive landscape. But if the fitness effect
of a mutation is not fixed and depends upon the
genetic background, then all bets are off. For a pair
of mutations i and j, we typically consider epistasis
(sij) as the difference between the phenotype (here
fitness, W) actually observed (I/VU) and the null
expectation if there were no ‘extra’ effect of the two
alleles having been combined. This null hypothesis
is generally the product of the two individual effects
(I/Vl_xVVj), consistent with the idea of indepen-
dently acting allele having a constant proportional
affect upon fitness in the absence of epistasis. Prior
to taking on these studies, this type of effect had
been examined for beneficial mutations within a
single gene (e.g. Weinreich et al., 2006), but had
been little explored for mutations that had occurred
across the genome. Having earlier ‘snuck in’ brief
mentions of epistasis emerging from studies of
metabolic trade-offs and selection upon codons,
here I concentrate on three examples from work by
David Chou on adaptation with the foreign, GSH-
dependent pathway.

The first example of epistasis we uncov-
ered involved the icuAB cobalt transporter we
discovered (Chou et al., 2009; see section ‘Repeat-
ability during evolution of trade-offs between C1
and multi-C metabolism’). As mentioned above,
beneficial mutations in icuAB occurred in 30 of 32
populations examined that evolved using methanol
as a substrate, and this included six of the eight
populations with the GSH-dependent pathway.

In the wild-type context, icuABEYO conferred an
18% advantage during growth on methanol in the
original (unintentionally) cobalt-limiting media.
To David’s great surprise, when he introduced
icuABEV? into the GSH-dependent ancestor, there
was only a very slight increase in fitness (<3%). If
that was so, how could it have emerged repeatedly?
He recognized that icu ABFV© likely was not the first
allele to arise, however, and thus could have arisen
on a fitter version of that strain. Having begun to
re-construct strains bearing fghAFY0, gshAFVO, or
pntABEYO, he introduced icuABEVO into each of
these somewhat faster strains. Plotting the selective
coefficient of icuABFV0 against the baseline growth
rate of the genotypes it was introduced into, there
was a straight line with positive slope. This indicates
that the beneficial effect of icuABEVC was synergis-
tic with the other mutations, and thus conferred
a higher proportional benefit the fitter the strain
background was. David then had the clever idea to
test whether changes in the environment that would
affect growth rate would generate a similar effect
as epistasis. By simply growing wild-type at 16,
20, and 25°C (rather than the standard 30°C), he
could generate a similar range of growth rates as the
GSH-dependent strains grown at 30 °C. Indeed, the
fitness effect of these manipulations plotted right
on top of the epistasis data. This indicates that it
really does not seem to matter what makes the cells
grow more slowly, but simply doing so results in a
consistent decrease in the fitness effect of icu ABEVO.
What underlies this commonality between epista-
sis (also known as genotype X genotype, or GX G
interactions) and genotype X environment (i.e.
GxE) interactions? This requires thinking about
where cobalt ‘goes’ during cell growth. Unlike
carbon, it is not breathed off, but simply becomes
a part of the B, pool. The only thing that makes
the B, concentration go down is dilution by cell
growth. As such, the need for increased cobalt
uptake becomes increasingly severe as the cell
grows faster and faster.

The second example of epistasis in this system
came from analysing a network of allele combi-
nations from the best-studied evolved isolate,
CM114S, whose genome was first sequenced
(Chou et al, 2011), and has been mentioned in
multiple sections above. Although this strain con-
tained nine mutations, many of them were either
hard to reproduce (like a huge deletion of 10% of
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the genome, like what Miki had uncovered in other
populations; Lee and Marx, 2012), of question-
able effect (synonymous mutation or in a gene of
unknown function), or clearly had to do with the
cobalt-limitation in the medium (icuAB; Chou
et al., 2009). Thus, rather than labour to make all
2°=512 strains, David wisely chose to concentrate
upon the loci that were directly related to the intro-
duced GSH-dependent formaldehyde oxidation
pathway (fghA, gshA, pntAB), and lump the rest
of the six mutations as a single allele, the ‘genetic
background’ (GB). The fitness value for all 16
combinations of these alleles was determined, and
a clear pattern emerged. For three of the four alleles,
the selective benefit of that allele steadily decreased
with the fitness of the background it was introduced
into. For example, the gshAFV allele had a $1% ben-
efit when present alone, but only conferred a 34%
benefit if introduced into a strain already contain-
ing the three other evolved alleles. A similar trend
was shown by my colleague Tim Cooper (now
at Massey University, New Zealand) for the first
mutational steps of one of the Lenski lineages of E.
coli evolved to utilize glucose (Khan et al., 2011).
Tim and I coordinated our submissions, and these
ended up being the first papers to suggest a generic
trend for ‘diminishing returns’ epistasis between
beneficial mutations. Mutations becoming less and
less valuable when stacked on top of each other play
a critical role in the well-established tendency of
experimental evolution experiments to decelerate
their rate of adaptation (Lenski ef al., 1991; Wiser
et al., 2013). This trend has also been observed in
many other biological systems, suggesting one or
more general principles at cause (Kvitek and Sher-
lock, 2011; Rokyta et al., 2011; Kryazhimskiy et al.,
2014).

Our final example of epistasis came from an
orthogonal approach that David took: combine
beneficial mutations from separate evolved lineages
that affected the same pathway (Chou et al., 2014).
He made a series of allele combinations where
one mutation decreased expression of the GSH-
dependent pathway due to lowering the expression
per plasmid, and the second mutation was one that
decreased plasmid copy number. His rationale was
that these mutations should affect expression in
independent ways, and thus be free from epistasis at
the level of enzyme expression. This turned out to be
the case; the expression level of the double mutant
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was well-predicted by the product of the individual
mutation effects. When it came to fitness, however,
W.=W,x W failed miserably, with combinations of
beneficial alleles consistently providing less benefit
than expected. In some cases, two highly beneficial
alleles were tremendously deleterious when com-
bined for reasons described below.

Simple mathematical models to
understand epistasis between

beneficial mutations

Perhaps the aspects of all this work that I am the
most excited about, and guides several of the current
efforts in the lab, are efforts to propose mathemati-
cal models of biochemistry as hypotheses for how
mutations should affect fitness, alone or together.
My interest in this area was shaped tremendously by
the pioneering work of Dan Dykhuizen, Tony Dean
and Dan Hartl throughout the 1980s (e.g. Hartl et
al., 1985; Dean et al., 1986; Dykhuizen et al., 1987).
They used theory from Metabolic Control Analysis
(Kascer and Burns, 1973; Heinrich and Rapoport,
1974) to understand the fitness effects of mutations
in lacZ or lacY upon growth of E. coli in lactose-
limited chemostats. This was evolutionary systems
biology long before the term was ever used (or
was popular). Chemostats are great for the ability
to focus selection largely upon a single limiting
resource, but this is also their limitation; it is unclear
how well biochemistry could predict growth rate in
the absence of a single external limitation. On the
other hand, my GSH-dependent M. extorquens has
a single internal limitation, so I hoped there was a
chance for this approach to work.

The first form of epistasis we modelled was
the diminishing returns observed when combin-
ing alleles that arose in a single evolved isolate
(Chou et al., 2011). For this, we teamed up with
my good friend and collaborator, Daniel Segré
(Boston University), and his former graduate stu-
dent, Hsuan-Chao Chiu. David Chou had noted
that the expression costs for synthesizing the two
enzymes of the GSH-dependent pathway visually
manifested as larger, morphologically abnormal
cells. Mutations that directly reduced expression of
the pathway (e.g. fghA""0) led to fewer such cells,
however, even the gshAFY? and GBF'© alleles led
to fewer abnormal cells (but not pntABFY?). This
suggested that the benefit of gshAF'© and GBF'
might at least partially be due to reducing the
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protein expression costs of the two enzymes of the
introduced GSH pathway (whereas the benefit of
pntABEYO is unrelated to expression costs). These
three alleles that appeared to reduce expression
costs — fghAFY0, gshAEVO and GBEY© — were also the
three of the four that exhibited diminishing returns
(pntABEYO imparted a = 10% benefit regardless of
background). This led us to speculate a connec-
tion between expression costs and diminishing
returns epistasis. We formulated a simple model
in which we treated protein expression costs as
a separate phenotype from everything else that
affects growth rate. Then we imagined each muta-
tion could affect one or both of these phenotypes
and interact independently (i.e. no epistasis) upon
that phenotype, yet fitness is the intrinsic growth
rate minus expression costs. By using the propor-
tion of morphological abnormalities as a proxy to
partition the degree to which each single mutation
affected benefits or costs, we were able to predict
the fitness values of double, triple, and quadruple
mutation combinations from the phenotypes of the
single mutants with a surprising degree of success
(R*=0.97). The intuition for diminishing returns
in this example of protein expression costs is easy
to illustrate. As a thought experiment, imagine
three mutations that each cut protein expression
costs in half in distinct ways, and that these expres-
sion costs reduce fitness by 20%. The first of these
beneficial mutations to occur will cut the cost
from 20% to 10%, and will thus produce a fitness
benefit of (1.2-0.1)/(1.2-0.2) =10%. The next
mutation, however, would only reduce the expres-
sion cost a further 5%, and would have a smaller
benefit of (1.2-0.05)/(1.2-0.1) =4.5%. The third
mutation would have even less remaining effect,
cutting the costs by 2.5%, thus a (1.2-0.025)/
(1.2-0.05)=2.2% fitness benefit. As developed
in a follow-up theory paper led by Hsuan-Chao
Chiu, continued proportional reductions to a single
phenotype inherently leads to diminishing returns
(Chiu et al., 2012).

The second type of epistasis modelled was that
of multiple mutations that reduced expression of
the GSH-dependent pathway via independent
molecular mechanisms (Chou et al, 2014). As
mentioned above in section ‘Epistatic interactions
between beneficial mutations, enzyme expres-
sion was well-predicted via a simple multiplicative
model, but fitness was not. Rather than build a

full metabolic control analysis model with many
parameters that were never manipulated in this
experiment, we generated a simplified algebraic
expression for the ‘control curve’ that describes
the consequences of changing activity of a single
enzyme at a time upon the steady-state flux through
a pathway (which in a case like this is proportional
to fitness). As these control curves are inherently
hyperbolic, they can be approximated in a manner
analogous to a Michaelis—Menten relationship: the
‘v parameter is the maximal steady-state flux of
the pathway given infinite activity of the enzyme
in question, and the ‘K, /-like saturation parameter
is the level of that enzyme needed to provide half-
maximal steady-state flux through the pathway.
Two more modifications to this logic were sug-
gested by the data: linear costs of the enzymes, and
an offset from the origin due to the apparent need
for a threshold value of enzyme activity to avoid
formaldehyde toxicity (and thus no growth at all).
All of this led to single equation with five param-
eters. We fit these five parameters using 27 data
points from strains with either inducible promoters
driving known changes in enzyme levels, or single
mutants. We then used this model to extrapolate
to 17 mutational combinations not used in the
fitting. Remarkably, despite the many simplifica-
tions involved, this model provided a fairly precise
prediction of these fitness values (R*>=0.98). This
demonstrates that the fitness landscape of enzyme
expression is smooth and can be easily modelled if
the data are available.

Most importantly, several aspects of the adap-
tation that had occurred were illuminated by the
shape of the resulting fitness landscape. First, it
became clear that the winning beneficial muta-
tions affecting the levels of the two enzymes of
the GSH-dependent pathway made it to the fit-
ness peak in a single mutational step, rather than
a long series of smaller mutations stacked on top
of each other. Second, the lack of promoter muta-
tions was now explained: although turning down
transcription via the inducible promoter could be
beneficial, the highest fitness benefit obtainable
by doing so is =20%. The particular mutations
that did occur generated benefit up to =40%, and
thus would have generally outcompeted the lesser
benefit solutions to this particular physiological
challenge. Third, it was now clear why some muta-
tions interacted epistatically so poorly with other
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mutations; these were the ones that sat closest to
the ‘cliff edge’ of the fitness landscape, such that
any further decrease in expression would lead to a
massive decrease in growth.

Conclusions

Combining experimental evolution, microbial
physiology, and mathematical biology has been an
enjoyable and reasonably fruitful approach for my
lab to address questions about M. extorquens that
lie at the intersection of these fields. Although the
original questions being asked with each experi-
ment outlined here turned up answers, I strongly
feel the ‘collateral’ findings that were not predicted
from the start have been the most rewarding and
broadly applicable to other systems. This balance
between planned versus surprising results perhaps
mirrors the tension of evolution itself: selection
upon traits in a given environment is deterministic
and (in principle) predictable, whereas the arrival
and escape from loss due to drift of the very muta-
tions that affect these traits is inherently stochastic.
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