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ABSTRACT

Microbial-based industrial production has experienced a revolutionary develop-
ment in the last decades as chemical industry has shifted its focus towards more sustain-
able production of fuels, building blocks for materials, polymers, chemicals, etc. The
strain engineering and optimization programs for industrially relevant phenotypes tackle
three challenges for increased production: optimization of titer, productivity, and yield.
The yield of production is function of the robustness of the microbe, generally associated
with complex phenotypes.

The poor understanding of complex phenotypes associated with increased pro-
duction poses a challenge for the rational design of strains of more robust microbial pro-
ducers. Laboratory adaptive evolution is a strain engineering technique used to provide
fundamental biological insight through observation of the evolutionary process, in order
to uncover molecular determinants associated with the desired phenotype.

In this dissertation, the development of different methodologies to study complex
phenotypes in microbial systems using laboratory adaptive evolution is described. Sev-
eral limitations imposed for the nature of the technique were discussed and tackled.
Three different cases were studied. Initially, the n-butanol tolerance in Escherichia coli
was studied in order to illustrate the effect of clonal interference in microbial systems
propagated under selective pressure of an individual stressor. The methodology called
Visualizing Evolution in Real Time (VERT) was developed, to aid in mapping out the

adaptive landscape of n-butanol tolerance, allowing the uncovering of divergent mecha-
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nisms of tolerance. A second case involves the study of clonal interference of microbial
systems propagated under several stressors. Using VERT, Saccharomyces cerevisiae
was evolved in presence of hydrolysates of lignocellulosic biomass. Isolated mutants
showed differential fitness advantage to individual inhibitors present in the hydrolysates;
however, some mutants exhibited increased tolerance to hydrolysates, but not to individ-
ual stressors. Finally, dealing with the problem of using adaptive evolution to increase
production of secondary metabolites, an evolutionary strategy was successfully designed
and applied in S. cerevisiae, to increase the production of carotenoids in a short-term ex-
periment. Molecular mechanisms for increased carotenoids production in isolates were

identified.
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1. INTRODUCTION

Strain engineering and optimization is a fundamental problem in biotechnology
applications. Genetic manipulation of microorganisms to create a strain that is superior
to the wild type with regard to a particular phenotype is the goal of any strain improve-
ment program. Biological systems are capable of a wide range of chemical reactions and
have several advantages over chemical synthesis and petrochemical-based chemical pro-
duction, including the ability to use sustainable feedstocks and the capability to produce
a wide variety of products (1). However, microbial-based production of fuels and chem-
icals intrinsically has many challenges, such as the optimization of the rate and yield of
production, and the final achievable titer (2, 3). Since many of the biochemical path-
ways are well characterized, the rate and yield of production can generally be readily
addressed by metabolic engineering (4-10). On the other hand, the maximum final titer
achievable is a function of the robustness of the microbial system in the production envi-
ronment (11). Robustness is defined as the property of microbial systems to maintain
their biological functions despite external and internal perturbations. The molecular
mechanisms associated with such robustness are complex (involving multiple genetic
determinants) and are not well understood, imposing a challenge for the rational engi-
neering of microbial producers.

Advances in metabolic engineering and synthetic biology have led to the creation
of several reverse engineering tools in order to better understand underlying molecular

mechanisms indispensable for the rational engineering of strains. Some of such method-



ologies include: enrichment of genomic libraries (12-14), transcriptome analyses (15-
17), trackable multiplex recombineering (TRMR) (18), global transcription machinery
engineering (TME) (19), ultra high throughput genomic sequencing (UHTS) coupled
with laboratory adaptive evolution (20-22), among others. These techniques will be de-
scribed in detail in the following chapter (Chapter 2).

Laboratory adaptive evolution has been broadly used for the engineering of mi-
crobial system for tolerance to inhibitors and operational conditions (21, 22). Character-
ization of molecular changes in isolated adaptive mutants from in vitro laboratory adap-
tive evolution experiments provides insights into the adaptive landscape for the pheno-
type of interest. Hence, determination of the adaptive landscape will drastically improve
our knowledge on the important parameters underlying complex phenotypes needed for
the rational engineering of strains. A complete description of laboratory adaptive evolu-
tion, its limitations and techniques can be found in Chapter 2.

In this dissertation, the development of diverse methodologies to study complex
phenotypes in microbial systems using laboratory adaptive evolution is described. Sev-
eral limitations of the traditional use of the laboratory adaptive evolution are discussed
and tackled. Three different cases were studied: i. The study of clonal interference of
microbial systems propagated under selective pressure of an individual stressor, ii. The
study of clonal interference of microbial systems propagated under several stressors, and
iii. The improvement of the production of secondary metabolites in yeast using adaptive

evolution.



1.1. Dissertation Objectives

The central objective of this dissertation lies in the development of efficient
methodologies for the study of complex phenotypes in microbial systems, using adaptive
laboratory evolution as a platform for strain engineering, in conjunction of diverse mo-
lecular biology techniques, including, but not limited to transcriptional analysis and ge-
nomics, as well as strain engineering techniques such as genome shuffling. The elucida-
tion of the molecular mechanisms involved in complex traits obtained after laboratory
adaptive evolution facilitates the rational engineering of industrial strains, generally by
finding improvements by means that could not have been predicted using classical meta-

bolic engineering.

1.2. Specific Aims

To fulfill the above-mentioned general objective, the following specific aims
were pursued:

* Develop “Visualizing Evolution in Real-Time” (VERT), a methodology based labor-
atory adaptive evolution, used to analyze complex phenotypes in microbial systems,
to aid the mapping of adaptive landscapes in evolving microbial population. In addi-
tion, this method facilitated the isolation of adaptive mutants when effects of clonal

interference are significant (see Chapter 2).



* Demonstrate the applicability of using VERT to study different industrially relevant
complex phenotypes, as the n-butanol tolerance in Escherichia coli and the tolerance
to hydrolysates of lignocellulosic biomass in Saccharomyces cerevisiae.

* Study of cross-tolerance and antagonistic pleiotropy between different industrially
relevant stressors in evolved strains; further demonstrating the usefulness of VERT.

* Rationally design of experimental conditions (selective pressure) necessary for the
use of laboratory adaptive evolution experiments for the improvement of production

of secondary metabolites.

1.3. Thesis Organization

This dissertation is focused on showing diverse applications using a developed
methodology to study complex phenotypes in microbial systems based on laboratory
adaptive evolution. A background on different metabolic engineering and synthetic bi-
ology tools are presented in Chapter 2, including an ample emphasis on laboratory adap-
tive evolution theory. Chapter 3 and Chapter 4 are focused on the evolutionary study of
Escherichia coli under n-butanol stress, using continuous cultures (chemostats) to carry
out the experimentation. VERT was used to help map-out the evolutionary dynamics of
the population. These chapters describe the effects of clonal interference under selective
pressure of an individual stressor, as well as divergent mechanisms of stress response
under the presence of the solvent. Chapter 5 describes the use of VERT for the evolu-
tion of yeast (Saccharomyces cerevisiae) in the presence of hydrolysates of lignocellulo-
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sic biomass. In this case, the microorganisms were exposed to a mixture of different
stressors (hydrolysates of lignocellulosic biomass contain several inhibitors formed dur-
ing the pretreatment process), and the rising of several mechanisms of tolerance to the
individual stressors were identified. Chapter 6 exemplify how appropriate selection of
the experimental conditions can be used to improve the production of secondary metabo-
lites using laboratory adaptive evolution. The production of carotenoids was improved
significantly in a short-term experiment. Finally, Chapter 7 is a bonus chapter where
genomic library enrichments were used to study the n-butanol tolerance in E. coli. Fi-

nally, Chapter 8 contains the Conclusions and Recommendations.

1.4. Contributions of the Dissertation

The main contributions of the dissertation are the following:

. A novel methodology to study complex phenotypes using microbial systems
called Visualizing Evolution in Real-Time (VERT) was developed. Using fluo-
rescently marked strains, VERT facilitates the map-out of the evolutionary dy-
namics and the rational selection of adaptive mutants.

. Novel mechanisms of n-butanol tolerance in E. coli were identified using VERT,
which may otherwise be missed due to effects of clonal interference.

. Cross-tolerance and antagonistic pleiotropy were identified in populations
evolved under n-butanol stress. Divergent mechanisms of n-butanol tolerance in

E. coli were described.



Several mechanisms of increased tolerance to hydrolysates of lignocellulosic bi-
omass were identified using VERT. Isolated mutants showed differential toler-
ances to individual inhibitors present in the hydrolysates; however, some mutants
exhibited increased tolerance to hydrolysates, but not to individual stressors.

Successful design of a selective pressure was applied to increase the production
of the natural pigments, carotenoids, in S. cerevisiae using laboratory adaptive
evolution. The production of carotenoids was increased more than 200% using a
short-term experiment. Molecular mechanisms for increased production of ca-

rotenoids in yeast were identified.



2. BACKGROUND'

2.1. Microbial Systems in Industry

Traditional industrial microbiology has been implemented for thousand of years.
Some examples can be seen in the preservation of milk and vegetables, bread, beer and
wine production, vinegar, among others. A revamping in the use of biotechnology oc-
curred in the 20th century, with the large fermentation processes used for the production
of solvents, vitamins, enzymes, and other products, as well as the discovering and devel-
oping of antibiotics as penicillin and streptomycin. But it was not until the introduction
of the recombinant DNA technology, that the biotechnology industry was propelled in
the U.S and worldwide.

Prokaryotic cells such as Escherichia coli, and microbial eukaryotic cells as fil-
amentous fungi and yeast, have been the symbol of the production of diverse valuable
chemicals in the last twenty years. The implementation of microbial systems has been
especially successful in the pharmaceutical, food, chemical, health care and biofuel in-
dustries. Several reasons exist for the increased use of microbial systems as production
platforms, compared to alternative chemical routes, or the use of plants and animals sys-
tems: (i) the intrinsic capacity to convert simple substrates into a wide variety of com-

plex molecules; (i7) the higher ratio of surface area/volume increases the nutrients uptake

: Reprinted with permission from Luis H. Reyes, James Winkler, and Katy C. Kao, (2012). “Visualizing
evolution in real-time method for strain engineering”. Frontiers in microbiology, 3, 198. DOI:
10.3389/fmicb.2012.00198. Printed with permission of Frontiers in Microbiology
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necessary to support high rates of metabolism and biosynthesis; (iii) simple genetic ma-
nipulation to enable the production of chemicals that not occur naturally, (iv) Simplicity
in the screening techniques, allowing the analysis of several variables in a timely man-
ner, and (v) the wide diversity of microorganisms available.

Industrial applications of bioprocess become commercially viable when either of
these two requirements are met: it is not feasible using chemical synthesis or better eco-
nomical performance at large scale compared with traditional chemical synthesis. The
ability to manipulate the biocatalyst to express desired complex traits in industrial set-
tings is possible as a result of the integration of the tools of “classical” and “modern”
strain engineering approaches and the remarkable resilience of microbial cells to such
non-natural interventions. Optimization of industrial strains is generally tackled from
three different aspects: increments in the rate and yield of production, as well as im-
provements in final titer achievable. Important advances have been achieved through the
use of metabolic engineering and synthetic biology to overcome issues related with rate
and yield of production (5, 8, 10, 23). Optimization of the final titer achievable is gener-
ally a function of the robustness of the microbial system, a complex phenotype that is
usually not well understood. The main cause of low yield of production in microbial
systems is high toxicity of the produced compound and process conditions that differ
significantly from natural environments. Several approaches have been used in pursuing
higher tolerance levels of microbial hosts (12, 13, 21, 22), and they will be described in
the following pages. Figure 2.1 summarizes a typical flow chart for the engineering of

complex phenotypes in industry (24).
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Figure 2.1. Strain engineering of complex phenotypes in industry. gTME: global

Transcription Machinery Engineering, FACS: Fluorescent Activated Cell-Sorter, LC-
MS: Liquid Chromatography — Mass Spectroscopy.

2.2. Methods for the Strain Engineering of Microorganisms

2.2.1. Classical strain engineering

Microorganisms can be adapted to the to the requirements of industrial processes
by mutation and selection. A classical approach for strain engineering includes the crea-
tion of genetic variation using diverse random mutagenesis techniques, followed by dif-

ferent screening techniques to select the phenotypes of interest. Random mutagenesis



creates mutations at undefined sites and the knowledge of sequence or function is not
required for its use. Random mutagenesis can be introduced in a number of ways in-
cluding: chemical mutagenesis, error-prone PCR, UV irradiation, mutator strains or

DNA shuffling. Some of them are discussed below.

2.2.1.1.  Chemical mutagenesis

Chemical mutagenesis induces diverse types of random DNA damage in living
cells across the entire genome. This method selects for non-lethal mutations because the
cells must replicate for the changes to be observed. Due to the harshness of the proce-
dure, the viability of microbial cultures is normally reduced to orders of 5% for efficient
mutagenesis. The mutagenic process is followed for a tedious selection of the survivals,
usually by plating in rich medium, with further screening for the desired phenotype. The
complete program normally happened in a reiterative way. Disadvantages of chemical
mutagenesis include accumulation of deleterious mutations, extreme toxicity of the rea-
gents used, and hot spots, as in the case of ethyl methanesulfonate (EMS) where only

transitions GC to AT or AT to GC are obtained (25).

2.2.1.2.  Error-prone PCR
Error-prone PCR is the standard method that researchers use to create libraries
of mutations within single genes. The experiment is simple and it is used in procedures
that examine a small number of mutations. By altering the buffer conditions, the error

rate of the Taq DNA polymerase is increased up to 1 — 3 base pairs substitutions per
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kilobase of amplified DNA. The main disadvantage of this approach is that size of the
library is limited by the efficiency of the cloning step. A technique that eliminate the
ligation step limiting the library size is called rolling circle error-prone PCR. It is a vari-
ant of error-prone PCR in which the wild type sequence is first cloned into a plasmid,
and then the whole plasmid is amplified under error-prone conditions. However, the
amplification of the whole plasmid is less efficient than amplifying the coding sequence

alone.

2.2.1.3.  Mutator strains

In this approach, the sequence to be mutated is cloned into a plasmid and trans-
formed into a mutator strain. A mutator strain is a microbe with deficiency in primary
DNA repair pathways, such as XL1-Red® (Stratagene), an E. coli strain with mutations
in mutS, mutD and mutT, creating errors during replicate of its DNA, including the
cloned plasmid. One advantage of mutator strains is that a wide variety of mutations can
be incorporated including substitutions, deletions and frame-shifts. However, with this
method the strain becomes progressively less viable as it accumulates mutations in its
own genome. By using inducible promoters to control the expression of DNA repair
mechanisms, it is possible to cycle cells between mutagenic and normal periods of

growth.
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2.2.1.4.  DNA shuffling
DNA shuffling is a methodology in which members of a DNA library are ran-
domly shuffled. By digesting the library with DNase I, and then rejoining the fragments
using self-priming PCR, DNA shuffling can be applied to libraries produced by any of
the aforesaid methods. This method allows the study of the effects of different combina-

tions of mutations.

2.2.2. Metabolic engineering (ME)

Bailey (26) defined metabolic engineering (ME) as “the improvement of cellular
activities by manipulation of enzymatic, transport, and regulatory functions of the cell
with the use of recombinant DNA technology”.

With classical strain engineering, the microbial genome is randomly changed,
untargeted. Only a handful of generated mutants are chosen, displaying the improved
phenotype. Modern recombinant DNA and synthetic biology permit targeted manipula-
tion in the engineering of organisms, allowing rational strain engineering. These tools
have advanced the field of constructing phenotypes at a much faster pace as compared
with tools for identifying the underlying genetic basis of the phenotypes. However, ME
requires well-defined systems, where the genetic basis for a given phenotype is ade-
quately mapped. There are many examples demonstrating the applicability and success
in the production of several products in a wide range of hosts (4, 27, 28), but they will

not be covered in this dissertation.
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Several factors play an important role in deciding when to use ME rather than
classical strain engineering, such as the amenability of the host to the tools of recombi-
nant DNA, the suitability of the host for commercial fermentation operation, and history
with regulatory requirements (24) (Figure 2.1). ME strategies for increasing production
rate, titer, and yield are highly dependent on the host organism. For this reason, most of
the novel pathways are metabolically engineered in E. coli, yeast (Saccharomyces cere-

visiae) and Bacillus subtilis (24).

2.2.3. Reverse strain engineering (RE)

Figure 2.2 presents a comparison between the approaches taken in ME and RE.
ME follows a cycle of measurement/analysis/perturbation. The data provided from the
measurements can be used to design mathematical models. These models can be ana-
lyzed to determine possible targets (hypotheses). After genetically manipulating the mi-
croorganisms, experiments are carried out to determine how the metabolic network has
been affected. Using classical methods for ME, the identification of metabolic bottle-
necks and rate-limiting steps are arduous problems to solve. Without a complete identi-
fication of the metabolic pathway to engineer, ME is likely to fail. RE is a tool to pro-
vide to the researcher an understanding about such mechanisms. The premise of RE is
to use random approaches combined with genomic and molecular biology tools to identi-
fy the important parameters for a desired phenotype, thus providing a framework for un-
derstanding the cellular and metabolic response, creating an insight of the complex phe-

notypes for a rational strain engineering.
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Knowledge of the metabolic pathways does not reveal the concentrations of in-
termediates, products and by-products of a pathway, or when the molecules start having
toxic effects. For such reason, RE can be seen as a natural complement to methods of

ME, and natural synergy exists between the two approaches.

REVERSE STRAIN

METABOLIC ENGINEERING
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ENVIRONMENTAL PERTURBATION
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Metabolic Flux Analysis €
Flux Control Evaluation Experiment ¥
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Substrate Feed 3 Analysis
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MEASUREMENT Culture Conditions
Extracellular Metabolites —
Intracellular Metabolites Experiment ¥
MEASUREMENT
Phenotypic Screening

Figure 2.2. Metabolic engineering vs. reverse strain engineering. CGH: Comparative
Genomic Hybridization.

2.2.3.1.  Transcriptome profiling
The transcriptome is the complete set of transcripts in a cell, both in terms of
type and quantity. Global transcriptome analysis is important in understanding how ge-
netic variants contribute to complex phenotypes. Analysis of genome-wide differential
RNA expression provides researchers with greater insights into biological pathways and

molecular mechanisms in microbial systems.
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Currently, the most widely used method to analyze global patterns of gene ex-
pression is the DNA microarray. Microarrays have been developed to monitor the gene
expression after different perturbations take place in a microbial environment. In such
microarrays, oligonucleotides corresponding to the genes whose expression has to be
analyzed (the probes) are attached in an ordered fashion to a solid support, generally a
glass slide. The relative abundance of the corresponding transcripts in a RNA prepara-
tion is measured by labeling the sample and a reference with different fluorescent mark-
ers, generally Cy3 (yellow-green marker) and Cy5 (red marker). The samples are hy-
bridized on the slide, and the intensity of the hybridization signal is proportional to the
relative abundance of the corresponding mRNA in the sample. The expression profiles
or transcriptome refers to the complete collection of mRNAs present. Thus, comparing
the hybridization signals for different mRNA samples allows changes in mRNA levels to
be determined under the conditions tested for all the genes represented on the arrays.
This method has been effective in the study of several complex phenotypes in different
systems (15, 29-31).

However, since microarrays are hybridization-based, they cannot be used to de-
tect RNA transcripts not included in the designed array or from repeated sequences.
Furthermore, microarrays offer limited dynamic range to detect subtle changes in ex-
pression level of target genes, which is critical in understanding biological response to
stimuli or environmental changes.

A recently developed technique to study the transcriptome is the Total RNA-

sequencing (RNA-Seq) (32). This technique uses high-throughput sequencing to ana-
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lyze the transcriptome at a much higher resolution than possible using microarray-based
methods. Total RNA-Seq enables: (i) the detection of all known and novel RNAs pre-
sent in biological samples, with no bias toward known RNA molecules as with probe-
based technologies, (if) identification of alternative splicing events, (ii7) expressed SNPs
(single nucleotide polymorphisms) or mutations, (iv) translocations and fusion tran-

scripts, and (v) identification of allele specific expression patterns.

2.2.3.2.  Library enrichments

A genomic library is a collection of cloned DNA fragments in a plasmid, or other
vector, and then transformed into a host strain. Unlike cDNA libraries, used in transcrip-
tome analysis and containing the sequence for genes that are transcribed by the organ-
ism, a genomic library contains all the genetic information, including non-coding regula-
tory sequences and other forms of “junk” DNA. Subsequent growth of the host under
different stimuli allows the enrichment of clones overexpressing genes that confer a pos-
itive growth advantage under the tested experimental conditions. Genomic library en-
richments are strictly limited to phenotypes that respond to overexpression of a single
gene or an operon, however this traditional approach has proven successful studying
several complex phenotypes, as n-butanol tolerance (12, 33), acid tolerance (13) and eth-
anol tolerance mechanisms (34), among others.

Once the phenotype-conferring fragment is isolated, further cloning is required to
identify the protein products conferring the desired trait. The multiscale analysis of li-

brary enrichment, or SCALESs, is a method in which populations expressing genomics
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libraries of different size of DNA fragment in plasmids are selected competitively under
selected conditions, allowing a more analytical analysis of microarray signals, enabling
parallel analysis of the entire library population (14, 35). An overview of the technique

is shown in Figure 2.3.
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Figure 2.3. Overview of the multiscale analysis of library enrichment, or SCALEs

2.2.3.3.  Metagenomics

The exploitation of microbial genomes found in nature has been proven to help in
the engineering of complex phenotypes (36, 37). Metagenomics is the field of research
that enables application of genomics-based tools to uncultivated microorganisms. The
fact that more than 99% of microorganisms are thought to be uncultivable or difficult to
culture in a laboratory (38), suggest that the unexplored genomic space is huge and many
enzymes with desirable applications are there to be discovered. One approach to explore
the genomic space of uncultivable microorganisms is the use of metagenomic libraries.

In a metagenomic library, all genome sequences in a microbial environmental sample are
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non-selectively cloned into a single library, allowing the study of genomes in an unbi-
ased way. In theory, this technique allow a faster discovery of novel genes with indus-
trial value, such as the case of chitinase, dehydrogenase, amylase, esterase, endoglu-
canase and cyclodextrinase (39-42). However, even if metagenomic libraries exploit
options that other strain engineering techniques do not offer, many problems should be
considered when the targets are being selected. Lacking of cofactors and prosthetic
groups in host strain avoid proper protein folding, ignoring possible targets, as well as
the lacking of appropriated sigma factors and transcriptional regulator, to promote the
right expression of such targets. All this without counting the failure to produce clones

representing these novel genes due primarily to their toxicity in the host strain.

2.2.4. Whole genome engineering

2.24.1.  Genome shuffling

Even in well-characterized and mature industrial microbial systems, there is
room for improvement in the rational and targeted strain engineering, mainly since most
of the whole-cell phenotypes are by nature, complex, impeding the modeling and identi-
fication of the cellular machinery behind such phenotypes. Additionally, the asexual
process has limitations associated to the poor accumulation of beneficial mutations and
the difficulty to lose the deleterious ones in a linear fashion. Genome shuffling of se-
lected strains is an efficient method for improvement of microbial strains with desirable

phenotypes. This technique combines the advantage of multiparental crossing that is
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allowed by DNA shuffling with the recombination of entire genomes normally associat-
ed with conventional breeding (43, 44). Genome shuffling allows the recombination of
beneficial mutations acquired by different chemical mutagenesis techniques or natural
evolution, and permits to clear out deleterious mutations accumulated in the engineered
strains. Another advantage of protoplast fusion is that it does not require organisms that
are deficient in recombination and restriction-modification systems.

The most common procedure for genome shuffling is protoplast fusion. In pro-
toplast fusion, the cell wall of the microorganism is digested using a glycoside hydro-
lase, such as lysozyme. In case of gram-negative bacteria, the protoplast formation must
be aided by the addition of EDTA (45). Protoplasts are maintained in buffers with high
osmotic pressure, to avoid lysis of the protoplast due to the absence of cell wall. Proto-
plast fusants are created using polyethylene glycol to increase the osmotic pressure,
promoting the protoplast fusion.

Genome shuffling has been applied in the study of several complex phenotypes
such as the improvement in acid tolerance in Lactobacillus (44) and n-butanol tolerance
in E. coli (43), as well as enhancing in the production of lactic acid in Lactobacillus

rhamnosus (46).

2.2.4.2.  Global transcription machinery engineering (¢TME)
gTME is an approach that perturbs the whole cell transcriptional machinery in
subtle ways, using a mutant transcriptional factor that enables expression of polygenic

phenotypes, helping to uncover cellular phenotypes important for technological applica-
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tions. Mutations present in sigma factors and transcription factors will affect the pro-
moter preference of RNA polymerase, modulating the transcriptome at a global level
(47). This technique is based in the generation of a mutant library of a gene (or genes)
expressing transcription or sigma factor since it is difficult to predict de novo the interac-
tion the mutation protein and its DNA sequence. Thus, it is possible to explore a large
protein space, increasing significantly the screening effort. A general gTME methodol-
ogy is depicted in Figure 2.4. gTME has been successful in the study of several complex
phenotypes, including ethanol tolerance (47), lycopene production (47), and improving

xylose fermentation (19).

Step 1
Selection of Target Gene

)

Step 2
Creation of mutant
library. Size will change
depending of gene size

{

Step 3
Express mutant library in
Step 7 host cell
Directed Evolution ‘l'
A
Step 4

Screening and selection

)

Step 5
Mutant Isolation

)

Step 6
“Omics” analysis

Figure 2.4. General gTME methodology. Depending of the goal of the project, steps 6
and 7 can change. Figure adapted from Lanza and Alper (48)
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2.3. Laboratory Adaptive Evolution

Most of the industrially relevant complex traits in microbial systems involve
multiple mechanisms, usually by expression of genes located in different loci. Since the
identities of these genetic determinants are generally not known, making the rational en-
gineering of strains for these complex phenotypes is a challenging process. Classical
strain engineering for these traits generally involve several rounds of random mutagene-
sis followed by tedious and time-consuming selection. After successive rounds of in-
duced mutagenesis, mutations that are deleterious or have negative epistatic effects tend
to accumulate by hitchhiking with beneficial alleles, hindering the identification of bene-
ficial mutations.

Laboratory adaptive laboratory evolution (LAE) allows the variation of genetic
material, in companion with the natural selection of beneficial mutations in an unbiased
fashion (49). LAE has been implemented in several applications, including activation of
latent genetic functions (50), production of nonnative products (51, 52), increasing the
metabolization rate of utilizable substrates (53, 54), and improvement of resistance to
different chemicals (21), antimicrobials (55) and environmental conditions (56, 57). As
aforementioned, LAE is based in the Darwinian principle of natural selection. The pro-
cess of natural selection has four components:

* Genetic variation within the population, producing differences in diverse

phenotypes. Mutations are the source of such genetic variation.

* Inheritance. The traits must be passed on to the next generation.
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* An increment in population growth.

* A differential survival and reproduction, a.k.a. fitness advantage, must be

provided for the acquired beneficial mutation(s).

If the desired trait can be coupled with growth, LAE can be used to improve the
desired phenotype. This process is accomplished by applying a selective pressure so that
beneficial mutants (mutants with increased fitness) can be obtained through the process
of natural selection. The identities of the mutations residing in adaptive mutants ob-
tained through natural selection or mutagenesis, and their subsequent effects on cellular
processes, must be leveraged for further rational engineering. With advances in genomic
tools, the genes and mechanisms involved can now be identified using combinations of
whole-genome re-sequencing (58, 59), transcriptomics (60, 61), proteomics (62), and
metabolomics (63, 64) studies. Detailed molecular characterization of adaptive mutants
isolated from in vitro LAE experiments provides insights into the adaptive landscape for
the phenotype of interest. Characterization of the adaptive landscape significantly en-
hances the knowledge on the important parameters underlying complex phenotypes
needed for the rational engineering of strains.

Currently, most of the applications of LAE in strain engineering have used the
workhorses of metabolic engineering: S. cerevisiae and E. coli; however, applications

for other microorganisms are on the rise.
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2.3.1. Adaptive landscape

In LAE, clones are typically isolated from the evolving population after an arbi-
trarily elapsed time or at the end of the experiment. However, since an evolving popula-
tion is heterogeneous, interclonal competition (clonal interference (54, 65)) lead to the
extinction of beneficial mutants. Depending on the population structure during the
course of evolution, the random isolation of adaptive mutants may fail to identify some
adaptive mutations that arise during the course of the evolution.

The idea of an adaptive landscape was first introduced as “surfaces of selective
value” by Sewall Wright in his studies about the shifting balance theory in 1931 (66-68).
The adaptive landscape is a multi-dimensional surface representation of the biological
fitness of an organism in a particular environment. In an adaptive landscape map for a

specific condition, each genotype is correlated with a fitness value (see Figure 2.5).

beneficial combinations of
alleles

Relative fitness

deleterious combinations of

Allele 1
alleles

Figure 2.5. Simplified adaptive landscape for two alleles (for one background genotype
in one condition). The figure depicts fitness values for beneficial (positive relative
fitness values) and deleterious (negative relative fitness values) combinations of alleles.
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The key point is that adaptive landscapes can differ in the ruggedness. The re-
sulting landscape can be smooth with a single optimum where the evolving population is
required to acquire a specific set of mutations, or can be rugged where the accessible lo-
cal optima will depend on the starting point within the landscape. It has been demon-
strated that bacteria encounter both types of landscapes in evolution experiments (69,
70). Natural selection usually drives a population to the closest local optimum, but not
necessarily the global optimum. Evolving populations tend to be trapped in suboptimal
solutions in asexual systems (71). Thus, to reach the global optimum, processes that al-
low for large “jumps” in the adaptive landscape, such as recombination and horizontal
DNA transfer, are necessary to reach new regions of the adaptive landscape in a semi-
rational manner. Recombination allows the combination of beneficial mutations with
positive synergy and the removal of deleterious mutations acquired in the evolutionary

process while horizontal gene transfer allows the acquisition of new functions.

2.3.2. Theories governing population structure during asexual evolution

Numerous theories have been proposed for the population structure in in vitro la-
boratory adaptive evolution experiments. Several factors, including the selective pres-
sure, size of the population, rate of mutations, frequency of beneficial mutations, and
relative fitness of beneficial mutants, are involved in determining the population struc-
ture during evolution. In the simplest case, a well-adapted mutant rises in the popula-
tion, and due to its increased fitness compared to the background population, the geno-

type will expand and eventually replace the parental population. This population struc-
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ture is applicable to situations where: (i) the evolution is mutation-limited, (ii) the popu-
lation size is small, and (iii) the time between the establishments of successive mutations
is much larger than the time it takes for a beneficial mutant to fix in the population
(strong positive selection). This theory, called clonal replacement (also called succes-
sion-fixation regime or strong-selection weak-mutation regime), implies that only one

mutation can become fixed at a time, leading to successive complete selective sweeps

(depicted in Figure 2.6).
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Figure 2.6. Clonal replacement model, theory governing population structure during
asexual evolution where successive sweeps and fixation of different beneficial mutations
take place in a small population; snapshots of the genotypes at different elapsed times
show that the population is homogeneous except when the beneficial mutant is sweeping
through the population. The graph represents the population structure as a function of
time during asexual evolution. The capital letters represent different beneficial
mutations in the population. The gridded boxes represent a snapshot of the frequency of
different genotypes in the population at that one point in time.

The resulting population can be assumed to be homogeneous except during the
periods when the beneficial mutant is sweeping through (72). However, when the muta-

tions are established at a faster rate than the rate of fixation, multiple mutant lineages can

coexist and compete for resources until one with the largest fitness advantage outcom-

25



petes all the other genotypes and become the next founding genotype for subsequent
evolution. This theory, known as clonal interference (or one-by-one clonal interfer-
ence), assumes that a single mutation can be fixed at a time, producing heterogeneous
populations except immediately after the sweeping of the fittest mutant (depicted in Fig-
ure 2.7); this theory focuses on the competition between different mutations with posi-

tive relative fitness (73-78).
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Figure 2.7. Clonal interference model, where different adaptive mutants compete until
one with the largest fitness advantage sweeps through and becomes the founding
genotype for subsequent evolution (e.g., mutations A, B, and C compete until C
completely takes over the population). The graph represents the population structure as
a function of time during asexual evolution. The capital letters represent different
beneficial mutations in the population. The gridded boxes represent a snapshot of the
frequency of different genotypes in the population at that one point in time.
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The two theories described above assume that only one beneficial mutation can
be fixed at a time. However, if the population size is large enough or the rate of muta-
tion is high enough, multiple mutations can occur in the same lineage before fixation,
leading to the multiple-mutation model (79) (Figure 2.8). The importance of this third
theory on population structure has been demonstrated in several theoretical and experi-
mental studies (65, 80, 81). In general, the population size in laboratory conditions is
large enough that either one-by-one clonal interference or multiple mutations models

shape the population structure.

2.3.3. Factors influencing population dynamics

As mentioned above, factors such as mutation rate, relative fitness advantage,
population size, and rate of beneficial mutations are important in shaping the population
dynamics during evolution. Since the evolution dynamics is dependent on the mutation
rate, one would assume higher mutation rate to be advantageous for speeding up evolu-
tion by generating mutational diversity. However, an increase in mutation rates does not
necessarily accelerate the pace of adaptation (82). While a low mutation rate would re-
sult in a slow discovery of beneficial mutations, prolonged exposure to high mutation
rate (such as the use of a mutator strain) increases the occurrence and accumulation of
deleterious mutations as well as the hitchhiking of apparent “silent” mutations during the
course of evolution, increasing the genetic load (83-85). This is evidenced by the rarity
of mutator strains in Lenski’s long-term laboratory adaptive evolution experiment

with E. coli; where mutators were found only after thousands of generations of evolution
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(82, 86-89) and the fitness advantage conferred by the mutator strains is most likely a
result of overcoming a mutation-limited bottleneck during the evolution. Mutagens are
often used to increase genetic diversity in evolution experiments. However, since it is
not convenient to periodically mutagenize the evolving population, a controllable muta-

tor system can be used, where the expression of mutator alleles can be induced only

when needed (90).
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Figure 2.8. Multiple mutations model, where multiple mutations occur in the same
lineage before fixation. In the latter two population structures, some adaptive mutations
are lost from the population, and depending on when adaptive mutants are isolated, some
mutants (and thus the underlying molecular mechanisms for adaptation) may not be
identified. The graph represents the population structure as a function of time during
asexual evolution. The capital letters represent different beneficial mutations in the
population. The gridded boxes represent a snapshot of the frequency of different
genotypes in the population at that one point in time.
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The time it takes a beneficial mutation to become the majority in the population
is called the fixation time and is an important factor in determining the population dy-
namics during evolution. This fixation time depends mainly on two factors, genetic drift
and the fitness advantage of the beneficial mutation in comparison with the background,
and is inversely proportional to the relative fitness advantage of the beneficial mutant
(91). A beneficial mutation with a 10% relative fitness advantage will become the ma-
jority of the population after approximately 250 generation in serial batch transfer exper-
iments (83) and 100 generations in continuous culture experiments (84). Genetic drift is
defined as the probability that a beneficial mutation survives extinction (92). Inin
vitro laboratory adaptive evolution experiments, the main source of drift is genetic bot-
tleneck due to random sampling. This phenomenon takes place when a significant
amount of the population suddenly vanishes, as occurs when a fresh batch culture is in-
oculated from an overnight culture. The survival probability of an allele carrying a ben-
eficial mutation that arose in the culture will depend on its proportion in the culture at
the time of transfer and the amount of inoculum transferred; therefore there is a chance
that it could be completely lost due to the stochasticity of sampling. In evolution exper-
iments using serial batch transfers, genetic bottlenecks between transfers affect hetero-
geneity by transferring a small fraction of the population. A reduction of the effect of
genetic bottleneck could be achieved by using continuous culture systems such as che-

mostats or turbidostats (20), where a much smaller genetic bottleneck is present.
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2.3.4. Specificity of adaptation

Propagation of microbial systems commonly shows tradeoffs in their relative fit-
ness across different environments. Evolution under a homogenous set of conditions
tends to promote the fixation of specialist strains, microorganisms that can only thrive in
a small set of environmental conditions (Figure 2.9). On the other hand, if the evolution
is carried out under a mix of environments, individuals could acquire a more generalist
behavior, being able to thrive in a wide variety of growth conditions, however, such ben-
efit is sub-optimal in any growth condition.

Two different mechanisms have been associated with this underlying cost of ad-
aptation. The first is antagonistic pleiotropy. Antagonistic pleiotropy makes reference
to mutations that are beneficial in one condition, being deleterious another (93). A se-
cond mechanism is the accumulation of mutations by genetic drift. Such mutations are
neutral in the selection environment but harmful elsewhere. Tradeoffs are very common

in nature, however the underlying mechanisms are usually unknown (94-98).

2.3.5. Visualizing evolution in real-time (VERT)

As stated above, the population sizes in most in vitro evolution experiments are
large enough to result in heterogeneous populations due to the effects of clonal interfer-
ence and multiple mutations. Thus, laboratory adaptive experiments can significantly
benefit from a more systematic isolation of adaptive mutants and ramping-up schedules
for selective pressures. The VERT system was developed to address these limitations in

traditional adaptive evolution experiments (21, 55, 99, 100). The basis for VERT is the
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use of isogenic, but differentially labeled (typically with fluorescent proteins) strains to
seed the initial evolving population. As a beneficial mutant arises and expands in the
population, the colored subpopulation that it belongs is expected to increase in propor-
tion. Using fluorescent activated cell sorting (FACS), the relative proportions of each of
the colored subpopulations at each point in time can be measured. Each sustained ex-
pansion in the proportion of a colored subpopulation is called an “adaptive event”.
Thus, the tracking of the different colored subpopulations can serve as a tool for deter-

mining when a fitter mutant arises in the population.

Fitness

Condition A Condition B

Figure 2.9. Specificity of adaptation. Hypothetical scheme of three genotypes under
two different experimental conditions. The columns indicates the fitness associated with
every genotype under the specified conditions. The blue and red bars show specialists
strains evolved to the conditions A and B, respectively. The green column indicates a
generalist strain with relatively high fitness under both growing conditions. Figure
adapted from Elena and Lenski (101).

The relative subpopulation frequency data collected throughout the course of
adaptive evolution represent the history of the population. The observed increase in the

relative proportion of a colored subpopulation from consecutive data points is assumed
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to be the result of the expansion of an adaptive mutant. Therefore, adaptive mutants can
be isolated from samples based on the observed expansions and contractions, by sorting
out the colored subpopulation that is expected to contain the adaptive mutant of interest.
Since experimental data can suffer from noise, the identification of adaptive events may
be challenging. Visual inspection of the data to identify adaptive events is a crude, but
relatively effective method (54, 55, 99). However, since small changes in relative fre-
quencies may be difficult to distinguish from noise, computational methods will provide
less biased annotation of adaptive events; our group recently developed a supervised
learning method for analysis of VERT data (102).

The basic feature of the VERT system, the number of labeled subpopulations, is
the aspect that can most readily be manipulated directly by the experimentalist, but is
somewhat restricted by the available equipment and properties of the labels themselves.
The number of fluorescent markers used represents distinct subpopulations that can be
visualized during the course of an evolution experiment. VERT labels must have distin-
guishable emission spectra and preferably have no significant fitness effect in the condi-
tion of interest. Widely used fluorescent proteins such as GFP, YFP, and RFP can be
detected on most FACS machines and usually have little effect on the physiology of
their host strains. At a minimum, two labeled subpopulations are trivially required to
observe population dynamics. Three subpopulations, employing RFP, GFP, and YFP
labeled strains, have been used successfully (54, 55) in fungal systems, and a two-color

labeled system in E. coli (21). Additional subpopulations can be included if suitable
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equipment is available. Simulated evolution may prove a useful tool for unraveling the
connection between adaptive event discovery and initial population diversity.

Visualizing evolution in real-time-based in vitro adaptive evolution experiments
can be used in either serial batch transfer or continuous culture systems. Provided that
the different fluorescently marked strains show no significant fitness bias, then equal
proportions of each strain maybe used to seed the population for evolution. Samples are
then withdrawn and quantified using FACS every few generations to track the popula-
tion dynamics. It is typically assumed that the adaptive mutant will expand until a fitter
mutant arises in another subpopulation and expands sufficiently to impede its’ expan-
sion. It is further assumed that the generation at which the expanding subpopulation has
reached a maximum proportion will contain the largest fraction of the adaptive mutant
responsible for the expansion, simplifying the isolation of the mutant considerably.

In traditional adaptive evolution experiments, selective pressure is generally
ramped-up at arbitrarily chosen time intervals. An alternative to this approach, based on
using a feedback controller to maintain selective pressure so that the overall population
growth rate approaches a user-defined set point, was recently introduced by Toprak et.
al. in 2012 (59). Since the use of VERT allows the users to readily identify when adap-
tive events occur, it can be used to design a more systematic ramp-up schedule. For ex-
ample, an increase in selective pressure could be applied when a minimum of 2 adaptive
events are observed. The optimal frequency of ramp-up as a function of observed num-
ber of adaptive events may differ depending on the adaptive landscape for the phenotype

of interest and needs to be investigated.
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The isolated adaptive mutants can be further characterized to elucidate the mo-
lecular mechanisms of resistance in the selective pressure of interest. Whole-genome re-
sequencing, transcriptomics, proteomics, and metabolomics analyses can be used to elu-
cidate the evolutionary trajectories during the process of adaptive evolution. The availa-
bility and cost of whole-genome re-sequencing has improved significantly, but in most
cases is still more expensive than transcriptome analysis using DNA microarrays.
VERT tracks the individual subpopulations, making it easier to distinguish whether ge-
nome-wide perturbations observed in the transcriptional regulation found in different
isolates arose independently or transitively without whole-genome re-sequencing data (if
the isolates come from different colored subpopulations). Since not all the observed per-
turbations are involved in the complex phenotype of interest, common perturbations ob-
served in independent lineages provide a level of confidence for their involvement. The
potential adaptive mechanisms identified can serve as targets for further strain engineer-
ing.

The original development of VERT used the yeast S. cerevisiae evolving under
glucose-limited conditions; a three-colored VERT system was used to seed eight parallel
populations (54). The VERT data from one of the populations is shown in Figure 2.10;
generations and subpopulations from which adaptive mutants were isolated from are in-
dicated. Detailed genotypic and transcriptome analyses of the isolated adaptive mutants
showed convergence in the perturbation of the protein kinase A regulatory network in

independent lineages (54). Subsequent development and application of a two-colored
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VERT system in E. coli for n-butanol tolerance revealed previously undiscovered re-

sistance mechanisms (21).
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Figure 2.10. Example population dynamics from a three-colored VERT system (adapted
from Kao and Sherlock (54)). The colored bars represent the relative proportions of
each colored subpopulation. An increase in the relative proportion of a colored
subpopulation is indicative of the occurrence and expansion of an adaptive mutation in
that subpopulation, and is defined as an adaptive event. Under the assumption that the
adaptive mutant responsible for the specific adaptive event is at its’ highest proportion at
the end of the sustained expansion, the adaptive mutants are isolated from the expanding
subpopulation from the generation at the end of each expansion. The generation and
colored subpopulation from which adaptive mutants were isolated are numbered 1-5.
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3. VISUALIZING EVOLUTION IN REAL-TIME TO DETERMINE THE
MOLECULAR MECHANISMS OF N-BUTANOL TOLERANCE IN

ESCHERICHIA COLI"

3.1. Summary

Toxicity of products or feedstock components poses a challenge in the biocata-
lyst-based production of fuels and chemicals. The genetic determinants that are involved
in increased resistance to an inhibitor form the adaptive landscape for the phenotype; so
in order to engineer more robust biocatalysts, a better understanding of the adaptive
landscape is required. Here, we used the adaptive laboratory evolution method called
Visualizing Evolution in Real Time (VERT) to help map out part of the adaptive land-
scape of Escherichia coli tolerance to the biofuel n-butanol. VERT enables identifica-
tion of adaptive events (population expansions triggered by adaptive mutants) via visual-
ization of the relative proportions of different fluorescently labeled cells. Knowledge of
the occurrence of adaptive events allows for a more systematic isolation of adaptive mu-
tants while simultaneously reducing the number of missed adaptive mutants (and the un-
derlying adaptive mechanisms) that result from clonal interference during the course of

in vitro evolution. Based on the evolutionary dynamics observed, clonal interference

: Reprinted with permission from Luis H. Reyes, M. Priscila Almario, James Winkler, Margarita M. Oroz-
co, and Katy C. Kao, (2012). “Visualizing evolution in real time to determine the molecular mechanisms
of n-butanol tolerance in Escherichia coli”. Metabolic engineering, 14(5), 579-590. DOLI:
10.1016/j.ymben.2012.05.002. Copyright 2012 ELSEVIER
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was found to play a significant role in shaping the population structure of E. coli during
exposure to n-butanol, and VERT helped to facilitate the isolation of adaptive mutants
from the population. We further combined adaptive laboratory evolution with genome
shuffling to significantly enhance the desired n-butanol tolerance phenotype. Subse-
quent transcriptome analysis of the isolated adaptive mutants revealed different mecha-
nisms of n-butanol resistance in different lineages. In one fluorescently marked subpop-
ulation, members of the Fur regulon were upregulated; which was not observed in the
other subpopulation. In addition, genome sequencing of several adaptive mutants re-
vealed the genetic basis for some of the observed transcriptome profiles. We further
elucidated the potential role of the iron-related genes in n-butanol tolerance via overex-
pression and deletion studies and hypothesized that the upregulation of the iron-related
genes indirectly led to modifications in the outer membrane that contributed to enhanced

n-butanol tolerance.

3.2. Introduction

Biochemical and biofuel production using microbial systems have been the re-
newed focus of innumerable research in the last decade. Among the many accomplish-
ments in this area, metabolic engineering efforts have significantly improved the rate and
yield of production (5-10, 23); however, the maximum final titer achievable is a function
of the robustness of the microbial system in the production environment (11). The ge-

netic determinants underlying tolerance form the adaptive landscape of the phenotype of
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interest, are generally complex, and involve interactions between multiple genes (103).
Further understanding of the adaptive landscape for these complex phenotypes of inter-
est is necessary for the rational engineering of strains. However, these complex pheno-
types are largely not well understood, and therefore pose a challenge for the rational de-
sign of more robust microbial producers.

Advances in genomic tools have led to the development of reverse engineering
tools for the determination of the underlying genetic determinants (points on the adap-
tive landscape) and molecular mechanisms associated with complex phenotypes; such as
transcriptome analysis (16, 17), genomic enrichment (12, 33), SCALEs (14), TRMR
(18), and coupling high throughput genomic technology with the use of adaptive labora-
tory evolution (20-22). In adaptive laboratory evolution, adaptive mutants (strains with
increased fitness) arise spontaneously and expand in a population under a specific selec-
tive pressure (22, 50, 104-108). The adaptive mutants harbor genetic mutations that ren-
der them fitter than the background population, allowing them to expand in the popula-
tion. Identification of the underlying genetic mutations and their relative fitness effects
(mapping the adaptive landscape) allows researchers to use adaptive evolution as a tool
to identify important parameters for the rational engineering for the specific complex
phenotype. In addition, the evolutionary trajectories can be elucidated using adaptive
evolution to shed additional insight into the fundamental evolutionary processes in-
volved in the acquisition of complex phenotypes. Typically, mutants are isolated from
evolving populations for further analysis after an arbitrarily chosen elapsed time and/or

at the end of the evolution experiment. However, depending on the population size, the
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mutation rate, the rate of adaptive mutations, and the relative fitness associated with
beneficial mutations, the population may consist of multiple beneficial mutants that co-
exist and compete in a phenomenon known as clonal interference (109-113). Clonal in-
terference results in a heterogeneous population and creates complex evolution dynamics
during in vitro evolution, where beneficial mutations that arise in the population may be
outcompeted and lost through the course of asexual evolution. Thus, depending on when
samples are isolated, some beneficial mutations may not be identified, thus imposing a
limit on our ability to map the adaptive landscape and in the determination of the trajec-
tories involved during the evolution for the desired phenotype.

To help alleviate the limitation of traditional evolutionary engineering approach-
es, here, we demonstrate the use of a recently developed adaptive evolution method,
called visualizing evolution in real-time (VERT) (54, 55), combined with genome shuf-
fling, for the engineering and characterization of complex phenotypes in microbial sys-
tems. Using different fluorescently marked (but otherwise isogenic) strains, VERT can
be used to readily determine when adaptive events occur (the expansion of adaptive mu-
tants in the population) and to facilitate the isolation of those mutants from the popula-
tion. Additionally, during adaptive evolution, genetic recombination between bacteria
does not occur, and therefore beneficial mutations arising in different lineages cannot be
combined synergistically to create a superior genotype. To overcome this limitation, we
complemented our adaptive laboratory evolution experiment with genome shuffling to
allow for recombination between mutant linages. Using this approach, we were able re-

combine beneficial mutations arising in different individuals in a manner analogous to
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sexual evolution. Based on prior work by us and others, we hypothesize that butanol
tolerance in E. coli is a complex phenotype, where the use of adaptive evolution will re-
sult in complex population dynamics with multiple beneficial lineages competing as a
result of clonal interference, and the use of VERT combined with genome shuffling will
help to enhance n-butanol tolerance and aid in the identification of additional molecular

mechanisms involved.

3.3. Materials and Methods

3.3.1. Bacterial strains and plasmid construction

The E. coli K-12 strain, BW25113 (F, A(araD-araB)567, AlacZ4787(::rrnB-3),
lambda’, rph-1, A(rhaD-rhaB)568, hsdR514), was used in this study. The conditional
replication, integration, and modular (CRIM) system (114) was used to integrate the
plasmids into the genome. Overnight cultures were growth in Luria-Bertani (LB) medi-
um or on solid LB agar plates supplemented with the appropriate antibiotics and incu-
bated at 37°C. For the construction of the fluorescent-marked strains, the pBAD pro-
moter on the plasmid pTB108ext (115) was replaced by the growth-rate regulated pro-
moter 77nB P1 (116, 117), by PCR amplification from the E. coli genome using the for-
ward primer 5’-GGC CAA GCT TCT ATA CAA ATA ATA ACT GCA GCC AAG-3’
and the reverse primer 5’-GGC CAA GCT TGA GCT CGG CCG TTG CTT CGC AAC-
3’. The engineered promoter has a decreased activity by approximately 50 fold in com-

parison with the unaltered promoter (-150 to +1 region), by using only the -50 to +1 re-
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gion (117). The DNA sequences corresponding to the r7nB PI promoter, the GFP pro-
tein and 77nB terminator were cloned into the CRIM plasmid vector pAH144 in the mul-
ti-cloning-site. The CRIM plasmid was integrated into the genome using the HK022
phage attachment site, following the procedure described in Haldimann and Wanner
(114). The gene encoding the yellow fluorescent protein (YFP) was amplified from the
plasmid pKKGSS5, used to construct GSY31137 (54), using the forward and reverse pri-
mers 5°-CCG GTC TAG ATC AAA GAT GAG TAA AGG AGA AGA ACT T-3’ and
5’-CCG GCT GCA GGC GGC CGC CTA TTT GTA TAG-3’ respectively, and cloned

into the plasmid pAH144. The plasmid was integrated as described above.

3.3.2. Adaptive evolution experiment

The adaptive evolution experiments were carried out in two chemostat bioreac-
tors for the n-butanol challenged experiments in M9 minimal medium supplemented
with 5 g/L of D-glucose under aerobic conditions. The system was maintained at steady
state with a constant volume of 30 ml, flow rate of 7 ml/h and temperature of 37°C. The
concentration of n-butanol in the feed was increased in a step-wise fashion with an initial
concentration of 0.5% (v/v) and raised to 1.3% (v/v) (approximate steady-state concen-
trations inside the bioreactor) during the course of the evolution experiment. The con-
centration of n-butanol was increased arbitrarily every 20 to 30 generations. At genera-
tion 88 the chemostats were restarted from glycerol stocks due to mechanical problems
in the feeding peristaltic pump. During the re-start, the concentration of n-butanol was

decreased while the chemostats reached steady state. At regular intervals (approximate-
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ly every eight generations), samples were taken from the populations and a portion was
stored at -80°C in 17% glycerol for future analysis. The relative proportions of each of
the two fluorescent populations were monitored using the fluorescent activated cell sort-

er (FACS) (BD FACScan™).

3.3.3. Genome shuffling

Protoplasts of E. coli were generated using a modified protocol of Dai et al (45).
E. coli cells were grown at 37°C in LB medium until mid-exponential phase, harvested
by centrifugation, washed three times using ice-cold 0.01 M Tris/HCI (pH 8.0) and re-
suspended in 0.01 M Tris/HCI pH 8.0 supplied with 0.5 M sucrose. Removal of outer
membrane was initiated by using EDTA to a final concentration of 0.01 M. Cells were
washed using SMM buffer (0.5 M sucrose, 20 mM sodium maleate monohydrate, 20
mM MgCl,, pH 7.1) and resuspended in SMM buffer with 2 mg/ml lysozyme to remove
the cell membrane, generating the protoplasts. The resulting protoplasts of E. coli were
treated with DNase I (Promega) to digest DNA to prevent transformations due to the re-
lease of DNA from lysed cells, incubating at room temperature for 10 minutes. The pro-
toplasts were harvested by centrifugation and resuspended in PEG buffer (SMM + 40%
v/v PEG 6000, 10 mM CaCl,, 5% v/v DMSO), and incubated for 6 minutes to allow the
fusion of the protoplasts. The protoplasts were harvested again and resuspended in
SMM buffer. Cells were plated in LB plates, supplied with 0.5M sucrose, at various di-
lutions and incubated at 37°C for 3 days. All cells were recovered from the plates, and

used to initiate a new set of chemostats.
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3.3.4. Isolation of mutants

To isolate the adaptive mutants from each of the observed adaptive events, eight
clones were isolated from the expanding colored-subpopulation and pairwise competi-
tion experiments were carried out in chemostats fed with M9 minimal medium supple-
mented with 5 g/l D-glucose and 0.8% (v/v) n-butanol at 37°C to measure the relative
fitness coefficient of each clone against the previous adaptive mutant (the clones isolated
from the first adaptive event were competed against a wild type expressing a different
fluorescent protein). Figure 3.1 shows the flow of the procedure. The clone with the
largest relative fitness coefficient was selected as the adaptive clone from the expanding
subpopulation.

For each pairwise competition experiment, equal numbers of the two strains (ex-
pressing different fluorescent proteins) to be competed were used to seed each chemo-
stat. The relative proportions of each colored subpopulation were tracked and measured
approximately every 4 generations using FACS. The fitness coefficient was calculated
as shown in Equation 3.1, where P; is the relative proportion of strain i in the population

and t; is the generation at which the sample was analyzed.

In P Adaptive mutant @ ¢, | R Reference @ £,

Adaptive mutant @ £, K Reference @ ¢,

t2_t1

Equation 3.1 § =
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First adaptive event
8 isolates from expanding subpopulation

Pairwise competition against parental
of different fluorescent protein

Clone with highest fitness coefficient is chosen as the
adaptive mutant for the first adaptive event (P2-8)

\

Second adaptive event

8 isolates from expanding subpopulation
Pairwise competition against P2-8

Clone with highest fitness coefficient is chosen as the
adaptive mutant for the first adaptive event (P2-51)

[
\ 4

nth adaptive event

8 isolates from expanding subpopulation
Pairwise competition against P2-(n-1)

Clone with highest fitness coefficient is chosen as the
adaptive mutant for the first adaptive event (P2-n)

Figure 3.1. Procedure used for the identification of adaptive mutants

3.3.5. n-Butanol-shock experiment

An n-butanol-shock experiment was performed in 2% n-butanol (v/v). Cells iso-
lated from each adaptive event were grown overnight at 37°C in M9 minimal medium
supplemented with 5 g/ D-glucose, then diluted at a ratio of 1:100 into fresh M9 mini-
mal medium, and grown at 37°C to mid-exponential phase (ODggo 0.6 ~1.0). The ODgpo
of each culture were normalized to 0.5 using fresh M9 minimal medium and n-butanol
was added to a final concentration of 2% (v/v). Samples were incubated for 1 hour at

37°C and 220 rpm. After incubation, the samples were serially diluted in fresh M9 min-
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imal medium and plated on LB plates. After 18 hours, pictures of the plates were taken

to assess relative survival rates between the different strains.

3.3.6. Cell harvest for RNA extraction

Cells were grown in chemostats with a constant volume of 30 ml, flow rate of 7
ml/h, fed with M9 minimal medium supplemented with 5 g/L. D-glucose and 0.8% (v/v)
n-butanol at 37°C. After the system reached steady state (approximately 36 hours), the
cells were harvested by filtration using NALGENE analytical test filter funnels
(Nalgene) and immediately resuspended in 10 ml of RNA/ater (Sigma) and stored at -

80°C for later processing.

3.3.7. Total RNA extraction

The total RNA was extracted using the RNeasy Mini Kit (QIAGEN). For each
of the isolated mutants, 1.5 ml of sample stored at -80°C in RNA/ater were centrifuged
and the pellet was recovered. Total RNA was extracted by following manufacturer’s
instructions. The extracted RNA was treated with DNase I and purified using acid phe-
nol/chloroform followed by ethanol precipitation. The RNA was quantified using the

Qubit fluorometer using the RNA quantification kit (Invitrogen).

3.3.8. Microarray hybridization and data analysis
The SuperScript indirect cDNA labeling system (Invitrogen) was used to gener-

ate cDNA incorporating amino-allyl dUTP. ¢cDNA was recovered using ice cold ethanol
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precipitation. Cy3- and Cy5-dUTP dyes (GE Healthcare) were used to label cDNA
samples by following manufacture’s protocol. The labeled cDNA was hybridized to the
E. coli Gene Expression Microarray (Agilent Technologies). The arrays were scanned
using the GenePix 4100A Microarray Scanner and images analysis performed using
GenePix Pro 6.0 Software (Molecular Devices).

The Microarray Data Analysis System (MIDAS) software was used to normalize
the data using LOWESS based normalization algorithm (118). Differentially expressed
(DE) genes were identified using the rank product method with a critical p-value P <
0.01 (119). The MeV (TM4) (120) microarray analysis software was used for clustering

and other expression profile analysis.

3.3.9. Calculation of growth kinetic parameters

The parameters “Percentage of Inhibition” and “Improvement in n-butanol toler-
ance” were calculated as shown in Equation 3.2 and Equation 3.3, respectively. These
parameters were determined by measuring the maximum specific growth rate (WUmax;) of
each strain (strain i) in M9 minimal medium (supplied with 0.5% (w/v) D-glucose) sup-
plemented with 0% and 0.5% (v/v) n-butanol. The growth kinetics for each strain was
measured using a TECAN Infinite M200 Microplate reader (TECAN). Four biological
replicas were obtained per sample. Student’s t-test was used to determine if there was a

significant improvement in the n-butanol tolerance in overexpression or deletion strains.
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Equation 3.2 Inhibition = 1 - (MStrain @ 0.5% n-Butanol )

AuStrain @ 0% n-Butanol

( AuClone @ 0.5% n-Butanol ) _ ( Auwildftype @ 0.5% n-Butanol J

AuClone @ 0% n-Butanol Auwild—t_vpe @ 0% n-Butanol

Equation 3.3

Relative increase in g, =

( Wyitd-type @ 0.5% n-Butanol )

Uita—ype @ 0% n-Butanol

3.3.10. Overexpression and deletion studies

The ASKA Clone (-) collection (121), which contains a set of plasmids overex-
pressing all predicted E. coli K-12 ORFs under the control of an IPTG-inducible pro-
moter, was used as the source of all plasmid constructs for overexpression studies. E.
coli K-12 strain AG1 (recAl, endAl, gyrA96, thi-1, hsdR17 (ry my'), supE44, relAl) is
the host for the ASKA collection. Plasmids of the clones from the ASKA Clone (-) col-
lection overexpressing the genes of interest were isolated and transformed into E. coli
strain BW25113. All the overexpression analyses in this study were also performed in
AGT1 to reduce strain-specific effects. For deletion studies, the Keio collection (122),

which contains single gene deletions for all non-essential genes in BW25113, was used.

3.3.11. Whole genome resequencing

Genomic DNA (5 pg) was isolated from single colonies for each of the isolated
mutants to be sequenced using Solexa technology (Illumina Inc., San Diego, CA, USA),
with multiplexing of 6 strains per lane. DNA library generation and sequencing was per-
formed by the Borlaug Genomics and Bioinformatics core facility at Texas A&M Uni-

versity. The software CLC Genomics Workbench 4 (CLC bio, Germany) was used to
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assemble the different sequences and to identify single-nucleotide polymorphisms
(SNPs) and possible genome rearrangements. Verification of possible SNPs and trans-
locations identified from the genome re-sequencing were performed using traditional

Sanger sequencing (MCLAB, South San Francisco, CA, USA).

3.3.12. Allele tracking

Genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen). The
CFX384 Real-Time PCR Detection System (Bio-Rad) was used to carry out the qRT-
PCR experiments. GoTaq® qPCR Master Mix (Promega) was used for all the quantita-
tive real-time PCR (qQRT-PCR) experiments using 20 ng of total genomic DNA and 0.5
UM of primers. The primers used for the tracking of the different alleles are: A) the
rhoS82F allele, For-Wild-Type: CCG GTC CTG ATG ACA TCT ACG TTT C, For-
Mutation: CCG GTC CTG ATG ACA TCT ACG TTT T, Rev: TTA CCA GAC GCT
GCA TCT CGG, B) the feoA201::1S5 allele, For-Wild-Type: CCA CGG CGC GCC
ATT AC, For-Mutation: CCA CGG CGC GCC ATT AT, Rev: TCA TCG CGT TCG
GTG GGA, C) the FBSmut allele, For: ATG CAA TAC ACT CCA GAT ACT GCG
TGG, Rev-Wild-Type: CTG CGA TGA GAT GGT GGT CAG AGA ATA, Rev-
Mutation: CAA GGG GTT GAT GAA AGA CGA TAA CCA AC, D) the nusAE2124
allele, For-Wild-Type: TCT TCG CCG ATT TCT GGC ACT T, For-Mutation: TCT
TCG CCG ATT TCT GGC ACT G, Rev: TCC TGC GCG AAG ATA TGC TGC, and
E) the reld142::1S2 allele, For-Wild-Type: GCA ATA CGC TCC GCC AGT TTG AT,

For-Mutation: GGA GAT TCA GGG GGC CAG TCT A, Rev: AGC TGA AAG CGA
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CGC ACA CTG. The thermocycler protocol used is: 95°C for 3 min followed by 39
cycles of 95°C for 10 seconds followed by 60°C for 30 seconds. The allele frequency

calculations were done as described by Kao and Sherlock (54).

3.4. Results

3.4.1. Confirmation of neutrality and definition of adaptive events

The primary utility of the VERT method is to identify adaptive events (popula-
tion expansions) by tracking the relative proportions of different fluorescent subpopula-
tions during the evolutionary time-course. As a beneficial mutant arises and expands in
the population, the corresponding labeled subpopulation increases in proportion. By
tracking the different subpopulations using FACS, it is possible to determine when mu-
tants with increased relative fitness arise in the evolving population; allowing us to iso-
late adaptive mutants from the populations in a more rational manner. Thus, it is im-
portant that any fitness biases in the fluorescent proteins used are taken into considera-
tion in the analysis in order to avoid isolation of false adaptive mutants. The basal vari-
ability of relative subpopulation proportions from FACS measurements of the different
fluorescently marked strains were analyzed using neutrality tests, which typically follow
the short time propagation (<~20 generations typically) of the labeled subpopulations to
detect any fitness differences arising from different fluorescent protein expression, as
beneficial mutations are unlikely to occur within such a short time scale (123). To as-

sess the neutrality between the two fluorescently marked strains used for this work (GFP
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and YFP-labeled), we used the early time points from control experiments, where we
seeded parallel continuous culture experiments with approximately equal numbers of the
two fluorescently marked strains in M9 minimal medium supplemented with glucose.
The data for the first 24 generations after the populations reached steady-state (> 6 vol-
ume replacements) were used to assess the variation in fitness between the two fluores-
cently marked strains (Figure 3.2); a slight increase in the yellow subpopulation was ob-
served in both populations, suggesting a potentially slight fitness benefit in the yellow
subpopulation either due to fluorophore differences or due to jackpot mutations present
in the overnight inoculum. The neutrality data was then used to measure the expected

levels of measurement noise.

100%

80%

60%

40% 1

20%

Population Proportion

0% -
8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

100%

80%

60%

40% T 1 T

20%

Population Proportion

0% -
0 8 16 24 32 40 48 56 64 72 80 88 96 104112
Number of Generations

Figure 3.2. Neutrality test between GFP-marked and YFP-marked BW25113 conducted
in the presence of M9 supplemented with 5g/L D-glucose in chemostats. Yellow bars:
proportion of yellow subpopulation. Green bars: proportion of green subpopulation.
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The analysis for estimating measurement noise focuses on the average change in
population proportion per generation (ur) and its standard deviation (or) within the neu-
trality dataset. Since no (or few) adaptive events occur during the first few generations
of an evolution experiment, it is very likely that any change observed arises from ran-
dom variations during measurement or the sampling procedure. Evolved populations
can be also analyzed in a similar fashion using regions in which the subpopulations are
in a meta-stable state (i.e. no net expansion or contraction). These meta-stable states
may occur if there are no significant differences between the relative fitness of the adap-
tive mutants in the different colored subpopulations. If the fluorescent proteins are in
fact neutral, the average slope should be close to zero (ur = 0) to reflect equivalent fit-
ness of the two colored sub-populations. These parameters together intuitively describe
how much a given population proportion can be expected to fluctuate between subpopu-
lations with equal fitness. Based on data generated during this study, pr = 0.001 (95%
CI: [0.0031, -0.0009]) and or = 0.004 (N = 16) based on the assumption that deviations
from the mean are normally distributed. These statistical inferences derived from the
neutrality data may also be applied to determine if an arbitrary population expansion
meets a statistically significant threshold (102) and will be used to identify adaptive

events based on the evolutionary dynamics described below.
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3.4.2. The evolutionary dynamics of E. coli during evolution for enhanced
n-butanol tolerance

Approximately equal numbers of GFP and YFP marked strains were used to seed
two n-butanol challenged populations (P1 and P2) in continuous cultures in chemostats
with a starting concentration of 0.5% (v/v) n-butanol. The concentration of n-butanol in
the chemostats was increased to 1.3% (v/v) in a step-wise manner over the course of ap-
proximately 144 generations (see Figure 3.3). The relative proportions of the two fluo-
rescently marked subpopulations throughout the course of the evolution experiment were
monitored using FACS (the evolutionary dynamics during the in vitro evolution are
shown in Figure 3.3). An expansion in a colored subpopulation is indicative of the oc-
currence and expansion of an adaptive mutant in that subpopulation. Thus by tracking
the expansions and contractions of the two colored-subpopulations, we were able to
identify adaptive events occurring throughout the course of the in vitro evolution. The
expansions and contractions in both colored-subpopulations are clear indications that
clonal interference plays a role in shaping the population structure in our populations.

Upon completion of the adaptive evolution experiment, population P2 was arbi-
trarily chosen for further analysis. We identified seven adaptive events, where the ex-
panding subpopulations reached their maximum proportion at generations 7, 32, 104,
112, 128, and 144, in this population via visual inspection. Between generation 32 and
80, a meta-stable region was observed, which led us to hypothesize that an adaptive
event occurred in the green subpopulation that was able to impede the continued expan-

sion of the yellow subpopulation at generation 32. Thus, generation 80 was also identi-
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fied as the end of an adaptive event (in this case, the end of the meta-stable region). Us-
ing the computational algorithm, 4 adaptive events, reaching maximum proportion at
generations 32, 104, 128, and 144, were identified (Figure 3.3A). We isolated adaptive
mutants from all the potential adaptive events identified visually (all the computationally

identified adaptive events were also identified visually).
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Figure 3.3. The evolutionary dynamics of the in vitro evolution for A) n-butanol
challenged population P2, and B) the second round of evolution after genome shuftling
in the presence of n-butanol. The yellow bars indicate the proportion of yellow
subpopulation and the green bars indicate the proportion of the green subpopulation.
The blue line indicates the approximate steady-state concentration of n-butanol in the
chemostat. A visual inspection of the evolution dynamics allows us to determine
different adaptive events, defined as an expanding subpopulation when such expansion
reaches a maximum, marked with arrows. Isolated mutants from adaptive events are
marked (MG: Mutant Green, MY: Mutant Yellow). The red arrows indicate the adaptive
events determined using the computational algorithm.
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Table 3.1. Isolated mutants from population P2.
Fitness Coefficient per  Fitness Coefficient

Mutant Fluorescence Generation generation vs previous  per generation vs
isolated mutant wild type strain

MG1 GFP 8 0.012 + 0.004 0.011 +0.008
MY1 YFP 32 0.022 + 0.005 0.013 £ 0.005
MG2 GFP 80 0.053 + 0.006 0.008 +0.003
MY2 YFP 104 0.150 £ 0.001 0.051 £0.014
MG3 GFP 112 -0.117£0.016

MY3 YFP 128 0.193 +0.020 0.023 +£0.020
MG4 GFP 144 -0.140 £ 0.076

MG5 GFP After Protoplast 0.210+0.012
MY4 YFP After Protoplast 0.162 +0.022
MG6 GFP After Protoplast 0.332+£0.035

To isolate the adaptive mutants responsible for the observed expansions in popu-
lation P2, eight clones were randomly picked for each of the observed adaptive events,
from the expanding colored subpopulation at the generation when the relative propor-
tions are at its maximum (or at the end of the meta-stable region) (marked by arrows in
Figure 3.3A). Using pair-wise competition experiments in chemostats with 0.8% (v/v)
n-butanol, the clone with the highest relative fitness coefficient against the previous
adaptive mutant was selected as the adaptive mutant from that expanding subpopulation.
These adaptive mutants are named according to their color and sequence in the evolution
(labeled and shown in Figure 3.3A and Table 3.1). The relative fitness coefficient for
each isolated adaptive mutant was also measured against a differentially marked parental
strain (Table 3.1 and Figure 3.4). All but 2 (MG3 and MG#4) of the isolated adaptive
mutants showed positive or neutral fitness coefficients in the presence of 0.8% (v/v) n-

butanol; MG3 and MG4 were not analyzed further.
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3.4.3. Recombination significantly enhances the desired phenotype

At generation 144, the n-butanol-challenged populations began to washout at
1.3% (v/v) n-butanol, marking the end of the first round of adaptive evolution experi-
ments. At this point, we subjected samples from the two n-butanol-challenged popula-
tions to genome shuffling via protoplast fusion (43, 45) in an attempt to further enhance
tolerance by recombining the beneficial and potentially synergistic mutations between
different lineages. The resulting protoplast fusion library was used to seed a new che-
mostat in the presence of n-butanol for a second round of evolution (Figure 3.3B). An
enhancement in n-butanol tolerance was detected immediately, as the population was
stably maintained at 1.3% (v/v) n-butanol (whereas they were washing out prior to ge-
nome shuffling). Adaptive mutants were identified and isolated from this second round
of evolution, and were named MG5 (generation 16 post genome shuffling), MY4 (gen-

eration 40), and MG6 (generation 72).

3.4.4. Enhanced survival upon n-butanol shock

The survival rate after short-term exposure to a higher concentration of n-butanol
was conducted to determine the tolerance level of the adaptive mutants. The cells were
exposed to 2% (v/v) n-butanol for 1 hour and their viabilities were assessed (see Figure
3.5). Most adaptive mutants (MG2, MY 3, MG5, MY4 and MG6) showed at least a ten-
fold increase in survival rate upon n-butanol exposure compared to the parental strains.
The adaptive mutants isolated after the genome shuffling (MG5, MY4, and MG6)

showed ~10-100-fold increase in survival rate compared to the parental strains. This
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corresponded to the higher relative fitness coefficient in these strains compared to the
parental strains in the presence of n-butanol. Similarly, mutant MG1 that showed little
increase in its n-butanol tolerance also showed a lack of relative fitness coefficient gain
relative to the wild type. MY2 is an exception: it showed a decreased viability after 2%
(v/v) n-butanol exposure, but had a higher fitness coefficient relative to the previous
adaptive mutant (Figure 3.4), suggesting that this particular mutant either only has a
higher resistance to lower concentrations of n-butanol (i.e. the concentration in the bio-
reactor that it was isolated from) or it may have mutation(s) that confer a fitness ad-

vantage for more efficient nutrient assimilation.
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Figure 3.4. The relative fitness coefficients of isolated adaptive mutants from population
P2 in the presence of 0.8% n-butanol. Light gray bars: the fitness coefficients compared
to the previously isolated mutant as reference. Dark gray bars: the fitness coefficient
compared to a differentially labeled parental strain. Measurements that are statistically
significantly different from the wild type (student t-test with a p-value cut-off of 0.05)
are marked by asterisks.
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Figure 3.5. Relative cell viability of fluorescently marked wild type and isolated
adaptive mutants after short-term exposure to 2% (v/v) n-butanol.

3.4.5. Transcriptome analysis

DNA microarrays were used to assess the transcriptional changes in the isolated
adaptive mutants compared to the parental strains in response to n-butanol stress. The
transcriptome data showed some similarities and also some major differences between
the adaptive mutants isolated from the two lineages (GFP vs. YFP). Some of the key
transcriptional perturbations and subsequent experimental validations are described be-

low.

3.4.5.1.  Changes in regulation of fatty acids and membrane composition
We found significant expression changes in genes involved in cell wall and
membrane biosynthesis in every isolated mutant analyzed. Table 3.2 summarizes the
differentially regulated genes related to fatty acids and membrane composition in each

isolated mutant. Genes related to the biotin biosynthetic pathway were upregulated in
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several adaptive mutants in both lineages (MY 1, MG2 and MG5). Biotin is an essential
cofactor for acetyl-CoA carboxylase, a key enzyme in the biosynthesis of fatty acids
(124). The biotin-related genes were also found to be enriched in a recent study using an
E. coli genomic library to identify genes involved in n-butanol resistance (12). Overex-
pression of the gene bioA, which encodes the 7,8-diaminopelargonic acid synthase en-
zyme in the biotin biosynthesis pathway in the wild type strain, showed significant im-
provements in its n-butanol tolerance (30+4%) (Figure 3.6).

The lipopolysaccharide (LPS) biosynthesis genes were also differentially regu-
lated in all the isolated adaptive mutants (Table 3.2). The bacterial LPS is the main
component of the outer membrane, composed of a hydrophobic domain (lipid A), a
phosphorylated oligosaccharide, and an O-antigen; however, E. coli K-12 normally does
not make O-antigen due to a mutation in the »fb gene cluster (125). Increase in the ex-
pression of genes involved in lipid A production were observed in adaptive mutants from
both lineages (MY3, MGS5, MY4 and MG6), suggesting a possible change in the hydro-
phobicity of the cell wall in these strains.

Changes in the expression of many enterobacterial antigen related genes were al-
so observed (Table 3.2) and may also contribute to changes in cell wall hydrophobicity.
Increase in the LPS content may lead to less hydrophobic cell surfaces, hindering the
penetration of hydrophobic compounds into the cytosol, and increasing its tolerance to

organic solvents (126).
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Table 3.2. Selected genes involved in fatty acid or membrane composition that were
upregulated (bold) or downregulated (non-bolded) in the isolated adaptive mutants.

: Function
Strain A* B} Ci D§ E** FH Gii
MGI1 yhhK
plsB,
MY1 M mdoB, ™M piog
bamB
plsX
rffH,
glmM, ZZZ a4, IplA, bioA,
basR, ’. mraW, bioB, panD,
MG2 IpxB, ;n;zﬁ, borD, bioC, coaA
IpxD, " lil ’ yqeF bioF
IpxH
ddiA,
, murD,
' oppC, &P
oppD
YbfP,
MY3 ?’i‘l‘(’ bacA, pjj)’( IplA, bioA
. Z ygeF
IpxL,
kdsA, IIZIfAL’
MG5  cfa glms, — pre, heC vseC. biod
wbbJ, mrcA .
. bamB,
faG, smpA
rfaP P
glf, murE,
rfbD, murkF,
sepd, ey, amiB, IplA,
MY4  lipB, ey, murB /L
mhpE i’ 7 e
IpxK, hipA,
gmm oppD
IptA,
MG6 cfa basR, IplA
gmm

* Fatty acid biosynthesis

T Lipopolysaccharide biosynthesis
¥ Peptidoglycan synthesis

§ Phospholipids biosynthesis

** Lipoprotein

t Biotin biosynthesis
 Pantothenate synthesis
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After genome shuffling, we saw an upregulation of genes involved in fatty acids
biosynthesis, including the genes cfa (MG5 and MG6) and scpA, lipB and mhpE (in
MY4). The cyclopropane fatty acyl phospholipid synthase gene (cfa) modifies the dou-
ble bond of unsaturated fatty acids into their cyclopropane derivatives (127). This con-
version, known as homeoviscous adaptation, occurs in different bacteria in response to
environmental changes. This change in the membrane of some of the adaptive mutants
was confirmed through Fatty Acid Methyl Ester (FAME) analysis and the results are
shown in Table 3.3. This was further experimentally verified via overexpression of cfa
in the wild type strain, which led to significant improvement in n-butanol tolerance
(Figure 3.6). Long-chain alcohols can affect membrane structure via insertion into the
lipid bilayer in any orientation, increasing membrane fluidity. This phenomenon has
been demonstrated by electron-spin resonance (128) and differential spin calorimetry
(129). Modifications in the membrane that counteract these disruptions may be obtained
by increasing the saturated/unsaturated fatty acids ratio or by increasing the length of the
fatty acid (130). The results from FAME analysis revealed a decrease in the proportion
of unsaturated and short-chain fatty acids in MY3 and MY4, whereas an increase of
more than five times the amount of cis-10,11-Methylene-nonadecanoic acid was ob-

served in MG6.

3.4.5.2.  Iron-ion transport and metabolism
In several isolated adaptive mutants, we observed an unexpected transcriptional

perturbation in the iron metabolic process (Table 3.4). Iron uptake is carried out by si-
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derophores, organic ligands that sequester the insoluble Fe™ into the cell (131). We
found increased expression in genes related to the biosynthesis and transport of entero-
bactin and genes involved in different high affinity iron transport mechanisms, such as
feoA, feoB, finB, fiu and fieF’ in mutants isolated from the green lineage (MG2, MGS5 and
MG6). Interestingly, the mutants from the yellow lineage exhibited the opposite re-
sponse in iron ion related genes, suggesting the two lineages had evolved different

mechanisms for enhanced tolerance.

Table 3.3. Results of fatty acid quantification via FAME analysis.

. BW25113 MY3 MY4 MG6

Fatty Acid

Percent Percent Percent Percent
10:0 0.0298 0.0555
12:0 3.1453 3.3583 3.4002 4.8576
13:0 0.1405 0.1432 0.0665 0.1832
12:0 30H 0.0490 0.0464 0.0638
14:0 iso 0.1047 0.0600 0.1892
14:0 5.2076 5.4330 54132 6.5894
15:0 iso 0.1034 0.0679 0.2190
15:0 anteiso 0.1161 0.0637 0.2786
15:1 w8c 0.0502
16:0 iso 0.0876 0.0600
16:0 N alcohol 0.0503
16:1 w5c 0.2014 0.2161 0.2400 0.2306
16:1 w9c 0.2517
16:0 28.6642 28.4217 30.9490 32.6446
15:0 30H 0.0500 0.0494 0.0534
17:1 w8c 0.2409 0.2425 0.1356 0.1236
17:0 cyclo 6.8178 5.9412 10.1498 18.0491
17:0 0.7621 0.7271 0.3089 0.6062
16:0 30H 0.0487
18:1 w5c 0.1909 0.1979 0.1426 0.1244
18:0 0.7391 0.7372 0.5528 0.4125
19:0 iso 0.0678 0.0345 0.0832 0.0565
19:0 cyclo w8c 0.7875 0.6884 1.5416 5.4565
19:0 0.0952 0.0781 0.0884 0.0974
20:1 w7c 0.0597 0.0586
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Figure 3.6. The relative increase in maximum specific growth rate via overexpression of
individual genes compared to the wild type in the presence of 0.5% (v/v) n-butanol.
From left to right: MY4, MG6, BW25113/pCA24N::bioA, BW25113/pCA24N::cfa,
BW25113/pCA24N::basS, = BW25113/pCA24N::arnB,  BW25113/pCA24N::feoA,
BW25113/pCA24N::entC and BW25113/pCA24N::s0xS.

Table 3.4. Selected genes involved in iron transport and metabolism that were
upregulated (bold) and downregulated (non-bolded) in the isolated adaptive mutants.

Strain Function Genes

MG1 Iron ion transport fecC, fiu, ftnB ftnB

MG2 Iron ion transport ftnB, fiu, fepA, fhuFE cirA, basR, basS yaaA, fhuA,
Sideropore biosynthesis entA, entB, entC, entD, entE

MY2 Iron ion transport fhuD, entF
Sideropore biosynthesis entE, entF

MY3 Iron ion transport fecC, exbB

MGS5 Iron ion transport fhuF, feoA, feoB, feoC, yaaA
Sideropore biosynthesis entB, entC, entD, entE

MY4 Iron ion transport fecR, fecl
Sideropore biosynthesis entA, entC, entS

MG6 Iron ion transport basR, feoA, feoB, feoC, fecA, fecR, fecl
Sideropore biosynthesis entC, entE

Fur is the main transcription factor involved in the regulation of iron-related
genes. The increase in the expression of such a large number of these genes suggest a
decrease in the activity of Fur (132) in these mutants. Using Network Component Anal-
ysis (NCA) (133, 134), Fur activity was identified to be significantly repressed in several
green mutants (MG2, MG5, MG6) and significantly increased in several yellow mutants
(MY2, MY3, MY4) (see Figure 3.7). Fur was the only transcription factor from the

62



NCA compliant set of transcription factors that showed such a significant difference in

activity between the two different lineages.

1.50
> 1.00
2 0.50
<
= 0.00
[T
-0.50 g
-1.00 - 8 ('-3 8
= = S

Figure 3.7. Fur activity in the isolated mutants determined using NCA. The asterisks
indicate statistical significance with a p-value threshold of 0.05 using 1000 permutations.
3.4.5.3.  Determining whether iron is the limiting growth condition

A series of experiments were conducted to determine whether the increase in
gene expression of the iron uptake and transport genes identified in the adaptive mutants
might be due to potential iron limitation in the media. The growth kinetics of the wild
type strain and two isolated mutants (MY4 and MG6) were measured at various concen-
trations of iron in the media. The results indicate that iron is not the limited nutrient in

our system (Figure 3.8).

3.4.5.4.  Verification of iron-related genes via overexpression studies
If decreased Fur activity was responsible for increased n-butanol tolerance in the
mutants in the green lineage, we would expect a decrease in tolerance if Fur was overex-

pressed in the mutant. To test this hypothesis, we overexpressed fur in MG6 and com-
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pared it to wild type overexpressing fur. In the wild type strain, overexpression of fur
does not significantly increase the inhibition by n-butanol (Figure 3.9). However, over-
expression of fur in MG6 inhibited growth significantly in the presence of n-butanol,
supporting the model that the activity of Fur is involved in n-butanol tolerance in this

mutant.
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Figure 3.8. Growth kinetics at three different concentrations of iron for the strains, A)

BW25113, B) MY4 and C) MG6. Red line: 18.5 uM, green line: 37 uM, and blue line:
74 },LM of FGC13.6H20.
The contribution of iron-related genes in n-butanol tolerance was validated by

overexpressing entC and feoA in the wild type strain. In the presence of 0.5% (v/v) n-

butanol, the overexpression of entC and feoA genes improved growth compared to wild
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type under the same conditions by 10+1% and 24+3%, respectively, demonstrating that
the genes involved in enterobactin biosynthesis and transport are involved in n-butanol
tolerance (see Figure 3.6). The genes entC and feoA were also enriched in a previous
study of n-butanol tolerance in E. coli (12). The enhanced tolerance conferred by over-
expression of the iron-related genes was not specific to BW25113, as an increase in tol-

erance was also achieved when overexpressed in strain AG1.

C1 C2 C3 C4 S1 S2 S3 S4

Figure 3.9. Growth inhibition in the presence of 0.5% (v/v) n-butanol. CI.
BW25113/pCA24N, C2. BW25113/pCA24N::fur, C3. MG6/pCA24N, C4.
MG6/pCA24N::fur. S1. BW25113/pCA24N, S2. BW25113AbasR/pCA24N, S3.
BW25113/pCA24N::entC, and S4. BW25113AbasR/pCA24N::entC. Asterisks indicate
measurements that are statistically significantly different between the two strains
(determined using a student t-test with a p-value cut-off of 0.05).

The effects of the overexpression of iron-related genes on cell viability under n-
butanol shock were also assessed (Figure 3.10). The overexpression of entC and feoA
increased the viability of the strain to n-butanol exposure by more than 10-fold. Thus,

the iron-related genes not only increase tolerance towards n-butanol in terms of fitness

advantage, but also in terms of cell viability.
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Figure 3.10. Cell viability after short-term exposure to 2% (v/v) n-butanol to determine
the effects of AbasR on the n-butanol tolerance of strains overexpressing iron-related
genes.
3.4.5.5.  Downregulation of Fur activity may have resulted in changes in
lipid A composition

To the best of our knowledge, iron transport and metabolism has not been shown
to play a role in n-butanol tolerance. Thus, to investigate the role of iron in n-butanol
tolerance, the transcriptome data was analyzed for potential membrane modifications
that result in changes in the cell wall or membrane, which is the most common mecha-
nism of solvent tolerance. Both the MG2 and MG6 strains exhibited a general upregula-
tion of iron-regulated genes including the basR gene, which encodes the bacterial adap-
tive response transcriptional regulatory protein. BasR belongs to the BasS/BasR two-
component system, which responds to high concentration of Fe™. Activation of BasR
via phosphorylation by BasS leads to increased expression of genes involved in modifi-
cation of lipopolysaccharide to prevent excessive Fe™ binding (135). We found that
overexpression of basS increased n-butanol tolerance (Figure 3.6). Members of the

BasSR regulon include the arn operon (arnBCADTEF) (135), which is involved in the
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resistance of gram-negative bacteria to cationic antimicrobial peptides (CAMPs) via the
addition of positively charged 4-amino-4-deoxy-l-arabinose to lipid A of the LPS (136).
Even though the arn operon was not significantly upregulated in several other strains
that showed overexpressions of the iron-related genes (MG2, MG5 and MG6), we de-
cided to test whether increased expression of the arn operon would increase n-butanol
tolerance. Overexpression of arnB increased n-butanol tolerance by approximately 70%
in comparison to the wild type (Figure 3.6). This suggests that the potential LPS change
resulting from the overexpression of the arn operon increases n-butanol resistance.
Based on the upregulation of the iron-related genes and basR and the increased n-
butanol tolerance when we overexpressed entC, feoA, basS and arnB in the wild type
strain, we hypothesize that the decreased activity of Fur led to an increase in activation
of BasSR, which led to changes in the LPS, ultimately increasing n-butanol tolerance.
To demonstrate that the increased n-butanol tolerance conferred by overexpression of
iron-related genes may be due to the downstream effects of increased BasSR activity, we
overexpressed entC in the AbasR strain. This combination resulted in a significant in-
crease in susceptibility to n-butanol compared to wild type, while overexpression of entC
in the wild type strain reduced the susceptibility to n-butanol (Figure 3.9 and Figure
3.10), suggesting that the effects on n-butanol tolerance conferred by the iron-related
genes are through the BasSR system. If our hypothesis were correct, then we would ex-
pect to see an increase in resistance of mutants MG2, MGS5 and MG6 (GFP-labeled mu-
tants exhibiting increased expression of iron-related genes) to the CAMP polymyxin B.

Indeed, the data (Figure 3.11) agreed with the expected results, demonstrating that the
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mutants were more resistant to the antibiotic compared to the wild type. On the other
hand, the mutants that did not show an upregulation in the iron-related genes did not ex-

hibit any increase in resistance to polymyxin B.

50% 1
45% - ¥ \
40% - I {

8 35% - |

5 30% 1

£ 25% -

% 20% -

2 15% -
10% A

5% -
0% -

BW25113
MGH1
MY1
MG2
MY2
MY3
MG5
MY4
MG6

Figure 3.11. Growth inhibition of BW25113, MGI1, MY1, MG2, MY2, MY3, MGS,
MY4 and MG®6 in the presence of 3 pg/ml of the cationic antibiotic peptide Polymyxin
B. Asterisks indicate adaptive mutants that are affected significantly compared to the
wild type (determined using a student t-test with a p-value cut-off of 0.05).
3.4.5.6.  Genome sequencing

The genomes of all the isolated adaptive mutants were re-sequenced via ultra
high throughput sequencing using 32 bp single-end sequencing for an average coverage
of 30X. All confirmed mutations are shown in Table 3.5. Note that due to the short sin-
gle-end sequencing, we were confident in our ability to identify SNPs, but not chromo-
somal rearrangements.

In the green mutants, we only identified mutations in the last two mutants. The

genome sequence of the mutants MG5 and MG6 revealed a single-nucleotide polymor-
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phism (a C - T transition (S82F)) in rho. A recent study using adaptive evolution in E.
coli demonstrated that a point mutation in rko plays an important role in ethanol re-
sistance (64). However, the defective termination factor rho imparts pleiotropic pheno-
types due to the physiological role of this protein (137), making its effect unpredictable;
further characterization is needed to elucidate the exact role this mutation plays on n-

butanol tolerance.

Table 3.5. List of validated mutations detected using genome resequencing.

Strain Mutation

MG1 No mutations validated
MY1 No mutations validated
MG2 No mutations validated
MY2 relA142::1S2

MY3 No mutations validated

MGS5 rhoS82F
feoA201::1S5

MY4 nusAE2124

MG6 rhoS82F
feoA201::1S5
FBSmut, a SNP (C>T) Fur binding site fes-
ybdZ-entF-fepE (at 141 bp from fes) and fepA-
entD (at 157 bp from fepA)

Even with the single-end reads we managed to identify and validate two chromo-
somal rearrangements. One is a translocation of the transposable insertion sequence IS5
within the 3' end of the feo4 gene (feoA201::1S5) shared by both MG5 and MG6. Stud-
ies have demonstrated that the insertion of IS5 increases transcription of downstream
genes in the same operon (138-140). Since the insertion of the IS5 is located at the end
of the feoA, the genes feoB and feoC in the feoABC operon can potentially increase their

transcript abundances by being transcribed from promoters located inside the transposa-
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ble element, and bypass the repression by Fur. Indeed, in MG5 and MG6, we observed
an upregulation of feoB and feoC.

The only genotypic difference between MG5 and MG6 is the SNP (C->T) locat-
ed in the Fur binding site (FBSmut) of the operons fes-ybdZ-entF-fepE (at 141 bp from
fes) and fepA-entD (at 157 bp from fepA) found in MG6 but not in MG5. The SNP was
likely the cause of the higher transcriptional activation of the fepA-entD operon in MG6
compared to MGS5. The data indicates that this mutation is beneficial since the fitness
advantage of MG6 is greater than MGS5 (as shown in Figure 3.4 and Figure 3.5). Fur-
thermore, the data strongly suggest that the MG6 is direct progeny of MGS.

The other chromosomal rearrangement we identified and validated was a translo-
cation of the 1331 bp transposable insertion sequence IS2 within the 3’ end of the gene
reld (relA142::1S2) in the yellow mutant MY2. RelA is the key enzyme involved in the
activation of the stringent response. Studies have shown that mutant alleles of re/4 con-
fer temperature-sensitive phenotypes (141). IS2 has been associated as a controller ele-
ment, depending on the integration orientation (142). Inclusion of stringent response
regulon in NCA confirmed that the stringent response was significantly perturbed in
MY2 (data not shown). Further analysis is needed to elucidate the role of rel4 in the
tolerance to this solvent.

In the mutant MY4 (yellow lineage) a point mutation was detected in nusA
(nusAE2124). The allele nusAE212K has been identified to confer a slower growth phe-
notype at 30°C (143). NusA interacts with many proteins involved with transcription

and termination, including rpoB, rpoC, rho, and core RNAP (144). The presence of two
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independent mutations affecting transcriptional termination implies that the mutated 4o
and nusA potentially increases the n-butanol tolerance phenotype. In addition, since mu-
tations in both of these genes have been shown to confer temperature-sensitive pheno-
types, there may be a correlation between temperature-sensitivity and n-butanol toler-
ance in E. coli.

No SNPs were identified in any of the other mutants. However, as stated earlier,
there may be potential genome rearrangements present in these mutants that we were not

able to detect.

3.4.5.7.  Dynamics of allele frequencies during evolution

We subjected the genomic DNA extracted from population samples at different
generations to qPCR in order to measure the allele frequencies throughout the course of
the evolution. Calibration experiments for each set of allelic primers were conducted
using known ratios of genomic DNA with wild type and mutant alleles; all sets of pri-
mers performed well (Figure 3.12).

The allelic data for the population samples are shown in Table 3.6. The pattern
shown for the mutation 720S82F, for samples isolated after the genome shuffling, corre-
lates with the evolution dynamics traced using VERT for the green subpopulation
(Figure 3.13). This result allows us to conclude that 7h0S82F was fixed in the green
subpopulation shortly after the initiation of the second round of evolution. Based on the

fact that 7h0S82F and feoA201::1S5 were both found in MGS5, we expected to see similar
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frequencies of both alleles in the population samples; however as illustrated in Figure

3.13, the frequency of feoA201::1S5 allele was constantly lower than rhoS82F.
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Figure 3.12. Calibration data for the primers used to determine the allelic frequency of:
A) the rhoS82F allele, B) the feoA201::1S5 allele, C) the FBSmut allele, D) the
nusAE2124 allele, and E) the rel4142::1S2 allele.

To determine if such difference was due to an actual reduced proportion of
feoA201::1S5 or inefficiency of the qPCR process (although the allelic primers per-
formed well in the calibration experiments), the presence of feo4201::1S5 in 16 random-
ly isolated colonies chosen from generation 72 was assessed.

We found that ~93.8% of the whole population contains such mutation (15 out of
16 isolated colonies), which is very close to the frequency of the rh0S82F (~92%) at
generation 72. Both of these mutations were nearly fixed in the green subpopulation
(~97%). However, the reason why a 50% reduction in the proportion of feo4201::1S5
using the qPCR was seen is still unclear. In the case of the mutation FBSmut, it ap-

peared in between generations 40 and 48 in the green subpopulation and rapidly became
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the majority of the population. This result correlates with the higher fitness advantage

observed in the mutant MG6 in comparison with MG5 (Figure 3.4).

Table 3.6. The mutant allele frequencies at various time points during evolution.
BEFORE PROTOPLAST FUSION

rhoS82F feoA201::1IS5 FBSmut relA142::1S2 nusAE212A
Gen 8 0.0+0.0% 0.0+0.0% 0.0+0.0% 0.0+0.0% 0.0+0.0%
Gen 40 0.0+0.0% 0.0+0.0% 0.0+0.0% 0.0+0.0% 0.0+0.0%
Gen 80 0.0+0.0% 0.0+0.0% 0.0+0.0% 0.0+0.0% 0.0+0.0%
Gen 120 0.0+0.0% 0.0+0.0% 0.0£0.0% 4.6x£1.5% 0.0+0.0%
Gen 144 0.0+0.0% 0.0+0.0% 0.0+£0.0% 18.7+7.1% 0.0+0.0%
AFTER PROTOPLAST FUSION
Gen 8 64.9£10.1% 22.94+3.4% 9.7+5.0% 0.0£0.0% 13.2+1.6%
Gen 24 47.9+£8.0% 15.442.9% 7.7£1.3% 0.0£0.0% 17.1£2.2%
Gen 32 28.7£5.4% 5.7£3.9% 8.5+2.2% 0.0£0.0% 10.1+£8.4%
Gen 40 23.44+4.6% 4.4+2.8% 9.7+4.1% 0.0£0.0% 13.7£5.7%
Gen 48 38.8+4.1% 7.4+2.8% 8.0£0.2% 0.0+0.0% 3.8+3.7%
Gen 56 53.0£0.1% 15.5£5.0% 58.0+13.4% 0.0£0.0% 2.0+£0.4%
Gen 72 93.3+1.7% 49.24+2.6% 86.8+0.6% 0.0+£0.0% 1.9+0.4%
LAST GENERATION POPULATION P1
Pl 8.9+3.2% 22.0+£12.4% 0.0+0.0% 0.0+0.0% 0.1+0.1%

To determine whether feo4201::1S5 and rhoS82F were present in population P2
prior to the genome shuffling, we analyzed the genomic DNA from population samples
at various time points prior to genome shuffling. Neither of these mutations was present
in P2, indicating that they either came from population P1 or were generated during the
genome shuffling process. A quick analysis of the population sample isolated from gen-
eration 144 in population P1 showed that the proportion of 7h0S82F was 8.88+3.20%

and feoA201::1S5 was 21.99+12.41% prior to genome shuffling.
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Figure 3.13. Mutant allele frequencies in the evolving population samples isolated after
genome shuffling. Yellow bars: proportion of the yellow subpopulation. Green bars:
proportion of the green subpopulation. Blue line:  approximate steady-state
concentration of n-butanol in the chemostat. Light blue line: frequency of the rh0S82F
allele. Red line: frequency of the feo4201::1S5 allele. Blue line: frequency of the
FBSmut allele. Purple line: frequency of the nus4AE2124 allele. Orange line: frequency
of the rel4142::1S2 allele.

The mutations identified in the yellow mutants were also tracked throughout the
course of the evolution. The data showed that reld142::1S2 (identified in MY2) ap-
peared between generations 80 and 120 during the first round of evolution and was lost
from the population after the genome shuffling process, and nus4E212A4 (identified in
MY4) was not present in populations P1 or P2 prior to genome shuffling (Table 3.6).
The nusAE2124 mutation was either in too low of a frequency in the population to be

detected using qPCR or may have arisen during the genome shuffling process; it re-

mained in the population during the second round of evolution at a fairly constant pro-

74



portion until generation 40 and was rapidly lost due to the expansion of MG6 (Figure

3.13).

3.4.5.8.  Additional important gene expression changes observed in the
adaptive mutants

The soxS gene, which is known to protect the cell against antibiotics and organic
solvents via lipopolysaccharide modification (145, 146), was found to be upregulated in
strain MGS5. The effect of this gene in n-butanol tolerance was validated by overexpres-
sion (Figure 3.6). We found upregulation of sodB in the isolated mutants MY3 and
MY4 (both from the yellow lineage). This gene codes a superoxide dismutase contain-
ing iron. This enzyme protects superoxide-sensitive enzymes under oxidative stress
(147). The gene cpxA that is part of the CpxAR two-component signal transduction sys-
tem, that activates degradation and folding of proteins in response to cell envelope dam-
age (148, 149), was found to be downregulated in MG5 and MG6.

Genes involved in fimbriae and flagellar biogenesis were also found to be highly
perturbed (Table 3.7). Perturbations in fimbriae biogenesis, specifically the downregula-
tion of the operon fimAICDFGH, have been demonstrated to improve resistance to or-
ganic solvents (64). However, it is not clear whether these transcriptional changes are
adaptive, since different responses were detected between different mutants in our data.

We found a reduction in the expression of the three initiation factors (IF-1, IF-2
and IF-3), encoded by the genes infABC, in all the strains in the green lineage (except

MGT1). This led to a strong downregulation of genes involved in tRNA aminoacylation.
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Changes in initiation factor transcription have been found in other stress responses, such
as cold-shock (150, 151). Many genes expressing heat shock proteins were found to be

upregulated, such as AslJ, htrA, hslU, clpB, htrC, ycal and uspG.

Table 3.7. Selected flagellar and fimbriar biosynthesis related genes that were
upregulated (bold) or downregulated in the isolated adaptive mutants.

Strain Flagellum Biosynthesis and Taxis Fimbriae Biosynthesis
MGl cheB, flgD, flgG fimC

MY1 cheA, cheZ, flgK, fIhD, fliO, fliT

MG2 fgG, fIhD, fliT, dsbB, fIgC, flhA, fliH, hns fimB, fimC, finZ
MY2 cheA, fliT, figF, fliL fiml, fimB
MY3 flgB fimA, fimC, fimZ
MG5 csrA, figF, fliJ, fliM fimB, fimE,fimG, fiml
MY4 fliD fimA, fimB
MG6 csrd, flgA, flgK, fliC fimZ

The envR gene was downregulated in MG6. EnvR negatively regulates the tran-
scription of drug efflux pumps (152), and may be a mechanism in n-butanol tolerance in
this strain. There were significant changes in the regulation of genes involved in the
glyoxylate cycle (upregulation of aceB, aceE, aceF, Ipd and downregulation of sdhD,
pyvkA and pykF) in all the isolated mutants. Studies have demonstrated that under glu-
cose-limited chemostats, changes in the glyoxylate cycle may play an important role in
the adaptation under this selective pressure (153). This result suggests that in addition to
n-butanol tolerance, the adaptive mutants were also adapting to the nutrient limitation.

Finally, we also found an upregulation of the cytochrome genes cyoB and cyoD,

which are part of the oxidative stress response (154).
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3.5. Discussion

3.5.1. Exploring evolution dynamics using VERT

In this study, we used a two-colored VERT system to track the evolutionary dy-
namics of E. coli under increasing concentrations of n-butanol. Unlike traditional evolu-
tionary engineering methods, VERT allows adaptive events to be easily identified via
visualization of the relative proportions of different fluorescently labeled cells. It can
help to facilitate a more rational scheme for the isolation of adaptive mutants for further
characterization and can be broadly applicable to the adaptive evolution of microbial
systems. In addition, while it was not employed in this work, a formal schedule for the
ramp-up of selective pressure can also be established by the use of VERT.

Since adaptive events are identified via significant changes in the relative propor-
tion of the different colored subpopulation, we developed a computational approach to
identify adaptive events and compared it with visual inspection. Adaptive events visual-
ly identified at generations 8, 80, and 112 in Figure 3.3 were not identified computation-
ally and may therefore represent transient fluctuations. MG1 (isolated from generation
8) showed no significant increase in relative fitness compared to the wild type (and no
genomic changes were identified from whole genome re-sequencing; see below), and is
therefore likely a false positive. All 8 isolates from generation 112 showed negative fit-
ness compared with both the wild type and the previous adaptive mutant; this may be
due to differences in the conditions during the actual evolution and that in the pairwise

competition, but does not preclude the possibility of it being a falsely identified adaptive
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event. An adaptive event apparently occurred in the green subpopulation after genera-
tion 32 that gave rise to a mutant that was able to impede the expansion of the yellow
subpopulation. This episode led to a meta-stable state, visible from generation 32 to 80,
where there are negligible subpopulation proportion changes. Indeed, generation 80 was
an actual adaptive event, as MG2 that was isolated from the expanding subpopulation at
that generation showed an increase in relative fitness compared to the previous adaptive
mutant (MY 1). This result was not identified by the computational algorithm due to the
lack of significant change in relative proportions of the two colored-subpopulations,
which suggests that MY1 and MG2 may be equally fit under evolution conditions.
Based on these results, our computational algorithm has the potential to be more sensi-
tive and accurate compared to visual inspection, but may not be able to identify adaptive
events where the fitness differential between populations is small; further development
of the computational algorithm is underway to incorporate meta-stable regions into the

analysis.

3.5.2. Role of Fur in n-butanol tolerance

Upon isolation of the adaptive mutants from the evolved populations, transcrip-
tome studies and subsequent NCA analysis revealed differential activation of Fur in the
yellow and the green lineages. Fur activity was down in several of the green mutants,
and is a potentially newly discovered adaptive mechanism of E. coli for n-butanol toler-
ance. We determined that the decreased activation of Fur might have led to an increase

in the activity of the BasS/BasR system, which ultimately led to changes in LPS compo-
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sition. The hypothesis was further supported by the increased resistance to the CAMP,
polymyxin B, in MG2, MG5 and MG6, which showed increased gene expression of
many iron-related genes.

Some of our mutants exhibited an overexpression of cfa, which was further vali-
dated to lead to an increase in n-butanol tolerance. However, this result seems to contra-
dict previous results in E. coli mutants isolated from populations evolved in isobutanol
(22), where a downregulation in cfa was observed. This contradiction may be due to dif-
ferences in membrane disruptions due to structural differences between the two isomers
or the differences in other adaptive mechanisms present in the mutants.

It was clear from our data that certain potential adaptive mechanisms arose inde-
pendently. For example, we found the upregulation of the biotin biosynthesis genes in
both the green and the yellow lineages (MY1 (yellow) and MG2 (green)), suggesting
that mutations that lead to an upregulation in biotin biosynthesis are frequently acquired.
Unfortunately, we did not identify any SNPs in MY 1 and MG2; longer paired-end reads
will be needed to identify any potential genome rearrangements in these mutants. As
mentioned previously, the upregulation of the iron-related genes were only observed in
the green lineage; in fact, several genes related to iron transport were downregulated in
two of the yellow adaptive mutants (MY2 and MY3). After the genome shuffling, adap-
tive mutants isolated from the green subpopulation exhibited increases in the iron-related
genes. However, the adaptive mutant isolated from the yellow sub-population (MY4)
showed a decrease in iron-related gene expression, suggesting that genetic interactions

are potentially involved in the adaptive mechanism associated with Fur.
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Even though several genes we verified to be involved in n-butanol tolerance were
already upregulated in some of the earlier isolated green mutants, such as basS, entC and
bioA, the tolerance levels of these earlier green mutants were not significantly higher
than the wild type strain at 0.8% (v/v) n-butanol. It was not until after the genome shuf-
fling did we observe a significant increase in n-butanol tolerance. These results further
confirm the complex nature of n-butanol tolerance in E. coli; involvement of multiple

genes and potential genetic interactions being involved in conferring the desired pheno-

type.

3.6. Conclusions

In this proof-of-principle study, our results showed that while subsequent adap-
tive mutants have fitness advantages over the previous adaptive mutant, they might not
always be better than the wild type. This type of phenomenon was observed previously
with yeast evolved under glucose-limitation (107), and is likely due to the heterogenei-
ties in the evolving population and potential interactions between clones. Thus, this re-
sult further highlights the benefit of tracking the adaptive events in a population to iso-
late each adaptive mutant, as the last one isolated from the population may not necessari-
ly be the best one. By isolating mutants from each observed adaptive event, we are able
to identify tolerance mechanisms that may otherwise be missed due to the effects of
clonal interference. In addition, by combining VERT with genome shuftling, we were

able to significant enhance the rate of adaptation.
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3.7. Data Availability
All raw data are MIAME compliant and have been deposited in the GEO data-

base with accession number GSE30005.
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4. GENETIC DETERMINANTS FOR N-BUTANOL TOLERANCE IN
EVOLVED E. COLI MUTANTS. CROSS ADAPTATION AND
ANTAGONISTIC PLEIOTROPY BETWEEN N-BUTANOL AND OTHER

STRESSORS"

4.1. Summary

Cross-tolerance and antagonistic pleiotropy have been observed between differ-
ent complex phenotypes in microbial systems. These relationships between adaptive
landscapes are important for the design of industrially relevant strains, which are gener-
ally subjected to multiple stressors. In our previous work, we evolved Escherichia coli
for enhanced tolerance to the biofuel, n-butanol, and discovered a molecular mechanism
of n-butanol tolerance that also conferred tolerance to the cationic polymicrobial peptide
polymyxin B in one specific lineage (GFP-labeled) in the evolved population. In this
work, we aim to identify additional mechanisms of n-butanol tolerance in an independ-
ent lineage (YFP-labeled) from the same evolved population and to further explore po-
tential cross-tolerance and antagonistic pleiotropy between n-butanol tolerance and other
industrially relevant stressors. Analysis of the transcriptome data of the YFP-labeled

mutants allowed us to discover additional membrane-related and osmotic stress related

* Reprinted with permission from Luis H. Reyes, Ali S. Abdelaal and Katy C. Kao (2013). “Genetic De-
terminants for n-Butanol Tolerance in Evolved E. coli Mutants. Cross Adaptation and Antagonistic Plei-
tropy Between n-Butanol and Other Stressors”. Applied and Environmental Microbiology (AEM). DOI:
10.1128/AEM.01703-13. Copyright 2013 American Society for Microbiology.
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genes that confer n-butanol tolerance in E. coli. Interestingly, the n-butanol resistance
mechanisms conferred by the membrane-related genes appear to be specific to n-butanol
and are in many cases antagonistic with isobutanol and ethanol. Furthermore, the YFP-
labeled mutants showed cross-tolerance between n-butanol and osmotic stress while the
GFP-labeled mutants showed antagonistic pleiotropy between n-butanol and osmotic

stress tolerance.

4.2. Introduction

n-Butanol, an industrial intermediate chemical, solvent and a potential biofuel, is
naturally produced by Clostridium species. Several nonnative microbial systems have
been engineered for its production, including Escherichia coli (4), Lactobacillus brevis
(155), Pseudomonas putida (156), Bacillus subtilis (156) and Saccharomyces cerevisiae
(157). However, this solvent is highly toxic to microorganisms, imposing a limit on the
productivity of bio-based production, leading to the development of simultaneous fer-
mentation and separation techniques to mitigate the toxic effects of the biofuel (158) and
efforts to identify the genetic determinants and molecular mechanisms associated with n-
butanol tolerance for reverse engineering of more robust strains (12, 17, 21, 22, 43, 159,
160). Prior strain engineering efforts include overexpression of GroESL in Clostridium
acetobutylicum (resulting in a 50% improvement in total growth in 0.75% (v/v) n-
butanol (160) and recently in E. coli (resulting in a 2.8-fold increase in total growth in 48

h cultures in 0.75% (v/v) n-butanol (159)), and overexpression of gene CAC1869 in C.
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acetobutylicum (resulting in an 81% increase in total growth after 12 hours (33). Since
n-butanol tolerance is a complex phenotype (12, 33) and the production environment in-
volve multiple stressors, additional knowledge on the genetic determinants and molecu-
lar mechanisms involved and their effects under different stress conditions are essential
for future strain engineering efforts.

We previously reported the use of an adaptive laboratory evolution-based method
called Visualizing Evolution in Real-Time (VERT) to study n-butanol tolerance in E.
coli (21). Using a two-color VERT system (with green fluorescent protein (GFP) la-
beled and yellow fluorescent protein (YFP) labeled cells, allowing the tracking of inde-
pendent lineages), we isolated several n-butanol tolerant adaptive mutants throughout the
evolution and used whole genome transcriptome profiling and resequencing analyses to
identify the underlying n-butanol tolerance mechanisms. A reduced activity of the ferric
uptake regulator Fur, leading to increased siderophore biosynthesis and transport, which
ultimately led to membrane modifications, was identified to be a likely mechanism of
enhanced n-butanol tolerance. The deactivation of Fur also led to cross-tolerance be-
tween n-butanol and the cationic antimicrobial peptide polymyxin B. However, this tol-
erance mechanism was only observed in mutants from the GFP-labeled subpopulation
and not in the YFP-labeled subpopulation, suggesting a different route(s) of adaptation
in the YFP-labeled adaptive mutants. In this study, we aim to identify the mechanisms
of n-butanol tolerance in the YFP-labeled mutants and any additional cross-resistance
and/or antagonistic pleiotropy between n-butanol and other stressors in the isolated adap-

tive mutants. Detailed analysis of the transcriptome profiles of the yellow-labeled sub-
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population under n-butanol stress was performed to determine additional genetic deter-
minants involved in tolerance to the solvent. Phenotypic analyses revealed divergent
relative fitness profiles in different stressors between the two different lineages. Several
genes related with membrane transporters and cardiolipin biosynthesis, an important
component of bacterial membranes, were determined to be involved in resistance to n-

butanol exclusively among the solvents tested.

4.3. Materials and Methods

4.3.1. Bacterial strains and plasmids

The E. coli K-12 strain, BW25113 (F", A(araD-araB)567, AlacZ4787(::rrnB-3),
lambda’, rph-1, A(rhaD-rhaB)568, hsdR514), was used in this study. Plasmids isolated
from clones in the ASKA collection (121) were used for the overexpression studies in

BW25113.

4.3.2. Growth conditions and maintenance

E. coli strains were routinely cultured aerobically in liquid Luria-Bertani (LB)
medium at 220 rpm and 37°C and on agar-solidified LB at 37°C. When required, the
medium was supplemented with 30 pg/mL of chloramphenicol. Frozen stocks were pre-
pared from overnight cultures and stored in 17.5% glycerol at -80°C. Cells from a single

colony were used to inoculate liquid cultures. Growth curves were carried out in M9
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minimal media supplemented with 5 g/L of glucose, 0.01% (w/v) thiamine and appropri-

ated antibiotic when required.

4.3.3. DNA isolation and transformation
Isolation of plasmid DNA from E. coli was performed using the Zyppy™ Plas-
mid Miniprep Kit (Zymo, USA). Electroporation was used for all E. coli transfor-

mations.

4.3.4. Pre-screening of potential n-butanol tolerance-conferring genes

Strains harboring the genes to be pre-screened were cultured in M9 minimal me-
dia (5 g/L glucose) and incubated overnight at 37°C to be used as inoculum. On the next
day, 100 pL cultures were prepared in 96-well microtiter plates for growth kinetic analy-
sis in the absence and presence of 0.8% (v/v) n-butanol in M9 (corresponding to an inhi-
bition in growth rate of more than 50%) at 37°C, using an Infinite M200 Microplate
reader (TECAN®). Four technical replicates were obtained per sample in the pre-
screen. The growth kinetic parameter “s” described below was calculated. Statistical
significance was assessed using a Student’s t-test analysis using a p-value cut-off of

0.05.

4.3.5. Calculation of growth kinetic parameters

The growth kinetics parameters: “percentage of inhibition”, “relative fitness co-

efficient (s)” and “relative increase in fitness (R/F)” were calculated using Equation 4.1,
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Equation 4.2 and Equation 4.3, respectively. These parameters were calculated using the

measured maximum specific growth rate (u;) of each strain (strain 7).

Equation 4.1 Inhibition (%) = [1 - ("““’“@“m“f“‘ d) x100%

Heclone in absence of stressor

Equation 42 s (%) — [( Heclone @ stressful condition > _ 1 XlOO%

HUreference strain @ stressful condition

Equation 43 RIF (%) — [1 _ < Inhibitiong|one (@ stressful condition > % 1 00%

Inhibitionyeference strain @ stressful condition

The ratio between the specific growth rates of the strain of interest relative to the
reference strain under each stress condition was determined using the relative fitness co-
efficient "s" (Equation 4.2). Appropriated reference strains were used for the different
calculations. For overexpression studies, the reference strain is the wild-type strain har-
boring the empty vector. For the phenotypic analysis of the isolated mutants, the ances-
tral strain expressing the corresponding fluorescent protein was used. The Relative In-
crease in Fitness, “RIF”, is a parameter calculated to normalize the relative fitness of the
overexpression strain in the presence of the stressor against any fitness defects/advantage
exhibited by the strain in the absence of the stressor. Positive values of RIF represent a
net increase in growth rates in the presence of the stressor. A Student’s t-test analysis
(p-value < 0.05) was used to assess significance of the aforementioned calculated kinetic

parameters.
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4.3.6. Detailed phenotypic analysis of selected n-butanol tolerance confer-
ring genes

Clones that showed a statistically significant increase in relative fitness in the
presence of n-butanol from the pre-screen were selected for secondary validation in
batch cultures. Each strain was cultured in M9 minimal media (5 g/L glucose) and incu-
bated overnight at 37°C to be used as inoculum. The next day, a 5% (v/v) inoculum was
used to seed a 30 mL culture in 250 mL closed-cap flasks. At least three biological rep-
licates were used in each experiment. The stressors analyzed in this study were: 0.8%
(v/v) n-butanol, 1% (v/v) isobutanol, 4% (v/v) ethanol, 1.75 g/L of acetate (as acetic ac-
id), pH levels of 4.5 and 6.0 (titrated using HCI), and temperatures of 28°C and 42°C.
Cultures were incubated at 37°C (except in temperature challenge experiments) with
constant shaking at 220 rpm. Growth was monitored using spectrophotometry (ODgo0)

until stationary phase was reached.

4.3.7. Osmotic stress experiments

Cells were grown in M9 minimal media (5 g/L glucose) overnight. 5% (v/v) cul-
ture was used to inoculate 5 mL culture in M9 minimal media and incubated at 37°C un-
til an ODgop ~ 0.6 was reached. Bacterial cultures were normalized to an ODgoy = 0.3
and cells from 1 mL of the normalized culture was recovered by centrifugation. Quick
aspiration of the supernatant was followed by resuspension of the cell pellet in 1 mL of
40% (w/v) glucose and incubated at 37°C for 2 hours with constant shaking (220 rpm).

After incubation, cells were pelleted and resuspended in 1 mL of M9 minimal media and
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then diluted 1:100. 100 pL of the diluted culture was plated on LB agar plates, and in-
cubated overnight at 37°C for colony counting. At least four biological replicas were
used in this experiment. A non-stressed culture from the same population was used as
control to ensure consistency in dilution. The “Relative Increase in Survival Rate” was
calculated as the ratio between the number of colony forming units after the osmotic

shock between the mutant and the parental strains.

4.4. Results

4.4.1. Phenotypic analyses of the isolated mutants in multiple stressors

In a previous study, we used VERT to isolate E. coli mutants with enhanced n-
butanol tolerance (21). Two differentially labeled (with GFP or YFP), but otherwise
isogenic, strains of E. coli were used for the evolutionary experiment in the presence of
increasing concentrations of n-butanol, resulting in two different colored subpopulations
(independent lineages). Several mutants were isolated and characterized via phenotypic
(relative fitness measurements), genotypic (whole genome re-sequencing), and tran-
scriptomic (Gene Expression Microarrays) analyses. We reported differential mecha-
nisms of enhanced tolerance between the two independent lineages. In the GFP-labeled
mutants (MG2, MGS5, and MG6), cross-tolerance between the cationic antibiotic peptide
polymyxin B and n-butanol was identified. The resistance level to polymyxin B in these
mutants increased gradually, with the mutants isolated later in the population exhibiting

higher antibiotic resistance than earlier GFP-labeled isolates (21). However, this cross-
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resistance was not observed in the YFP-labeled mutants (MY1, MY2, MY3, and MY4),
none of which exhibited changes in sensitivity to polymyxin B. These prior results led
us to hypothesize that additional cross-tolerance and/or antagonistic pleiotropy between
n-butanol and other stressors may be present in our isolated mutants.

To identify potential cross-tolerance and antagonistic pleiotropy between n-
butanol and other industrially relevant stressors in the isolated mutants, we evaluated
their relative fitness under different conditions. The stressors used include organic sol-
vents (n-butanol, isobutanol, and ethanol), organic acid (acetate), acid stress (pH = 4.5
and pH = 6.0), and temperature (42°C) and cold (28°C) stress. Detailed description of
each condition is provided in the Materials and Methods section. The results are sum-
marized in Figure 4.1 and Table 4.1.

The two different lineages (GFP- and YFP-labeled mutants) exhibited notable
differences in their responses to the applied stressors as shown in Figure 4.1. MY2
showed a 15% increase in relative fitness (s) compared with the ancestral strain in the
presence of n-butanol, but an increase in s of 30% in the absence of n-butanol, indicating
that the adaptive mechanisms were not specific for n-butanol tolerance, presumably via
an increase in general nutrient utilization. Thus, the specific effects of each challenge on
growth kinetics were normalized by calculating the Relative Increase in Fitness (RIF)
using Equation 4.3, to determine if the increase in specific growth rate was the result of
enhanced tolerance or due to a general increased in growth rate (as a result of increased
nutrient utilization, energy levels in the cell, etc.). After normalization, the majority of

the mutants exhibited negative values in R/F under many conditions except in the pres-
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ence of n-butanol, isobutanol, and acetate and at low temperatures (see Table 4.1), indi-
cating that the isolated mutants do not have general tolerance to a wide range of stress-
ors. Even among organic solvents, mutant MY4 (YFP-marked) was the only mutant that
showed an improvement in tolerance to all three organic solvents tested (n-butanol s =
38 + 3%, isobutanol s = 34 + 2% and ethanol s = 41 + 6%). Interestingly, the GFP-
labeled mutants did not exhibit an increase in relative fitness in the presence of ethanol,
while the YFP-labeled mutants showed positive values of s under ethanol stress (Table
4.1).

The results presented in Table 4.1 demonstrated a potential antagonist pleiotropy
between the molecular mechanisms involved in acid and n-butanol tolerance in the iso-
lated mutants. In all the mutants studied, R/F values calculated at pH 4.5 and 6.0 were
either negative or non-significant (Table 4.1), suggesting a divergence in the tolerance
levels under these two conditions. This antagonistic behavior between the two stresses

have been documented previously in E. coli (12) and L. brevis (15).
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Table 4.1. Growth kinetic parameters calculated for the isolated mutants under different stress conditions. The specific
growth rates at T = 37°C were used as references for RIF calculations. Statistically significant values are bolded. In case of s,
the bolded values indicate fitness coefficients significantly different compared to the wild-type strain (Student’s t-test with a p-
value cut-off of 0.05). For RIF, the bolded values indicate measurements significantly different than “0”.

Stressor s RIF

MY2 MG5 MY4 MG6 MY2 MG5 MY4 MG6
n-Butanol 15+2% 85+13% 38+3% 68 +10% -48 + 10% 216 £ 44% 84 +15% 261 £51%
Isobutanol 22 +2% 30+£2% 34+2% 38+3% 26+ 5% 13+2% 64 +£11% 99 + 15%
Ethanol 22 +£3% 6£1% 41 £ 6% 6+1% 25+ 6% -122+23% 96 +20% -68 £ 13%
Acetate 37+ 4% 29+ 3% 18 +2% 29+2% 26 +5% 8+ 1% -12+2% 52+ 8%
pH=6.0 15+1% 10+ 1% 9+1% 12+1% 48 £ 9% -62+9% -54 £ 9% -34 £ 5%
pH=4.5 30+ 1% 19+ 1% 19+1% 20+ 1% 0+0% =30 £4% 8+£1% 5+1%
T =28°C 35+5% 33+4% 19+ 3% 34+ 5% 19+ 4% 24 + 4% 9+2% 80 £ 15%
T=37°C 30 5% 27 £ 4% 21+3% 19+ 3% 0+0% 0+0% 0+0% 0+0%
T =42°C 27 + 8% 26 £ 5% 22 +5% 23+ 4% -10 £ 4% 5+£1% 10 + 3% 22 £ 5%
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Figure 4.1. Cross-tolerance and antagonistic pleiotropy in the n-butanol evolved
mutants: A. MY2, B. MG5, C. MY4, D. MG6. Filled bars indicate statistically
significant values compared with the wild type strain (Student’s t-test with a p-value

4.4.2. ldentifying genetic determinants underlying n-butanol tolerance in

the YFP-labeled mutants

The phenotypic results demonstrated different molecular mechanisms of n-
butanol tolerance between the two lineages from the evolution experiment. To deter-
mine the molecular mechanisms behind the differences in phenotypic profiles observed
between the GFP-labeled and YFP-labeled mutants, we analyzed the transcriptome pro-
files in the YFP-labeled mutants to identify potential genetic determinants underlying n-
butanol tolerance for further analysis. We focused our analysis on the top ~10% of the
upregulated genes involved in membrane-related processes, stress response, or global
regulation from each of the YFP-labeled mutants (MY2, MY3 and MY4). A total of 46
genes were selected for further characterization by overexpressing each in the parental

strain BW25113.
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Initially, a pre-screen of the candidate genes was carried out in a high-throughput
manner via growth kinetic analysis in the presence of 0.8% (v/v) n-butanol using a mi-
croplate reader. The genes that, when overexpressed, showed potential enhanced toler-
ance to n-butanol were further verified using batch cultures in close-capped flasks. The
two kinetic parameters, s and RIF, were calculated to assess the improvement in n-
butanol tolerance in the overexpression strains. Ten genes were found to have statisti-
cally significant effects on increasing n-butanol tolerance when overexpressed and their
functions include transporters, membrane components and stress response (Table 4.2).
Table 4.3 includes the list of all the screened genes and their different kinetic parame-

ters.

Table 4.2. Summary of the list of genes that showed increased n-butanol tolerance when
overexpressed in the ancestral strain BW25113. The s and RIF values were determined
in the presence of 0.8% (v/v) n-butanol.

Overexpressed S RIF Function
Gene Average p-value Average p-value
sodB 24+ 2% 1% 10+ 1% 0% Iron-superoxide dismutase
gevH 23 +£2% 0% 9+ 1% 0% Glycine cleavage system
hyfD 25+ 2% 0% 10 £ 1% 1% Hydrogenase
nuol 22+ 1% 0% 11+£1% 0% NADH:ubiquinone oxidoreductase
pepB 40 + 3% 0% 7+ 1% 0% Proteinase
treF 37+£3% 0% 7+1% 0% Trehalose biosynthesis
ygfO 35+2% 0% 19+ 1% 0% Proton motive xanthine transporter
setA 24+ 3% 4% 8+ 1% 1% Sugar efflux pump
mdtA 11+ 1% 0% 5+ 1% 0% Drug resistance efflux pump
pgsA 15+ 1% 0% 15+ 1% 0% Involved in cardiolipin biosynthesis

4.4.3. Membrane-associated genes
Modifications in the outer and cytoplasmic membranes are among the most
common mechanisms for solvent tolerance in E. coli. We found several genes that en-

code for membrane-associated proteins to be upregulated in the YFP-labeled mutants.
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The roles of several of these genes (ygfO, setd, mdtA and pgsA) in enhancing n-butanol
tolerance were confirmed via overexpression studies in wild-type E. coli (see data in Ta-
ble 4.2). The mdtABC (multidrug transporter ABC) operon, encoding the resistance-
nodulation-cell division (RND) drug efflux system, is responsible for resistance against
different compounds (161). Genes within the mdt operon have been previously found to
be upregulated in n-butanol stress in E. coli (162). Several efflux pumps are known to
be involved in solvent tolerance in bacteria, such as srpABC from P. putida in the export
of octanol, hexane and other hydrocarbons (163), the acr4AB-tolC pump in E. coli in tol-
erance to hexane, heptane, octane and nonane (164), and several other heterologously
expressed pumps in E. coli conferred tolerance to different solvents (165). However no
efflux pumps has been identified to be effective in exporting short-chain alcohols as n-
butanol (165). The other membrane-related genes include the sugar transporter, setA4, the

xanthine transporter ygfO, and a biosynthetic gene for the phospholipid cardiolipin,

pgsA.

Table 4.3. Relative fitness measurements for the top 10% of the most upregulated genes
in at least one of the YFP-labeled mutants.

Microplate reader measurements Closed-caps flask measurements

Gene  “hitness (s, %)  p-Value (%)  Fitness (s, %) p-Value (%) RIF (%)  p-Value (%)

accD 11 6 — —— — -

baeR 31 34 - — — -
cemC 2 23 - — - -
citF 0 94 - - —— —
cusA 4 68 - — - -
gcvH 16 2 23 0 9 0
hyfD 15 1 25 0 10 1
iraP -3 81 - — — —
iscS 7 22 - — — -
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Table 4.3 Continued.

Microplate reader measurements Closed-caps flask measurements
Gene  pitness (s, %)  p-Value (%)  Fitness (s, %) p-Value (%) RIF (%)  p-Value (%)
IpxK -19 0 - — — .
macB -19 70 - — - —
mdtA 7 3 11 0 5 0
mreB 12 43 - - - —
nac 34 29 - - - -
nmpC -29 0 —- — — -
nuol 20 3 22 0 11 0
pepB 14 2 40 0 7
pgsA 12 1 15 0 15
gseC 20 19 — — — —
rfaJ 2 76 - — — —
rnb 73 3 7 12 — —
set4 10 1 24 4 8 1
sodB 110 0 24 1 10 1
tat4 9 9 - - —— —
tauD 72 0 4 59 - —
tolC 26 1 25 14 — -
tolR 81 0 6 51 - -
treF’ 28 3 37 0 7 0
trkA -63 0 — - — —
waalU -18 36 - — - —
yadC 178 2 7 19 — —
yagk -17 2 - - — —
vbaJ 148 0 8 13 ---
ybhA 147 10 - — — —
yeeM 152 6 - - — —
yedU -47 0 - — — —
yfeR -14 3 - - - -
yeaV 0 96 - — —
yeeS -39 0 - — —
vgfO 19 5 35 0 19 0
yqck -10 2 -—- -— —
znt4 0 98 - - — -
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In order to determine whether the overexpression of the above-mentioned genes
enhance general tolerance in the presence of growth inhibitors or exclusively in enhanc-
ing tolerance to n-butanol, their effects under different conditions (0.8% (v/v) n-butanol,
4% (v/v) ethanol, 1% (v/v) isobutanol and 1.75 g/L acetate) were assessed. The results
are depicted in Figure 4.2. Interestingly, the overexpression of ygfO, mdtA and pgsA
significantly decreased fitness when the strains were grown in the presence of isobuta-
nol. In the case of ygfO overexpression, growth was completely inhibited in the pres-
ence of isobutanol, at least within the 12 hours during which the experiment was con-
ducted (Figure 4.2A). No cross-tolerance between n-butanol and ethanol were observed
when any of the genes were overexpressed. Overexpression of ygfO significantly de-
creased fitness in all the conditions tested except for n-butanol, suggesting the mecha-
nism of n-butanol tolerance in this strain caused a broad range antagonistic pleiotropy
with other inhibitors. Cross-tolerance between acetate and n-butanol stress have been
identified previously in C. acetobutylicum (166), and thus was included as a test condi-
tion here. In the case of acetate, set4 was the only gene that conferred enhanced toler-
ance when overexpressed.

Even though these membrane related genes were identified based on the tran-
scriptome data of the YFP-labeled mutants, the phenotypic profiles related with the
overexpression of individual genes (Figure 4.2) differ from that observed in mutants

MY2 and MY4 (Figure 4.1).
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Figure 4.2. The relative fitness coefficient of overexpression of genes related with
different transporters and membrane components. A. ygfO, B. setd, C. mdtA and D.
pgsA. The asterisks indicate statistically significant values using a Student’s t-test (p-
value < 0.05). Growth was completely inhibited when ygfO was overexpressed in the
presence of 1% (v/v) isobutanol.

4.4.4. Osmotic stress

The transcriptome analyses revealed several genes known or potentially involved
in osmoprotection (gcvH, treF, setA and pgsA) to be perturbed in the YFP-labeled mu-
tants, but not in the GFP-labeled mutants. Overexpression of these genes in a wild-type
strain was found to improve n-butanol tolerance as shown in Table 4.2. Glycine and
glycine-betaine (coded by members of the GevA and Betl regulons) have been identified
to contribute to ethanol tolerance in E. coli, possibly through higher production of osmo-

lytes (64). The biosynthesis of the disaccharide trehalose (produced by the cytoplasmic

TreF and the periplasmic TreA) acts as an osmotic and stress protectant in E. coli (167).
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This osmoprotectant action was of importance in the presence of different osmotic
agents such as inorganic salts and high concentrations of hexose sugars. SetA is an ef-
flux pump capable to transport different sugars, and the expression of set4 was found to
be increased under glucose/phosphate stress (168), potentially alleviating the accumula-
tion of non-metabolized sugar-phosphates. However, SetA also transports, albeit ineffi-
ciently, other substrates as the antibiotics kanamycin and neomycin, as well as gluco-
sides and galactosides with alkyl or aryl substituents (169). Since there are no sugar
analogs in the media, it is currently unclear whether the overexpression of set4 contrib-
utes to osmoprotection in MY2 and MY4 mutants.

The gene pgsA, related to the biosynthesis of the phospholipid cardiolipin, was
perturbed in MY 2, suggesting a potential increase in cardiolipid biosynthesis in this mu-
tant. Cardiolipin (CL) is a glycerophospholipid, which is important in microbial cell
membranes (170). CL plays important roles in bacterial cell division (158, 171), osmot-
ic stress (172), and essential function in the bioenergetics of the cell (173) In E. coli,
pgsA encodes the committed step of CL biosynthesis. Overexpression of pgs4 has been
shown to modify cellular phospholipid composition, by increasing the concentrations of
the acidic phospholipids phosphatidylglycerol and CL (174).

Since several potentially osmoprotection-related genes were overexpressed in the
evolved YFP-labeled mutants, and their overexpression was verified to be involved in n-
butanol tolerance, we hypothesized that the YFP-labeled mutants are also more tolerant
to osmotic stress. An osmotic shock experiment using high concentrations of glucose

(40% w/v) as described in the Materials and Methods section was used. As shown in
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Figure 4.3, statistically significant improvements in relative survival rates were seen in
the three YFP-labeled mutants (244% for MY2, 499% for MY3 and 655% for MY4).
Cross-tolerance between osmotic tolerance and solvent stress responses has been ob-
served previously: cross-tolerance between ethanol and osmotic stress in E. coli (167,
175) and S. cerevisiae (176, 177), and between n-butanol and osmotic stress in E. coli
(178) and Clostridium (103). Intriguingly, the GFP-labeled mutants show antagonistic
pleiotropy between n-butanol and osmotic stress (relative survival rate of -65% for MGS5

and -41% for MGO6).

4.4.5. Other potential mechanisms

We found that overexpression of sodB, an iron-superoxide dismutase, significant-
ly increased n-butanol tolerance in E. coli. Overexpression of sodB has also been found
in response to different aromatic substrates and phenol-induced stress in P. putida (179,
180), as well as organic solvent stress response in the denitrifying bacteria Aromatoleum
aromaticum (181). Oxidative stress response has been previously associated with n-
butanol stress response in E. coli, particularly the overexpression of sodA, sodC and
vghD (12, 17). In fact, the n-butanol stress response has been connected with different
well-studied stress responses including oxidative stress response, heat shock, cell enve-

lope stress and perturbations of different respiratory functions (12, 17).
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Figure 4.3. Relative changes in survival rates in osmotic stress. E. coli mutants from the
YFP-labeled lineage showed increased tolerance to osmotic stress. All the values
presented here are statistically significantly different compared with their respective
colored parental strain (p-value < 0.05). Error bars represent the standard deviation.

The proteinase PepB, found to increase n-butanol tolerance by more than 40%
when overexpressed, has been discovered to be significantly downregulated during acid
stress in Streptococcus mutants (182). Other mechanisms of protein folding and degra-
dation have been observed in response to n-butanol stress, such as activation of GroESL
chaperone system in E. coli (159, 183) and C. acetobutylicum (160).

Under n-butanol exposure, Rutherford, et. al. (162) observed upregulation of the
nuo and cyo operons, indicating either an increased energy requirement or impairment of
respiration. Studies have demonstrated that these genes are necessary for the generation
of proton gradients across the inner membrane for aerobic energy generation (184).

Here we showed an increase of more than 23% in fitness relative to wild type under n-

butanol stress when nuol was overexpressed.
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4.4.6. Divergence in evolutionary trajectories for enhanced n-butanol toler-
ance in E. coli

The observed differences in the phenotypic profiles between the YFP-labeled and
GFP-labeled mutants demonstrated a potential divergence in n-butanol tolerance mecha-
nisms between the two lineages. We next asked the question whether the two different
mechanisms could be combined to generate a more n-butanol tolerant strain. The iron-
transport-related genes, feo4 and entC, were found to be involved in n-butanol tolerance
in the GFP-labeled mutants (21). These two genes were individually overexpressed in
the YFP-labeled mutants and the levels of n-butanol tolerance of the resulting strains
were assessed. As shown in Figure 4.4, in several cases the relative fitness coefficient
decreased significantly with the expression of the iron-related genes in the YFP-labeled
mutants, suggesting an antagonistic relationship between the n-butanol tolerance mecha-
nisms in the two differentially colored lineages. Overexpression of feo4, involved in the
cellular uptake of iron, showed the higher antagonistic effect on the YFP-labeled mu-
tants, where the fitness advantage of MY3 and MY4 in the presence of n-butanol de-
creased significantly (negative fitness coefficients were observed). In case of entC,
which is involved in the biosynthesis of enterobactin, decreased the relative fitness in
MY3 (fitness was unchanged in MY2 and MY4) in the presence of n-butanol when

overexpressed.
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Figure 4.4. Relative fitness coefficients of the YFP-labeled mutants overexpressing entC
and feoA genes. The fitness coefficients were calculated using the following equation s
= (Ustrain_overexpressing gene / Usirain) - 1. The asterisks represent statistically significant (p-
value < 0.05) values. Error bars represent the standard deviation.

4.5. Discussion

In this study, we demonstrated a case of incompatibility between the mechanisms
of n-butanol tolerance between two different lineages from the same evolved population,
and identified cross-resistance and antagonistic pleiotropy between different complex
phenotypes in the isolated mutants of E. coli evolved under n-butanol stress. By using
VERT we were able to systematically track the evolutionary dynamics to distinguish
parallel mechanisms of n-butanol tolerance in the same population, which would other-
wise be difficult to determine. Our results indicate that adaptation (increased n-butanol
tolerance) of E. coli to increasing concentrations of n-butanol from a single evolving

population resulted in two independent and divergent adaptive mechanisms.
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MY4 was the only strain that showed a general solvent tolerance to n-butanol,
isobutanol, and ethanol (see Table 4.1). Interestingly, MY4 showed a higher fitness ad-
vantage in the presence of ethanol compared to n-butanol, suggesting the molecular
mechanisms for n-butanol tolerance in this strain is more general towards solvent stress.
Whole genome sequencing of MY4 led to the identification of a single nucleotide poly-
morphism in nus4 (nusAE212A) as we reported previously (21). NusA interacts with
several proteins involved in transcriptional termination including rho, a transcriptional
terminator affecting expression at whole-cell level. Point mutation in 740 has been
shown to be a major contributor to ethanol tolerance in E. coli evolved under ethanol
stress (64). Mutations in global regulators have also been shown to enhance ethanol tol-
erance and n-butanol tolerance (47, 185, 186). Thus, the observed mutation in nusA, in
part, potentially explains the generalist behavior of this mutant toward different stressors
by globally perturbing transcriptional regulation in the cell. On the other hand, the GFP-
labeled mutants exhibited much higher relative fitness coefficients in the presence of n-
butanol compared to any other stress conditions tested, suggesting that GFP-labeled mu-
tants had evolved a more "specialist" adaptive mechanisms for n-butanol tolerance.
However, MG5 and MG6 (the GFP-labeled mutants) both share a same point mutation
in rho in addition to an IS5 insertion in feoA (presented in Table 3.5). As feoA has been
confirmed as a likely genetic determinant for enhanced n-butanol tolerance in the GFP-
labeled mutants, the results currently suggest that the downstream effects of increased

expression of iron uptake-related gene(s) is dominant over any potential downstream ef-
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fects of the rho mutation; further investigation is needed to decipher the respective ef-
fects of each mutation in these strains.

The phenotypic response of the alleles under different stress conditions tested in-
dicates divergence in the acquired mechanisms to increase n-butanol tolerance between
the isolated mutants from the two lineages. Opposite trends in fitness under several con-
ditions were observed. The most notable one is the differential responses to osmotic
stress. Under osmotic stress, all the isolated mutants from the yellow lineage showed
improved tolerance, while mutants from the green lineage showed an opposite response
(Figure 4.3). In addition, Reyes et al (21) documented a cross-tolerance between the cat-
ionic antibiotic peptide polymyxin B and n-butanol in only the GFP-labeled mutants.
This differential cross-resistance in mutants from the two lineages indicates the possibil-
ity of diverse mechanisms of n-butanol tolerance in E. coli. Furthermore, the mecha-
nisms of n-butanol tolerance between the two lineages appear to be antagonistic, as the
introduction of feo4 into MY2 or MY4 resulted in a significant decrease in relative fit-
ness in the presence of n-butanol. A similar phenomenon was observed previously be-
tween different lineages from a yeast population evolved in glucose-limited conditions

(187).

4.6. Conclusion

The use of microbial systems in the production of chemical and fuels from sus-

tainable feedstock requires robust biocatalysts. As the production environment poten-
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tially involves multiple inhibitory factors, knowledge regarding the cross toler-
ance/antagonistic pleiotropy between different conditions of an adaptive allele becomes
important. This work further characterized isolated evolved mutants from a single n-
butanol challenged population and identified additional genetic determinants involved in
n-butanol tolerance in E. coli, discovered several cases of cross tolerance/antagonistic
pleiotropy between different stressors in the isolated mutants, and a case of negative epi-
stasis between mechanisms of n-butanol tolerance between independent lineages from
the same population. Our results suggest that while MG5 and MG6 are our best per-
formers under n-butanol stress, these two mutants may not perform as well as MY2 or
MY4 in a production environment; thus, highlighting the importance of characterizing
the effects of identified genetic determinants under multiple relevant conditions to better

guide strain engineering efforts.
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5. EVOLUTIONARY ENGINEERING OF SACCHAROMYCES CEREVISIAE
FOR ENHANCED TOLERANCE TO HYDROLYSATES OF

LIGNOCELLULOSIC BIOMASS"

5.1. Summary

Lignocellulosic biomass has become an important feedstock to mitigate current
ethical and economical concerns related to the bio-based production of fuels and chemi-
cals. During the pre-treatment and hydrolysis of the lignocellulosic biomass, a complex
mixture of sugars and inhibitors are formed. The inhibitors interfere with microbial
growth and product yields. This study uses an adaptive laboratory evolution method
called Visualizing Evolution in Real-Time (VERT) to uncover the molecular mecha-
nisms associated with tolerance to hydrolysates of lignocellulosic biomass in Saccharo-
myces cerevisiae. VERT enables a more rational scheme for isolating adaptive mutants
for characterization and molecular analyses. Subsequent growth kinetic analyses of the
mutants in individual and combinations of common inhibitors present in hydrolysates
(acetic acid, furfural, and hydroxymethylfurfural) showed differential levels of resistance
to different inhibitors, with enhanced growth rates up to 57%, 12%, 22%, and 24% in
hydrolysates, acetic acid, HMF and furfural, respectively. Interestingly, some of the

adaptive mutants exhibited reduced fitness in the presence of individual inhibitors, but

* Reprinted with permission from Almario, M. P., Reyes, L. H., & Kao, K. C. (2013). Evolutionary engi-
neering of Saccharomyces cerevisiae for enhanced tolerance to hydrolysates of lignocellulosic biomass.
Biotechnology and Bioengineering, doi:10.1002/bit.24938. Copyright 2012 John Wiley and Sons.
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showed enhanced fitness in the presence of combinations of inhibitors compared to the
parental strains. Transcriptomic analysis revealed different mechanisms for resistance to
hydrolysates and a potential cross adaptation between oxidative stress and hydrolysates

tolerance in several of the mutants.

5.2. Introduction

There is an increased interest in the use of renewable feedstock for the produc-
tion of second-generation biofuels and chemicals. Lignocellulosic biomass is an abun-
dant renewable resource that is estimated to reach more than 1 billion dry tons annually
in the U.S. by year 2030 (188). In general, the lignocellulosic biomass needs to be pre-
treated and hydrolyzed to convert its cellulose and hemicellulose into simple sugars for
fermentation. The breakdown of lignin produces phenolic compounds (189). Hydroly-
sates of lignocellulosic biomass are complex mixtures of different pentose and hexose
sugars, inhibitors (e.g. furfural, 5-hydroxymethyl furfural, phenolic compounds, etc.),
and salts (e.g. MgSQO4, NaCl) (190, 191). Dilute acid pretreatment is a commonly used
method to facilitate enzymatic hydrolysis and improve sugar yield (190, 192). The pre-
treatment process generates numerous inhibitors that affect cellular growth and fermen-
tation performance (189, 193, 194). The byproducts generated after dilute acid pre-
treatment that have the most potent inhibitory effects include acetic acid (AA), formic
acid, phenolic compounds and the furan aldehydes furfural and 5-hydroxymethylfurfural

(HMF) (195, 196). AA is formed by de-acetylation of hemicelluloses (189) and several
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mechanisms have been determined to be involved in acetic acid tolerance in yeast (197,
198). The furans are derived from dehydration of hexoses and pentoses (189). The in-
hibitors present in hydrolysates cause reduction in biological and enzymatic functions in
yeast and Escherichia coli (199-201). In addition, synergistic effects between different
inhibitors have been found to further enhance the negative impact on the growth rate of
Saccharomyces cerevisiae (199, 202). Several mechanisms to overcome inhibition have
been identified, one of which is the in situ detoxification of HMF and furfural to less
toxic compounds, furan di-methanol and furan methanol respectively, through NADPH-
dependent reductions (189, 194, 202). Mechanisms to overcome the toxic effects of
weak acids, such as acetic acid, appear to be complex, involving the reduced uptake of
extracellular acetate, increased activity of plasma membrane H-ATPase and efflux of
the acetate through multidrug resistance transporters (MDR) (203, 204). However, the
basic mechanisms to overcome inhibition in the presence of the complex mixtures of po-
tential inhibitors present in hydrolysates of lignocellulosic biomass are not well known
(189, 199).

The purpose of this study is to understand the mechanisms associated with toler-
ance of S. cerevisiae to hydrolysates of lignocellulosic biomass, using the adaptive la-
boratory evolution method called visualizing evolution in real time (VERT) (21, 99).
During adaptive evolution, mutants with enhanced fitness (adaptive mutants) arise and
expand in the population. We refer to these expansions as adaptive events. VERT helps
to identify adaptive events in an evolving population via tracking the changes in the rela-

tive frequencies of differentially labeled colored-subpopulations using flow cytometry.
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Thus, an observed expansion in a colored-subpopulation is indicative of the rise and ex-
pansion of an adaptive mutant within the expanding colored-subpopulation. Adaptive
mutants can then be isolated from the expanding colored-subpopulation for subsequent
analyses. Using VERT, §. cerevisiae was evolved in the presence of hydrolysates and
individual adaptive mutants were isolated throughout the course of the evolution. The
relative resistances of the isolated adaptive mutants to the different inhibitory com-
pounds found in the hydrolysates were assessed. In conjunction with the phenotypic
analysis, transcriptome analysis was conducted for the different isolated mutants to elu-

cidate the molecular mechanisms involved in hydrolysates tolerance.

5.3. Materials and Methods

5.3.1. Strains and growth conditions

Fluorescently marked S. cerevisiae strains were derived from FY2, a derivative
of S288c, as previously described (54). Unless otherwise specified, yeast cells were cul-
tured in YNB supplemented with no carbon source and mixed with different concentra-

tions of hydrolysates (see Table 5.1 and Table 5.2) of lignocellulosic biomass at 30°C.

5.3.2. Hydrolysates of lignocellulosic biomass preparation method
To perform the enzymatic hydrolysis reaction, the pH of the solution (slurry/ wa-
ter) was titrated at pH=5.0 using 1M KOH. The following equations were used to de-

termine the required amount of enzyme:

110



Cellulase: For X ml of corn slurry at pH 5, for m minutes of incubation at 37C.

w(umol/mL)*X(ml of corn slurry)

Equatlon 5.1 Cellulase (mg) - m(min/U)*1(umol/min)*1.24U/mg

Cellobiase: For X ml of corn slurry at pH 5, for m minutes of incubation at 37C.

. . (umol/mL)*X(ml of corn slurry)
Equat 2 Cellobiase(mL)=— 2
quation 3 (mL) m(minfU)*z(umol/min)*%*1.2(%)\ )

G(g)*1000

180.2(-1)

Note: W g/L or w ( umol/mL) is the desired concentration of glucose in

the solution. After the addition of the enzymes, the corn slurry solution was incubated at

37C for m=60 minutes with continuous shake of 220 rpm.

Table 5.1. Concentration of each inhibitor and sugar present in various batches of
hydrolysates.

Batch Glucose Xylose  Arabinose =~ HMF Furfural Acetic Acid
Hydrolysates % (w/v) %(W/Vv) %(w/v) (g/L) (g/L) (mM)
Batch 1 0.58 1.03 0.16 0.88 0.03 9.27
Batch 2 0.21 0.63 0.08 0.60 0.02 6.68
Batch 3 0.58 1.78 0.26 2.38 0.07 20.34
Batch 4 0.67 2.00 0.29 2.79 0.07 23.47
Batch 5 0.67 2.67 0.4 3.00 0.07 31
Batch 6 0.88 2.57 0.38 3.18 0.08 29.17

5.3.3. Preparation of solutions of hydrolysates of lignocellulosic biomass
Hydrolysates of lignocellulosic biomass were obtained using dilute acid pretreat-
ed biomass slurry of corn stover (courtesy of Dr. Dan Schell and Dr. John Ashworth at

the National Renewable Energy Laboratory). A determined amount (g) of this slurry
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(with solids loading of roughly 35%) was diluted in DI water for enzymatic hydrolysis.
The composition of each batch of hydrolysates after enzyme hydrolysis was quantified
(details below) and listed in Table 5.1. The resulting hydrolysates were filter sterilized
using 0.22 um filters and subsequently diluted in YNB with no carbon source (5.95 g
YNB without amino acids or ammonium sulfate and 17.5 g Ammonium Sulfate). The
composition of each batch of hydrolysates/YNB mixture is listed in Table 5.2. Hydroly-
sates composition was analyzed using High-Performance Liquid Chromatography
(HPLC; Agilent Technologies 1260 Infinity) using an Aminex HPX-87H column (Bio-
Rad). Glucose, xylose, arabinose, acetic acid and ethanol were quantified using the RI
detector at 52°C, using 0.6 ml/min of 5 mM H2SO4 as mobile phase. Furfural and HMF

were detected using the UV/vis detector at 254 nm.

Table 5.2. Composition of selective media used for evolution and phenotypic analyses.

. . Generation Hydrolysates Concentration
Selective media : — - 5
From To Batch Dilution with YNB
A 0 54 1 17%
B 56 62 2 48%
C 64 70 3 17%
D 73 77 4 15%
E 79 83 4 16%
F 85 91 3 25%
G 93 104 4 25%
H 106 120 5 25%
I 122 160 6 25%

'Batch number of hydrolysates from Table 5.1 used for preparation of selective media.
*Percent by volume of hydrolysate used in dilution with YNB (without glucose supplementation).

5.3.4. Neutrality test
A neutrality test was performed to ensure that there are no fitness differences be-

tween the three fluorescently marked strains used for this work (GFP, YFP, DsRed). For
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this test, roughly equal numbers of these labeled strains were fed in a batch culture with

YNB and glucose as carbon source (Figure 5.1 shows the results).

Table 5.2. (Cont.) Composition of selective media used for evolution and phenotypic
analyses

. . Glucose®  Xylose®  Arabinose’  Acetic Acid® HMF’  Furfural®
Selective media

%(w/v) %(W/v) %(w/v) mM g/L g/L
A 0.1 0.18 0.03 1.60 0.15 0.01
B 0.1 0.30 0.04 3.18 0.29 0.01
C 0.1 0.31 0.04 3.51 0.41 0.01
D 0.1 0.30 0.04 3.50 0.42 0.01
E 0.1 0.32 0.05 3.98 0.41 0.01
F 0.14 0.445 0.06 5.08 0.59 0.01
G 0.17 0.53 0.07 6.17 0.67 0.01
H 0.17 0.67 0.10 7.75 0.75 0.02
I 0.22 0.642 0.10 7.30 0.8 0.02

®Actual concentration in each batch of selective media.

100%
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0 24 48

Time (h)

Population Proportion

Figure 5.1. Neutrality test. The yellow bars indicate the relative proportion of the
yellow subpopulation, green bars indicate the proportion of green subpopulation, and red
bars indicate the proportion of the red subpopulation.

5.3.5. Adaptive evolution experiment

The adaptive evolution experiments were performed in 125 ml flasks at 30°C in

10 mL of hydrolysates/YNB with three parallel populations. Roughly equal numbers of
113



the three fluorescently marked (GFP, YFP, and DsRed) strains were used to seed each
population. A serial transfer of 1% of the total volume into fresh medium was per-
formed every 24-48 hours. Samples were taken prior to each serial transfer to monitor
the relative proportions of the three colored subpopulations using a flow cytometer
(FACS) (BD FACScan™) and to generate frozen stocks to be stored at -80°C in 17.5%
glycerol for further analysis. The concentration of hydrolysates was increased in a step-
wise fashion (see Table 5.2). Table 5.2 lists the concentrations of sugars and inhibitors
in each batch of selective media (selective media A4-/) used for the evolution experi-
ments. The concentration of hydrolysates was increased when an adaptive event (in-
crease in more than 2 consecutive measurements in the relative proportion of a colored
subpopulation) was observed. This experiment was conducted for approximately 463

generations.

5.3.6. Isolation of adaptive mutants

For the isolation of adaptive mutants responsible for each of the observed adap-
tive events, five clones from each expanding colored-subpopulation were isolated and
their growth kinetics measured in selective media G (hydrolysates/YNB medium) (see
Table 5.2) in 96-well plates using a microplate reader (TECAN™ Infinite M200) at
30°C. The parameter “Relative increase in maximum specific growth rate” (21) for each
clone was calculated using Equation 5.3, where u; is the maximum specific growth rate

for strain i.
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(p‘i@Hydro )_(Hwild type@Hydro

l’Li@No Hydro Hild type@No Hydro)

(”Lwild type@Hydro

Equation 5.3 Relative increase in p.=
Hwild type@No Hydro)

The clone with the highest “Relative increase in x;” was chosen as the adaptive
clone from the expanding subpopulation. Student’s t-test using four biological replicates
was used to assess significance. The relative fitness coefficient, s, for each mutant was

determined using Equation 5.4.

Equatlon 5_4 5= (P‘AdaptiveiMutant> -1

Hwild type

Thus a mutant with a relative fitness coefficient greater than “0” has higher fit-
ness compared with the parental strain at that condition. Statistical significance for s
was assessed by testing the null hypothesis that fadaptive Mutant Was not higher (or lower,
depending on the sign of s) than pwiu type Using a one-tailed student t-test (with p-value

threshold of 0.05).

5.3.7. Growth kinetics

Three biological replicates of the selected isolated mutants were grown in 125ml
flasks in batch cultures to determine the relative fitness coefficient, s, of each mutant
against its parental strain in different conditions. The growth kinetics for each culture
was determined by monitoring the ODgg every 2 hours from an initial ODggo of ~0.05.

115



The relative fitness coefficient s was determined using Equation 5.4. The analyzed con-
ditions were: a) hydrolysates of biomass with YNB, b) YNB supplemented with 1%
(w/v) glucose, ¢c) YNB supplemented with 1% (w/v) glucose and 0.9g/L. HMF, d) YNB
supplemented with 1% (w/v) glucose and 50mM acetic acid, €) YNB supplemented with
1% (w/v) glucose and 0.9g/L. HMF and 0.4g/L furfural, and f) YNB supplemented with
1% (w/v) glucose and 0.4g/L furfural. Cultures grown in condition b) were also ana-

lyzed for their rates of glucose consumption using the HPLC.

5.3.8. RNA extraction

Each isolated mutant was inoculated in 30ml of selective media A (hydroly-
sates/YNB) on 125ml flask at an initial ODgg of 0.05. The cells were harvested in mid-
exponential phase by filtration using analytical test filter funnels (Nalgene), immediately
resuspended in 10mL of RNA/ater (Sigma) and stored at -80°C for future analysis. For
the extraction of the total RNA, the ZR Fungal/Bacterial RNA MiniPrep™ (Zymo) kit
was used following manufacturers' instructions using 2mL of each stored sample in
RNA/ater. The extracted RNA was quantified using the NanoDrop™ 1000® (Thermo

Scientific).

5.3.9. Microarray hybridization and data analysis
The SuperScript® Indirect cDNA Labeling System (Invitrogen) with Oligo(dT)»
primer was used to synthesized the cDNA with incorporation of aminoallyl dUTP.

cDNA was recovered with ice cold ethanol precipitation. Cy3- and Cy5- mono-Reactive
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Dye Pack (GE Healthcare) were used to label cDNA samples. The labeled cDNA was
hybridized to the S. cerevisiae G4813A Gene Expression Microarray (Agilent Technolo-
gies). The arrays were scanned using the GenePix 4100A Microarray Scanner and
GenePix Pro 6.0 software (Molecular Devices) for image analysis. The Microarray Data
Analysis System (MIDAS) software was used to normalize the data using LOWESS
based normalization algorithm (118). Differentially expressed genes were identify using
the rank product method with a critical p-value <0.05. The MeV (TM4) (205) microar-
ray analysis software was used for clustering and other expression profile analysis. The
Saccharomyces Genome Database SGD (206) was use to analyze the data using gene
ontology. The Network Component Analysis (NCA) (134) was used to analyze the ac-
tivity of S. cerevisiae transcription factors. The number of permutations used to calcu-
late the FDR (false discovery rate) was 1000. The transcription factors reported have a

statistical significance with a p-value threshold of <0.05.

5.4. Results and Discussion

5.4.1. Evolutionary dynamics of S. cerevisiae during the adaptive evolution
for tolerance to hydrolysates of lignocellulosic biomass
Approximate equal numbers of fluorescently (GFP, YFP and DsRed) marked
strains were used to seed three hydrolysates-challenged populations (P1, P2 and P3) in
batch cultures in selective media 4 (Table 5.2). The concentration of the hydrolysates

was increased in a step-wise manner over the course of 463 generations (see Table 5.2
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and Figure 5.2). The relative proportions of the three different colored-subpopulations
were monitored using FACS. As described in Reyes et a/ (21), the expansions and con-
tractions of different colored subpopulations observed using VERT are the results of rise
and expansions of adaptive mutants (fitter mutants) within the different colored sub-
populations. Thus, an expansion in a colored subpopulation is indicative of the occur-
rence and expansion of an adaptive mutant in that colored subpopulation, and fitter mu-
tants can then be isolated from the expanding colored subpopulation for subsequent
analyses.

Upon conclusion of the adaptive evolution experiments, population P3, which
reached the highest concentration of hydrolysates, was chosen for further analysis. Sev-
en adaptive events were identified in P3, where the expanding subpopulation reached
their maximum proportion at generations 132, 164, 231, 259, 338, 353, and 438 (Figure
5.2). To isolate the adaptive mutants responsible for each expansion, five clones were
randomly picked from each expanding subpopulation at the above-mentioned genera-
tions. The clone with the highest specific growth rate in hydrolysates/YNB was chosen
as the adaptive mutant from the expanding subpopulation. These adaptive mutants were
named according to their color and generation from which they were isolated: PG-132,

PR-164, PG-259, PY-231, PR-338, PG-353, and PR-438.
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Figure 5.2. The evolutionary dynamics of population P3 during in vitro evolution in
hydrolysates-challenged condition. The yellow bars indicate the relative proportion of
the yellow subpopulation, green bars indicate the proportion of the green subpopulation,
and red bars indicate the proportion of the red subpopulation. The black line indicates
the approximately concentration of HMF (x10, g/L), dashed black line corresponds to
acetic acid (mM), and blue line is furfural (x100, g/L). The arrows indicate the adaptive
mutants isolated.
5.4.2. Relative fitness in the presence of hydrolysates and individual inhibi-
tors
The growth kinetics for each adaptive mutant was determined in batch cultures to
compare their growth rates against their respective parental strain (of the same color) in
several different conditions and their relative fitness coefficients were calculated. First,
the specific growth rates of the mutants and parental strains were measured in selective

media H (Table 5.2). Six out of seven of the isolated adaptive mutants showed a statisti-

cally significant positive relative fitness coefficient compared with the parental strain
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(see Figure 5.3). The largest improvement was observed in mutant PR-164 with a 57%
improvement in specific growth rate over the parental strain in hydrolysates.

Since hydrolysates of biomass contain a complex mixture of inhibitors, adapta-
tion of the evolved mutants may be a result of enhanced resistance to one or more of the
inhibitors present. To determine which of the most commonly studied inhibitors (furfu-
ral, HMF, and AA) the evolved mutants have enhanced resistance to, the relative fitness
coefficients of each strain in the presence of each of the inhibitors were determined in
YNB supplemented with 1% (w/v) glucose (see Figure 5.3). All but one mutant (PY-
231) showed enhanced fitness in at least one of the conditions tested. The concentration
of HMF used in the test was 0.9 g/L (the highest concentration of HMF in the hydroly-
sate was 0.8 g/L). Since the highest concentration of furfural present in the hydrolysates
(0.02 g/L) was not inhibitory by itself, the relative fitness coefficient measurements were
carried out in a concentration of 0.4 g/L of furfural.

Adaptive mutants PG-132 and PR-164 showed a statistically significant increase
in relative fitness in the presence of furfural, and mutants PR-164 and PR-438 exhibited
higher tolerance to HMF compared to their parental strains. All adaptive mutants from
the red subpopulation (PR-164, PR-338, and PR-438) and the green mutant PG-353
showed higher tolerance to AA (50 mM). Adaptive mutants PR-164 and PR-438 were
the most resistant to AA with relative fitness coefficients of 12%. In addition to individ-
ual inhibitors, we also tested the resistances of each mutant in the presence of both HMF
(0.9 g/L) and furfural (0.4 g/L). Four out of seven adaptive mutants showed statistically

significantly improved fitness in the presence of both HMF and furfural, with PG-353
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exhibiting the highest tolerance with a fitness improvement of 46% over the parental

strain.

70%
60% -
50%
40%
30%
20%
10%
0%
-10% -
-20% *
-30% *
-40%

Relative Fitness Coefficient

PG-132 PR-164 PG-259 PY-231 PR-338 PG-353 PR-438

Figure 5.3. The relative fitness coefficients of isolated mutants from population P3 in
the presence of each inhibitor. Horizontal lined bars: Selective media H (hydrolysates in
YNB), diagonal lined bars: HMF (0.9 g/L), dotted bars: HMF (0.9 g/L) and furfural (0.4
g/L), solid black bars: AA (50 mM), and solid gray bars: furfural (0.4 g/L). YNB
supplemented with 1% glucose is the base media used for conditions containing
individual inhibitors. Asterisks indicate statistical significance between the specific
growth rates of isolated mutant and parental strains with a p-value threshold of 0.05
(using a one-tailed student t-test with a minimum of 3 biological replicates).

5.4.3. Transcriptome analysis

Transcriptome analysis using DNA microarrays was used to identify any differ-
ences in relative transcript abundances between the isolated mutants and the parental
strains in the presence of hydrolysates. The results showed significant perturbations in

different metabolic pathways in the mutants, and there exists significant differences in

transcriptional regulation between linages. The transcriptome data was analyzed based
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on the individual performance of each adaptive mutant to the major inhibitors present in
hydrolysates. Some of the key perturbations are described below. Transcription factors

activities were assessed using Network Component Analysis (NCA) (133, 134).

5.4.3.1.  Acetic acid

The adaptive mutants with a statistically significant positive relative fitness coef-
ficient against their parental strains in the presence of AA were PR-164, PR-338, PG-
353 and PR-438. Commonly up-regulated genes between these mutants were ATP35,
VMA3 VPHI, and SPII. ATPS5 is a required gene for ATP synthesis coupled proton
transport. VPHI and VMA3 are genes involved with vacuolar ATPase acidification.
SPII is a gene involved in weak acid resistance and its expression is controlled by the
transcription factors Msn2p/ Msndp (207). Depletion of ATP (uncoupling theory) and
intracellular anion accumulation have been suggested to be responsible for the toxicity
effects of weak acids (208). The uncoupling theory states that the decrease in cytoplas-
mic pH generated by the influx of AA results in the activation of ATP-dependent proton
pumps to neutralize the pH, leading to a depletion of ATP (208). The intracellular anion
accumulation theory, on the other hand, states that accumulation of dissociated AA in-
side the cell (since only protonated or associated AA can pass across the cytoplasmic
membrane) due to the lower extracellular pH causes a toxicity effect (209). Thus, the
overexpression of ATP synthase and H'-ATPase observed in the adaptive mutants are
potential mechanisms for their enhanced tolerance to AA. Indeed, the H-ATPase pre-

sent in the vacuolar membrane has been shown to be important for weak acid tolerance
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(203). Table 5.3 shows selected up-regulated or down-regulated genes for the isolated
mutants related with acetic acid tolerance.

Detoxification through multidrug resistance transporters (MDR) has also been
found to play a role in yeast tolerance to weak acids (203). Using NCA, we identified
several transcription factors whose activities were significantly perturbed. The activities
of MSN4, RIM101, PDR1, and PDR3 were increased and the activity of WAR1 was de-
creased (Table 5.4). All aforementioned transcription factors have been found to be re-

lated with adaptive response of yeast to drug and weak acids (203, 210).

Table 5.3. Selected up-regulated (bold) or down-regulated (non-bolded) genes in the
isolated mutants related with acetic acid tolerance.

Strain Cell Wall and protein Lipid Metabolism Plasma Membrane and Vacuolar
Function H+ATpase
PR-164 HSP82 ATP15, ATP16, ATP17, ATP5
PR-338 VMAS3, ATP14, ATPS, VPH1
PG-353 SPI1 YPC1, YDC1, PDR16 VPH1, PMP1, ATP5, ATP4
PR-438 SPI1, HSP78, YPC1 SIA1, ATP14, ATP17, ATP4,
HSP104, SSE2 ATP5

Table 5.4. Transcription factors whose activities were increased (bold) or decreased
(non-bold) in adaptive mutants associated with resistance to acetic acid.

Strain Transcription factors
PR-164 MSN4, WARI1, RIM101, PDR1
PR-338 WARI, PDR1
PG-353 MSN4, WARI1, PDR1, PDR3
PR-438 MSN4, WAR1, PDR3

5.4.3.2.  HMF and furfural
HMF and furfural affect cell growth by similar mechanisms, including inhibition
of alcohol dehydrogenase (ADH), pyruvate dehydrogenase (PDH), and aldehyde dehy-
drogenase (ALDH) and damages to cell membrane (189). Adaptive mutants PG-132 and
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PR-164 were statistically significantly better than the wild type in 0.4 g/L furfural. Ad-
ditionally, adaptive mutants PR-164 and PR-438 (from the red subpopulation) have posi-
tive relative fitness coefficients in presence of 0.9 g/ HMF. Interestingly, adaptive mu-
tants PG-259, PR-338, and PG-353 have statistically significant positive fitness coeffi-
cients only in the combination of HMF and furfural. Table 5.5 shows a summary of the
differentially regulated genes in the mutants that are potentially associated with HMF
and/or furfural tolerance.

S. cerevisiae has the ability to convert furfural to furan methanol and HMF to fu-
ran di-methanol using in sifu detoxification as a response mechanism in the presence of
these inhibitors (193, 194). It has previously been proposed that the detoxification is
through multiple NADPH-dependent aldehyde reduction, such as the reductases ALD4
and GRE3 (193), which was up-regulated in mutant PR-164, potentially causing
NAD(P)H depletion. Serine, lysine, and arginine biosynthesis were down-regulated in
all adaptive mutants with enhanced tolerance to HMF (PR-164 and PR-438). The re-
pression of these amino acid biosynthesis pathways have been found to increase regen-
eration of ATP and NAD(P)H in the TCA cycle (194), possibly as compensatory mech-
anism for NAD(P)H depletion.

Transcription factors involved in pleiotropic drug resistance (PDR) and oxidative
stress tolerance were significant activated in almost all of the adaptive mutants with en-
hanced tolerance to furfural and/or HMF (see Table 5.6), with the latter suggesting the
presence of oxidative stress during growth on hydrolysate. To determine which of the

isolated adaptive mutants are also more tolerant to oxidative stress, the growth kinetics
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of each of the adaptive mutants were determined in the presence of 2 mM of H,O,. All
the adaptive mutants from the red subpopulation (PR-164, PR-338, and PR-438) and one
mutant from the green subpopulation (PG-353) showed significantly enhanced tolerance
to hydrogen peroxide compared to their parental strain (see Table 5.7). In addition, all

these adaptive mutants have also enhanced tolerance to AA.

Table 5.5. Selected up-regulated (bold) or down-regulated (non-bolded) genes in the
isolated mutants associated with resistance to HMF and/or furfural.

Strain  Aldehyde Reductase Amino Acid Biosynthesis
PG-132 GRE3, ADH6 ARG7, ARGS, ARG4
PR-164 ALDA4 ARG3
PG-259 GRE3 ARG7, ARG2, ARGS8, ARG4
PR-338 ADH7 ARG1
PG-353 GRE3, ADH6 CPAI, ARGS8, ARG4

PR-438 GRE3, ADH6, ADH7 CPA2, CPA1, ARG3, ARGI, ARG4

All the other adaptive mutants did not show a significant improvement in the
presence of hydrogen peroxide. The heat map of expressions from select genes for the
adaptive mutants from the red lineage (Figure 5.4) shows that the higher up-regulated
genes correspond to drug resistance (/MD2), cytochrome ¢ oxidase (COXI3, COX9),
DNA replication stress (SAP155), phosphate metabolism (PHO!11), and mitochondrial
inner membrane protein (FCJI). The most down-regulated genes are related with cell
wall mannoprotein of the Srpl1p/Tiplp family of serine-alanine-rich proteins (77R3), py-

ruvate decarboxylase (PDCJ), and Alpha-agglutinin (SAGT).
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Table 5.6. Transcription factors whose activities were increased (bold) or decreased
(non-bold) in adaptive mutants associated with resistance to HMF and/or furfural.

Strain Transcription Factors Transcription Factors
Pleiotropic Drug Resistance Oxidative Stress

PG-132 - -

PR-164 PDRI1, YRR1, YAP6 YAP1
PG-259 PDR1, PDR3, YRR1 -

PR-338 PDR1, YRRI, YAP1
PG-353 PDRI1, PDR3, YRRI, YAP1
PR-438 PDR3, YRR1, YAP6 YAP1

The adaptive mutants PG-132 and PG-259 exhibited negative relative fitness co-
efficients in the presence of the individual inhibitor HMF, but positive relative fitness
coefficients in the presence of multiple inhibitors (HMF/furfural and hydrolysates).
These adaptive mutants were isolated early on during the evolution. It is possible that
the mutations acquired for these strains only allow them to grow in presence of more

than one inhibitor at a time.

5.4.4. Glucose consumption

To determine if the adaptive mutants evolved not only to be more fit in the pres-
ence of hydrolysates but also able to more efficiently utilize and metabolize nutrients in
the media, the rate of glucose consumption was measured using HPLC for cultures
grown in YNB supplemented with 1% glucose in batch cultures. All the adaptive mu-
tants from the red subpopulation showed significantly higher rate of glucose consump-

tion compared to the ancestral strain. All the other mutants exhibited similar rate of glu-
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cose consumption compared to the parental strains, suggesting that the non-red mutants

are not more adaptive as a result of enhanced glucose utilization.

Table 5.7. Percentage of improvement in relative fitness in the presence of 2 mM H,0,.

Adaptive Mutants % Improvement in H,O, (2 mM)

PR-164 33%

PR-338 40%

PG-353 70%

PR-438 39%
Gana PRE4 PR-120 PR-151  Gene PRE4 PR-120 PR-151  Gene PRE4 PR-120 PR-151
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Figure 5.4. Heat map of gene expression changes of isolated mutants from the red
subpopulation.
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5.5. Conclusions

In conclusion, we isolated adaptive mutants with enhanced fitness in hydroly-
sates using a previously published adaptive evolution method, VERT. All but one of the
isolated mutants showed increased relative fitness compared with the parental strains in
the presence of hydrolysates, with the best mutant exhibiting a relative fitness coefficient
of 57%. The mutants showed differential resistances to the inhibitors present in the hy-
drolysates and some had increased glucose uptake rates, indicative of the complex nature
of adaptation to this feedstock. Using transcriptome analysis, we elucidated some poten-

tial mechanisms for enhanced tolerance in the isolated adaptive mutants.

5.6. Data Availability

The microarray data has been deposited in the Gene Expression Omnibus with

accession number GSE44085.
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6. IMPROVEMENT OF CAROTENOIDS PRODUCTION IN YEAST VIA

ADAPTIVE LABORATORY EVOLUTION

6.1. Summary

The application of adaptive evolution for increased production of secondary me-
tabolites (compounds not directly involved in normal cell growth) generally ends with
decreased production due to the metabolic burden imposed for the channeled flux or tox-
icity of the produced compound. This phenomenon is due to the nature of the technique,
where selection must be causally connected to the differential ability to survive and re-
produce.

In this study, laboratory adaptive evolution was successfully exploited in order to
improve carotenoids production in an engineered S. cerevisiae carotenoids producing
strain. The effective design of the evolutionary strategy was based in the antioxidant
properties of the carotenoids. Scheduled hydrogen peroxide shocking experiments en-
sured an increase of carotenoids production in more than 200% in a short-term experi-
ment. Transcriptome analysis helped to elucidate the molecular mechanisms for in-
creased carotenoids production, including upregulation of genes related with lipid bio-

synthesis, especially upregulation of genes part of the melavonate pathway.
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6.2. Introduction

Carotenoids are an attractive class of tetraterpenoid pigmented compounds natu-
rally produced by diverse organisms including plants and numerous fungi and bacteria
(211). These compounds are known antioxidants (212) that have potential positive im-
pact on human health (playing an important role as pro-vitamin A compounds), and they
are currently used in the nutraceutical industry as supplements, fortified foods and cos-
metics with a total market value estimated in $1.2 billions in 2010 (BCC research pub-
lished Sept 2011).

Currently, most industrially produced carotenoids are chemically synthesized
through multistep chemical synthesis or by solvent-based chemical extraction from non-
microbial sources. Chemical synthesis is not a viable option to produce most carote-
noids due to their structural complexity (213). Recently, production of carotenoids has
been amply explored using biosynthetic routes, via metabolic engineering and synthetic
biology of different microbial systems for a more environmentally friendly and efficient
production platform (214-216).

The biological pathways of all carotenoids use isopentenyl diphosphate (IPP) as
the precursor. The biosynthesis of IPP falls in two different pathways: The mevalonate
(MVA) pathway and the mevalonate independent methyl erythritol 4-phosphate (MEP)
pathway. In the MV A pathway, acetyl-coA is the precursor for mevalonate. In the MEP
pathway, MEP is produced from 1-deoxy-D-xylulose-5-phosphate (DXP), which is syn-

thesized from pyruvate and glyceraldehyde-3-phosphate (G3P). The MVA pathway is
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the one naturally used by yeast for the production of IPP (211). Both bacteria and yeast
have been successfully engineered to produce higher titers of carotenoids through meta-
bolic engineering (214-216). These efforts have thus far involved the optimizations of
native pathways, introduction of foreign genes to enhance metabolic flux, and through
co-factor balancing. One option that has not been explored is the use of laboratory adap-
tive evolution (or whole genome directed evolution) to improve the production of carot-
enoids. Laboratory adaptive evolution uses a selective pressure as driving force for the
generation of mutants with enhanced properties. Since carotenoids have antioxidant
properties (217), we hypothesized that oxidative stress can be used as a driving force for
the directed evolution of microbial systems for enhanced carotenoid production.

The main objective of this work is to develop a proper selective pressure in order
to exploit adaptive laboratory evolution to improve heterologous carotenoids production
in a microbial host. Here, a Saccharomyces cerevisiae (S. cerevisiae) strain was engi-
neered to produce carotenoids using heterologous genes from the wild yeast Xanthophy!-
lomyces dendrorhous (218). Enhancement of carotenoids yield was achieved through
adaptive evolution using a regime of shocking experiments with hydrogen peroxide for
selected of high producers. The parameters involved in the enhanced production of ca-
rotenoids were determined. Upregulation of genes involved in lipid biosynthesis was
determined as an adaptive response for increased carotenoids production. The amount of
produced B-carotene reached after a short-term evolution experiment was 18 mg/g(dcw),
corresponding to an increase of 3-fold in comparison with the ancestral strain (6

mg/g(dcw)).
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6.3. Materials and Methods

6.3.1. Strains, plasmids and growth conditions

GFP fluorescently marked S. cerevisiae strain GSY 1136 (54), derived from FY2,
was chosen as the platform strain for the adaptive evolution experiments. All S. cere-
visiae strains used are listed in Table 6.1. The evolution experiments were carried out in
Yeast Extract Peptone Dextrose media (YPD) to ensure high biomass formation at 30°C.
The shuttle vector YIplac211YB/I/E* (214) was used to introduce crtE, crtYB and crtl
genes into the yeast strain. For the determination of carotenoids yields on glycerol as a
carbon source, YPG media (Yeast Extract Peptone Glycerol) supplied with 4% (v/v)

glycerol was used.

Table 6.1. List of strains used in this work

Name Relevant phenotype Source

GSY1136 Mata, ura3-52, gal+ in S288c background, Kao and Sherlock (54)
YBR209W::Actlp-GFP-Actlt-URA3

YLHO GSY1136 AURA3 This work

YLH1 GSY1136 Ylplac211YB/I/E* This work

YLH2 GSY1136 Ylplac211YB/I/E* ACTT1 This work

YLH3 GSY1136 ACTTI This work

6.3.2. Generation the carotenoids yeast producer

The URA3 gene was excised out from GSY 1136 using 5-fluoroorotic acid (5-
FOA) as counter-selection in order to create the uracil auxotrophic strain YLHO. The
transformation of the YlIplac211YB/I/E* shuttle vector into YLHO was carried out by

lithium acetate procedure (219), using URA3 as selectable marker for integration, gener-
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ating the strain YLH1. The transformed cells were selected on YNB + 2% D-glucose

(w/v), incubated at 30°C for 3 days, and verified using PCR amplification.

6.3.3. Deletion of CTT1 catalase

The catalase CTT1 was knocked out from the genotype of interest using homolo-
gous recombination with the NEO gene. The primers used for NEO amplification, in-
cluding the homologous regions used to delete C771, were: forward: 5>-TTA AAA
AAA TCC TTC TCT TGT CTC ATG CCA ATA AGA TCA ATC AGC TCA GCT
TCA CAA ATG CGG ATC CCC GGG TTA ATT AA-3’ and reverse: 5’-TAT AAT
TAC GAA TAA TTA TGA ATA AAT AGT GCT GCC TTA ATT GGC ACT TGC
AAT GGA CCA GAA TTC GAG CTC GTT TAA AC-3’. The plasmid pFA6a-
kanMX6 (220) was used as template for the NEO cassette. Transformation of the re-
combination cassette was carried out using lithium acetate procedure. The recombinants
were selected on YPD + geneticin (G418) plates, incubated at 30°C for 2 days, and veri-
fied using PCR amplification. The primers used for verification were: forward 5'-ATT
CGA CGT AGC CTG GAC AC-3"and reverse 5'-TAA TCG TTG AGT TCA TGC CG-

3.

6.3.4. Carotenoids quantification
For the carotenoids quantification of the evolving populations, 3 mL of YPD
were inoculated with cells from frozen stocks, and incubated at 30°C for 72 hours. Cell

density was determined using a spectrophotometer at ODggp. 250 pL of culture were
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transferred to a 2 mL collection tube and the cells were collected by centrifugation at
12,000 rpm for 2 min. Supernatant was vacuum aspirated. The pelleted cells were dis-
rupted using approximately 250 pL of 425-600 pm acid washed glass beads (Sigma) and
dodecane (1 mL) to extract the carotenoids. Yeast cells were lysed using an analog Dis-
ruptor Genie Cell Disruptor (Scientific Industries). Samples were treated twice for 6
min each to ensure maximum cell disruption. Cell debris and glass beads were separated
from the supernatant by centrifugation at 15,000 rpm for 2 min. 200 pL of the superna-
tant was transferred to a Corning”™ 96 well black wall clear bottom plate for quantifica-
tion. Carotenoids were quantified using a survey scan from ODjssy to ODgg to determine
any wavelength shifting using a microplate reader TECAN Infinite® M200. The relative
total carotenoids production was determined by calculating the area under the curve of
the survey scan, using the ancestral strain YLH2 (see Table 6.1 for genotype infor-
mation) as reference. [-carotene quantification was determined by the absorption at

ODus4 (214).

6.3.5. Isolation of hyper-carotenoids production mutants

Selected populations were plated on YPD agar plates for isolation of single colo-
nies. Plates were incubated for 72 hours and several colonies were chosen based on the
apparent red color and normal colony size (compared with the ancestral strain YLH2).
The colonies were grown in 3 mL of YPD media and incubated for 72 hours for total

carotenoids quantification. The highest producer was selected for further analysis.
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6.3.6. Hydrogen peroxide shock experiments

Each isolated mutant was inoculated in 3 mL of YPD media and incubated for 72
hours. Samples were normalized to an ODgpp ~ 2.0. 500 pL of the normalized culture
was transferred to a microcentrifuge tube and shocked with 1.05 M hydrogen peroxide
for 30 minutes. Samples were diluted, plated in YPD plates and incubated at 30°C for
48 hours for colony counting. A non-shocked replica was plated on YPD plates to en-

sure proper normalization of the cell density and dilution.

6.3.7. RNA extraction

The isolated mutants were inoculated in 25 mL of YPD media on 125 mL flask at
an initial ODggp ~ 0.05. The cells were harvested in late-exponential phase (OD ~ 4.0)
by filtration using NALGENE analytical test filter funnels, immediately resuspended in
10 mL of RNA/ater (Sigma) and stored at -80 °C for future analysis. For the extraction
of total RNA, the ZR Fungal/Bacterial RNA MiniPrep™ (Zymo) kit was used following
manufacturers' instructions using 3 mL of each stored sample in RNA/ater. The extract-

ed RNA was quantified using the NanoDrop™ 1000® (Thermo Scientific).

6.3.8. Labeled cDNA generation, microarray hybridization and data analy-
sis
The reverse transcription reaction was prepared mixing 10 pg of isolated RNA,
1U SuperScript® III reverse transcriptase (Life Technologies), nucleotides (dATP-5mM,

dGTP-5mM, dCTP-5mM, dTTP-2mM and amino-allyl dUTP-3mM) and Oligo(dT),
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primers (Life Technologies) to synthesized the cDNA. c¢DNA was recovered with ice
cold ethanol precipitation. Cy3- and Cy5- mono-Reactive Dye Pack (GE Healthcare)
were used to label cDNA samples. The labeled cDNA was hybridized to the S. cere-
visiae G4813A Gene Expression Microarray (Agilent Technologies). The arrays were
scanned using the GenePix 4100A Microarray Scanner and GenePix Pro 6.0 software
(Molecular Devices) for image analysis. The Microarray Data Analysis System
(MIDAS) software was used to normalize the data using LOWESS based normalization
algorithm (118). Differentially expressed genes were identified using the rank product
method with a critical p-value < 0.05. The MeV (TM4) (205) microarray analysis soft-
ware was used for clustering and other expression profile analysis. The Saccharomyces
Genome Database (SGD) (206) was use to analyze the data using gene ontology. Gene
ontology analysis was performed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (221, 222), in order to identify enriched biological func-

tions.

6.3.9. Real-time PCR

The CFX384 Real-Time PCR Detection System (Bio-Rad Laboratories, CA) was
used to carry out the quantitative real-time PCR (qQRT-PCR) experiments. RNA extrac-
tion and reverse transcription of the studied samples were performed as established in
the previous section. GoTaq® qPCR Master Mix (Promega) was used for all the qRT-
PCR experiments, using 20ng of cDNA and 0.5 uM of every primer. The primers used

for the qRT-PCR experiments are: Control gene (COQJ5): For: GAC TTC AAT ACA

136



GTC TTC GAA CCA AA, Rev: TCC TTA TAC AGC TGC TGT TAC AAT T. crtYB
gene: TGC CAC AAT TGA CAT GGT CT, Rev: AGG CGA AAT GGT ATT GAA CG.
crtl gene: For: GAA GTC GAG CGT TTT GAA GG, Rev: AGG ATT TGG CCA ATG
AAC TG. crtE gene: For: GGG ATT CCG CAG ACA ATA AA, Rev: CTT TCG AGA
ACG GAA TCT GC. The thermocycler protocol used was: 95 °C for 3 min followed by

39 cycles of 95 °C for 10 s followed by 55 °C for 30 s.

6.3.10. Bioreactor studies

The media used for these studies consisted in YNB media supplemented with 20
g/L glucose. The seed cultures for fermentation were prepared as follows: Samples
from single colonies were used to inoculate 3 mL YNB culture (20 g/L glucose) and in-
cubated at 30 °C for 24 hours with constant agitation of 250 rpm. The contents of the
culture were used to inoculate 50 mL of fresh YNB media (20 g/L glucose) and incubat-
ed at the same conditions as established before for 24 hours. The 50 mL culture was
used to inoculate a batch bioreactor with a total volume of 3 L.

The bioreactor studies were carried in a 7 L glass autoclavable bioreactor Ap-
plikon®. The pH was maintained at 5.5, controlled automatically by addition of 2 N
HCI or 2 N NaOH as necessary. The temperature was set at 30 °C. All the bioreactor

experiments were performed in batch until the ethanol produced was consumed.
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6.4. Results and Discussion

6.4.1. Establishment of appropriated selective pressure

Selective pressure refers to any environmental factor that influences the direction
of natural selection in biological systems. In natural selection, genotypic variations with
positive fitness advantage will likely increase in frequency (223). However, the heterol-
ogous production of carotenoids by S. cerevisiae is not growth-coupled and its produc-
tion poses a metabolic burden for yeast cells (218). Thus, in order for evolutionary en-
gineering to be applicable to the increased formation of carotenoids, an appropriate se-
lective pressure must be chosen to allow the higher producers a growth advantage.
Based on the known antioxidant properties of carotenoids (217), we hypothesized that
yeast strain producing carotenoids will have a fitness advantage compared with a non-
producer in the presence of oxidative stress, specifically in the presence of hydrogen
peroxide. Since yeast produces catalases for hydrogen peroxide detoxification, we first
deleted the cytosolic catalase, encoded by C7T1, from a heterologous carotenoids pro-
ducer (see Materials and Methods for construction of the YLH2 strain). The CTT1 dele-
tion resulted in appreciable decrease in carotenoids production (data not shown). How-
ever, carotenoids production led to an increase in cell viability upon short-term exposure
to high concentration of hydrogen peroxide in the absence of C771 (See Figure 6.1A).
These protective effects of carotenoids on yeast cells have been observed in a prior study
(224). In addition, this protective effect of carotenoids towards oxidative stress is more

pronounced when the cells reach stationary phase (Figure 6.1B), most likely due to the
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fact that the amount of intracellular carotenoids is higher in stationary phase compared

with exponential growth phase.

A Shocked cells Non-shocked cells
1 110  1/100  1/1000 1 1/10  1/100  1/1000
YLH2
YLH3
B Mid-exponential phase Stationary phase

1 110  1/100  1/1000 1 110  1/100  1/1000

Shocked

Figure 6.1. Shock experiments using hydrogen peroxide (690 mM). A. Results indicate
that carotenoids in the cells increased cell viability in the presence of hydrogen peroxide
in the carotenoids producer ACTT] strain YLH2 compared with the wild-type ACTT1
strain YLH3. B. Cells were shocked when cell density was high to ensure high amount
of intracellular carotenoids. At this point the carotenoids antioxidant properties start
playing an important role.

6.4.2. Laboratory adaptive evolution experiments

Prior to the start of the adaptive evolution experiments, the strain YLH2 (YLHI
ACTTI) was serially transferred in the absence of hydrogen peroxide to determine if
higher carotenoids production is selected for in the absence of hydrogen peroxide. As

demonstrated in Figure 6.2C, the amount of carotenoids produced in a short-term exper-

iment does not increase in comparison to the ancestral strain. Moreover, the level of ca-
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rotenoids produced decreased by approximately 30%, possibly due to the presence of
jackpot mutant(s) in the ancestral population or due to the metabolic burden of carote-

noids production.
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Figure 6.2. The observed improvements in carotenoids production during hydrogen
peroxide challenged adaptive evolution. Average B-carotene produced and the hydrogen
peroxide concentration used in two independent populations, P1 (A) and P2 (B). C.
Changes in B-carotene concentration in two independent cultures (black and red lines) of
YLH2 serially propagated in the absence of hydrogen peroxide. D. Comparison of the
amount of carotenoids produced between the ancestral strain and the population P1-24.
Blue line: the level of B-carotene produced for the ancestor strain. Black line: the
average amount of carotenoids produced for the population. Red line: the amount of
hydrogen peroxide used to shock the cultures.

For the adaptive laboratory evolution experiments, serial batch transfers were

performed at 30 °C in YPD media. Two independent colonies of YLH2 (ancestral
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strain) were initially inoculated into two 3 mL cultures to form the two populations (P1
and P2) for the evolution experiment. Periodically, approximately 7% of the total cul-
ture volume was serially transferred into fresh medium under different hydrogen perox-
ide shock schemes (described below). This procedure was performed every 24 hours.
Two different phases of hydrogen peroxide shocks were used as selective pressure to
increase carotenoids production (details shown in Table 6.2). Prior to each "shock
treatment", cells were grown in YPD for 24 hours in order to achieve high biomass yield
in the absence of hydrogen peroxide. 500 pL of culture were then transferred to a sterile
microcentrifuge tube to be shocked with hydrogen peroxide for 30 minutes. Concentra-
tions of hydrogen peroxide used for the shocking experiments are specified in Figure
6.2A and Figure 6.2B (red line). 200 pL of the shocked culture were inoculated into 3
mL of fresh YPD media and incubated at 30°C for 24 hours for recovery (recovery
phase). This shocking phase was performed on a daily basis. In population P1, this hy-
drogen peroxide challenge scheme was performed for 7 serial transfers, and in popula-
tion P2, 14 serial transfers were performed (Table 6.2). As aforementioned, the initial
inoculum at the start of the evolution experiment did not contain H,O,, however, upon
initiation of the "shock treatment," the concentration of hydrogen peroxide in the grow-
ing medium during each recovery phase was not zero since approximately 7% of the
H,O; present in the shocked culture was transferred to the new culture. Therefore, H,O,
likely accumulated quickly in the medium through each serial transfer, negatively im-
pacting the growth rate, decreasing the cell yield and in some cases delaying the transfer

by more than 24 hours (due to low cell density). As consequence, a second phase of
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evolution, with increased recovery phase by performing "shock treatments" every other
serial transfer (see Table 6.2 for details), was initiated. This increased recovery phase

helped to ameliorate the increased toxicity due H,O, accumulation.

Table 6.2. Hydrogen peroxide shocks schemes used to increase carotenoids production.

Selective pressure scheme Duration First 24 h cycle  Second 24 h cycle
Phase 1: P1-01 to P1-07 Shocked Shocked

Shock Treatment P2-01 to P2-15

Phase 2: P1-08 to P1-34 Shocked Non Shocked
Alternated shocking/non- P2-16 to P2-40 (Recovery phase)

shocking periods

Using adaptive evolution under periodic hydrogen peroxide shocks, the total
amount of B-carotene produced (and the total carotenoids content in general) increased
shortly after the start of the evolution experiment, reaching more than 12 mg/g(dry cell
weight (dcw)) and generating a boost in the observed coloration of the cultures as shown
in Figure 6.2D. This improvement corresponds to more than 100% increase in the
amount of carotenoids produced compared to the ancestral population, originally produc-
ing 6 = 1 mg/g(dew). Unfortunately, prolonged propagation under the second hydrogen
peroxide shock scheme did not result in additional increases in the average amount of
carotenoids produced by the evolving populations. Although there is indication that the
carotenoids are transported outside the cell, the rate seems to be very low, and it is likely
that we have reached a physical limit in the amount of carotenoids that can be accumu-

lated inside the cell.
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6.4.3. Isolation of adaptive mutants

Upon the conclusion of the adaptive evolution experiment, several mutants were
isolated from different populations throughout the evolution. The populations to be ana-
lyzed further were chosen based on the observed peaks in the average amount of carote-
noids produced (see Figure 2A and 2B). Mutants were isolated from each of the chosen
populations as described in the Materials and Methods section. Details about each iso-

lated mutant can be found in Table 6.3.

Table 6.3. Best -carotene producers isolated from the evolved populations.

Isolated mutant Progenitor population
SM11 P1-04
SM12 P1-15
SM13 P1-24
SM14 P1-30
SM15 P1-31
SM16 P1-34
SM21 P2-10
SM22 P2-30
SM23 P2-37
SM24 P2-39

The amounts of B-carotene produced in the isolated mutants were measured and
compared with the population where they were isolated (the results are summarized in
Figure 6.3). In general, the amount of B-carotene produced by the isolated mutants was
significantly higher than the average amount produced by the population they were iso-
lated from. The isolated mutant SM14 was amongst the highest producers, producing
greater than 200% more B-carotene (18 £ 1 mg/g(dcw)) compared to the parental YLH2

strain (6 = 1 mg/g(dcw)).
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Figure 6.4. Hydrogen peroxide shock experiment with selected isolated mutants. In
general, the survival rate of the isolated mutants after exposure to 1.05M hydrogen
peroxide increased in comparison with the ancestral strain (all 4 mutants shown here are
statistically significantly different from the ancestral strain (p-value < 0.05)).

A hydrogen peroxide shock experiment using 1.05M H,0, was performed in or-

der to determine whether the carotenoids hyper-producing mutants have increased sur-

vival rates in the presence of high concentrations of hydrogen peroxide. Increment in
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the cell survival rate was verified in all of the isolated mutants tested, and the results are

shown in Figure 6.4.

6.4.4. Transcriptome analysis of adaptive mutants

The four highest carotenoids producers (SM12, SM13, SM14, and SM22) were
chosen for further molecular analysis to identify potential mechanisms of increased ca-
rotenoids production in these strains. Since increases in the gene expressions of the ca-
rotenoids biosynthetic genes (either due to copy number amplification or mutations in
the promoter regions) is a likely cause for increased carotenoids production, we used
qRT-PCR to compare the expression of the genes crtl, crtE and crtYB (heterologous ca-
rotenogenic genes) and the COQS5 gene, whose expression was found to be unaltered in
the mutants based on our transcriptome data (see below), as control in a subset of the
hyper-producing strains and the YLH2 strain. The results demonstrated that there are no
expression differences in the carotenogenic genes between the hyper-producing strains
and YLH2. In addition, no increase in gene copy number was found between the hyper-
producing strains and YLH2 from whole genome re-sequencing. These results suggest a
different route for enhanced carotenoids production in these strains.

Using DNA microarrays, the transcriptome of every isolated mutant was com-
pared to YLH2 as reference. All the strains were grown in YNB media supplemented
with 20 g/L glucose at 30 °C until late-exponential phase. Three biological replicas were

performed per strain. The genes significantly (p-value < 0.05) differentially expressed
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were analyzed further to identify potential mechanisms for increased carotenoids pro-
duction (on average, 107 genes were upregulated and 97 downregulated).

A high similarity in gene expression profiles was observed between the 4 mu-
tants analyzed (SM12, SM13, SM14 and SM22), with approximately 50% of the per-
turbed genes being commonly perturbed between the mutants. The data suggests that
the enhanced carotenoids production in these strains is due to channeled metabolic flux
towards lipid biosynthesis, specifically to the mevalonate pathway, ultimately increasing
carotenoids production due to IPP accumulation. Some of the key perturbations are de-

scribed below.

6.4.4.1.  Genes involved in lipid biosynthesis

Analysis of the transcriptome in the isolated mutants allowed us to identify sev-
eral genes involved in the production of lipids. CABI, a gene expressing the pantothe-
nate kinase, catalyzing the first step in the synthesis of coenzyme A, regulated via sterol
response element (225), and NSGI and CYB)5, involved in the regulation of the sterol
and lipid biosynthesis (226, 227) were found to be upregulated. Upregulation of NSG1
has been identified to play a key role in reducing Hmg2p degradation (226). Hmg2p is
one of the two HMG-CoA coenzymes, and increased production of HMG-CoA has been
reported to improve production of B-carotene in S. cerevisiae (228). The increase in the
level of transcription of NSG1 suggests reduced levels of sterols in the cell, possibly be-
cause part of the metabolic flux is being channeled towards carotenoids production

(Figure 6.5). The cytochrome b5, encoded for the gene CYBS, acts as an electron donor
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to support the sterol C-5(6) desaturation (229). This process is carried out through the
C-5 desaturase, encoded by ERG3 (Figure 6.5). These observations are coherent with
the transcriptional changes in the melavonate pathway that were also observed in all the
isolated mutants. The genes ERGI3 and ERG27 were found to be upregulated in all the
mutants studied here. ERGI3 is a 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) syn-
thase, catalyzing the formation of HMG-CoA from acetyl-CoA and acetoacetyl-CoA and
is involved in the second step in mevalonate biosynthesis (230). Upregulation of ERGI3
suggests an increase in the metabolic flux towards melavonate pathway, which likely led
to an eventual increase in carotenoids production (Figure 6.5). On the other hand, the
upregulation of ERG27, a 3-keto sterol reductase, catalyzing the last of three steps in er-
gosterol biosynthesis (230), is a competing branch to the carotenoids pathway. We hy-
pothesized that the channeling of the metabolic flux towards the carotenoids production
depleted the cell of available sterols. Increases in expression observed in the genes
ERG27 and CYBS) possibly act as a compensating effect. On the other hand, overexpres-
sion of FRGI3 and NSGI directly increase carotenoids production. Downregulation of
the ergosterol biosynthetic pathway via deletion of the ERG24 gene, as well as down-
regulation of lipid and amino acids biosynthesis, seemed to affect bisabolene and carote-
noids production (231) in prior study.

Other lipid biosynthesis-related genes that were differentially expressed are

summarized in Figure 6.6.
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Figure 6.5. Superpathway of ergosterol biosynthesis, including the carotenoids synthesis
pathway from X. dendrorhous. Upregulated genes are highlighted.

6.4.4.2.

Change in expression of genes involved in stress response

We found significant expression changes in genes involved in stress response.

The genes 44D6, MXR2, UGAI and ROX]I, involved in oxidative stress response, were
downregulated in the isolated mutants. On the other hand, the genes GNDI, SKOI and
HOR?2, whose expressions have been shown to decrease under oxidative stress (232-
234), were upregulated in our mutants under the experimental conditions. This result
suggest that the evolved mutants, despite being exposed on a daily basis to extreme oxi-

dative stress conditions, did not increase their tolerance to hydrogen peroxide through
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the known mechanisms of oxidative stress response, instead likely increased carotenoids

production as an antioxidant response.
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The gene encoding a transcriptional activator of the pleiotropic drug resistance

network, PDR3, was upregulated in the mutants SM12 and SM13. Upregulation of PDR
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genes, encoding ABC-type and major facilitator transporters, reported to be involved in
secretion of toxic compounds out of cells, has previously been observed in transcriptome
analyses in carotenoids producing cells, possibly due to an inhibitory effect of the carot-
enoids (218). Two experiments trying to quantify the amount of carotenoids exported to
the growth media using two-phases cultures using vegetable oil as organic phase were
carried out. First, incubation of the evolved mutants for 72 hours in two-phases
YPD/dodecane culture produced an orange coloration in the organic phase due to dis-
solved carotenoids as reported by Verwaal et a/ (218). However, we failed to detect ca-
rotenoids after cultivation in YPD only media for 72 hours and then using vegetable oil
to recover carotenoids by vortexing the two-phases for 2 minutes (data not shown), sug-
gesting that the carotenoids are continuously exported to the organic phase at a slow rate.

Numerous genes involved in response to hyperosmotic and chemical stimulus
were differentially expressed in the mutants (see Figure 6.6). The accumulation of the
hydrophobic intracellular droplets of carotenoids could trigger different mechanisms of
stress response, particularly response to osmotic stress. Several genes involved in the
biogenesis and regulation of peroxisomes were downregulated in the different isolated
mutants as shown in Figure 6.6. Since different hydrogen peroxide oxidases and cat-
alases are compartmentalized in peroxisomes in yeast (235), it is currently not clear how
downregulation of peroxisome biogenesis genes contribute to enhanced carotenoids pro-

duction.
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6.4.4.3.  Other transcriptional changes

When all differentially expressed genes were categorized according to their cel-
lular component ontology, we found numerous genes involved in mitochondrial proteins
(~11% of the perturbed genes) to be perturbed. Most of the perturbed genes were down-
regulated, and their functions are involved in electron transport and cellular respiration
related functions (MIC14, COX4, QCR9, MBRI, SDH3, SDH1, IDHI and IDH?2).

The genes GPT2 (glycerol-3-phosphate/dihydroxyacetone phosphate, involved in
the lipid biosynthesis via acylation of glycerol-3-phosphate and dihydroxyacetone) and
ADRI (transcription factor required in the expression of several genes involved in glyc-
erol, ethanol and fatty acid utilization), involved in glycerol and fatty acid utilization,
were found downregulated. Indeed, we observed a decreased growth rate (Figure 6.7)
when the evolved cells were grown in glycerol as a carbon source, compared to the

YLH?2 strain.

6.4.5. Scale-up studies of carotenoids production

In order to maximize the carotenoids production, scale-up experiments were car-
ried out in a 7 liters bioreactor. The strain SM14 was chosen for scale-up test since it
was the highest producer. The seed train was initialized by inoculating 3 ml of YNB
media (20 g/L glucose) from a single colony and incubated for 24 hours at 30°C. The
culture was transferred to 50 mL of fresh YNB media and incubated for 24 hours at

30°C at constant shaking. The bioreactor was inoculated with the entire contents of the
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50 mL culture. The bioreactor was maintained at pH = 5, temperature at 30°C and con-

stantly agitated at 400 rpm.

600%

500% A

400%

300% A

200% A

100% A ._‘
0% - T r

SM12 SM13 SM14 SM22

Reduction of growth rate in
comparison to ancestral strain YLH2

Figure 6.7. Reduction in the maximum specific growth rate of the evolved strains when
grown in glucose and glycerol as a carbon source, in comparison with the ancestral strain
YLH2. Open bars: the reduction of growth rate in glucose as carbon source. Gray bars:
glycerol as carbon source.

In an initial study, the bioreactor was supplied with constant airflow at 6.0 L/min
in order to maintain at least 50% dissolved oxygen throughout the experiment. Within
24 hours, the supplied glucose was consumed (verified using HPLC) and the -carotene
productivity at that point was 6 mg/g(dcw). After 24 hours, the accumulated ethanol
started being consumed as carbon source, and the net production of B-carotene increased
noticeably (reaching 15 mg/g(dcw)) as show in Figure 6.8. The B-carotene productivity
increased more than 100% when the carbon source was switched from glucose to ethanol

(from 6 mg/g(dcw) to 15 mg/g(dew). To verify that using ethanol as a carbon source

increases P-carotene productivity compared with glucose as a carbon source, two batch
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culture experiments were carried out with SM14 grown in YNB media supplemented
with either 2% glucose (w/v) or 4% ethanol (v/v) until late exponential phase in order to
avoid consumption of produced ethanol in case of cultivation using glucose as carbon
source. The results showed an increase of 73% + 6% in B-carotene productivity when
ethanol, relative to glucose, was used as the carbon source. Carotenoids accumulation in
most yeast strains starts in the late exponential phase and continues into the stationary
phase, which is typically observed in production of secondary metabolites (236).

However, the obtained productivity in the bioreactor was lower than the produc-
tivity obtained in test tubes (18 = 1 mg/g(dcw)), although the growth conditions used in
both cases were different (growth media, pH, aeration).

A second attempt to improve the B-carotene yield in the bioreactor was carried
out by growing the cells in the absence of airflow. The cells went from a micro-aerobic
to an anaerobic environment in less than 24 hours, when the dissolved oxygen was com-
pletely spent, as well as the glucose in the medium. However the productivity at this
point was lower than the productivity reached in aerobic conditions (3 mg/g(dcw))
(Figure 6.8). The growth stopped after the culture reached anaerobic conditions. The
reduction in productivity and the absence of growth in an anaerobic environment could
be due to the lack of sterol biosynthesis under this condition. The sterol biosynthesis in
S. cerevisiae is an exclusive aerobic process since molecular oxygen is required in sev-
eral steps of the ergosterol biosynthetic pathway (229). It is likely that the low carote-
noids productivity in the absence of airflow was due to the low biomass achieved under

this condition.
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Figure 6.8. Scale-up studied of carotenoids production in SM14. Blue lines: under
oxygen saturation conditions. Red lines: in the absence of airflow (initially micro-
aerobic culture, then anaerobic conditions). Solid lines: ODgpo. Dashed lines: [-
carotene productivity.

6.5. Conclusions

We successfully applied adaptive evolution for increased carotenoids production
in Saccharomyces cerevisiae. An effective design of the evolutionary pressure was
based in the antioxidant properties of the carotenoids. The producer strain was shocked
using hydrogen peroxide as oxidative agent, increasing the production of carotenoids in
more than 200% in a short-term experiment.

Using transcriptome analysis, different molecular mechanisms for increased ca-
rotenoids production were elucidated. We found upregulation of genes related with lipid
biosynthesis, especially upregulation of genes part of the melavonate pathway, in all the
isolated mutants. Upregulation in mechanisms of stress response, including pleiotropic

drug resistance genes, suggested ameliorating response for carotenoids toxicity.
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7. BONUS CHAPTER: GENOMIC LIBRARY SCREENS FOR GENES

INVOLVED IN N-BUTANOL TOLERANCE IN ESCHERICHIA COLI'

7.1. Summary

n-Butanol is a promising emerging biofuel, and recent metabolic engineering ef-
forts have demonstrated the use of several microbial hosts for its production. However,
most organisms have very low tolerance to n-butanol (up to 2% (v/v)), limiting the eco-
nomic viability of this biofuel. The rational engineering of more robust n-butanol pro-
duction hosts relies upon understanding the mechanisms involved in tolerance. Howev-
er, the existing knowledge of genes involved in n-butanol tolerance is limited. The goal
of this study is therefore to identify E. coli genes that are involved in n-butanol toler-
ance. Using a genomic library enrichment strategy, we identified approximately 270
genes that were enriched or depleted in n-butanol challenge. The effects of these candi-
date genes on n-butanol tolerance were experimentally determined using overexpression
or deletion libraries. Among the 55 enriched genes tested, 11 were experimentally
shown to confer enhanced tolerance to n-butanol when overexpressed compared to the
wild type. Among the 84 depleted genes tested, three conferred increased n-butanol re-
sistance when deleted. The overexpressed genes that conferred the largest increase in n-

butanol tolerance were related to iron transport and metabolism, entC and feo4, which

: Reprinted with permission from Luis H. Reyes, Maria P. Almario, and Katy C. Kao, (2011). “Genomic
library screens for genes involved in n-butanol tolerance in Escherichia coli”. PloS one, 6(3), e17678.
DOI:10.1371/journal.pone.0017678.
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increased the n-butanol tolerance by 32.8 + 4.0% and 49.1 + 3.3%, respectively. The
deleted gene that resulted in the largest increase in resistance to n-butanol was astE,
which enhanced n-butanol tolerance by 48.7 + 6.3%. We identified and experimentally
verified 14 genes that decreased the inhibitory effect of n-butanol tolerance on E. coli.
From the data, we were able to expand the current knowledge on the genes involved in
n-butanol tolerance; the results suggest that an increased iron transport and metabolism
and decreased acid resistance may enhance n-butanol tolerance. The genes and mecha-
nisms identified in this study will be helpful in the rational engineering of more robust

biofuel producers.

7.2. Introduction

There has been renewed interest in the four-carbon alcohol, n-butanol, within the
scientific and industrial fields due to its potential as an alternative liquid fuel. n-Butanol
has physiochemical properties comparable to gasoline, allowing its use as a fuel re-
placement in internal combustion engines without any modification (237). Currently,
members of the Clostridia genus are the only native n-butanol producers known (238,
239). The solvent production in Clostridia is coupled to its complex growth phases,
which creates difficulties in the engineering of the organism for improved n-butanol
production. The complex growth and production phases and the strict anaerobic nature
of the native producers have prompted researchers to pursue heterologous hosts for bio-

butanol production. In the last few years, with the advances in metabolic engineering,
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non-native producers of n-butanol such as Escherichia coli (7, 12, 23), Saccharomyces
cerevisiae (157), Lactobacillus brevis (155), Pseudomonas putida (156) and Bacillus
subtilis (156), have been demonstrated as potential hosts for use in n-butanol production.
However, n-butanol is highly toxic to microorganisms (240), with most organisms able
to tolerate up to 2% (v/v). An exceptional example corresponds to several adapted P.
putida strains reported to be able to tolerate concentrations of n-butanol higher than 3%
(v/v) in rich medium supplemented with glucose; however the tolerance level of the
strains without glucose supplementation or in minimum medium were still 1% - 2%
(v/v) (241). Understanding the mechanisms involved in n-butanol response can help to
facilitate the engineering of production hosts for improved tolerance.

The toxic effects of n-butanol are believed to result from increased membrane
fluidity in the presence of the solvent, disrupting the functions of membrane components
(242). Solvents affect the membrane by disrupting their fatty acid and protein structure.
These disruptions alter membrane fluidity (33), impair internal pH regulation (240), dis-
rupt protein-lipid interactions (33) and negatively impact energy generation by inhibiting
nutrient transport (240). Bacteria and other microorganisms can adopt diverse mecha-
nisms to overcome the action of organic solvents. Examples of those mechanisms in-
clude: i. changes in the hydrophobicity of the outer envelope (243), ii. alterations of the
cytoplasmic membrane, modifying its structure by changing the saturation of the fatty
acids in the phospholipid layer (243), iii. changes in the permeability of the membrane

by modifications of the lipopolysaccharides and porins (244-246) of the outer mem-
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brane, and iv. enhanced efflux pump activity to excrete the solvent present in the cyto-
plasm (163).

Transcriptional analyses and genomic libraries have been used to investigate the
molecular mechanisms involved in n-butanol tolerance in C. acetobutylicum. Tomas et
al (247), using transcriptional analysis, determined that genes involved in general stress
response and solvent formation in C. acetobutylicum, were upregulated under n-butanol
stress. In a study using a C. acetobutylicum genomic library enrichment, overexpression
of genes encoding for transcriptional regulators, specifically the genes CAC0003 and
CAC1869 were identified to increase n-butanol tolerance by 13% and 81% respectively
(33). The response of E. coli to isobutanol via transcriptional analysis has elucidated
that quinone malfunction and the action of ArcA are some of the key perturbations dur-
ing solvent stress (248). Rutherford et a/ (17) showed that n-butanol stress response in
E. coli share components with other common stress responses. These commonalities
include changes in respiratory functions (nuo and cyo operons), responses to heat shock,
oxidative, and cell envelope stress (rpoFE, clpB, htpG, cpxR, cpxP, sodA, sodC, and
yghD), and changes in metabolite transport and biosynthesis (mal/E and opp operon).
These studies demonstrated that the response to n-butanol is a complex phenotype, in-
volving multiple mechanisms.

Thus far, few genes have been directly identified to be involved in enhanced tol-
erance to n-butanol. Using an E. coli genomic library enrichment strategy, we identified
several candidate genes that are involved in n-butanol tolerance. Candidate genes that

are enriched or depleted from the genomic enrichment were tested using overexpression
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and knockout libraries, respectively. Several of the candidate genes tested were con-

firmed to reduce the growth inhibitory effects of n-butanol on E. coli.

7.3. Materials and Methods

7.3.1. Bacterial strains, plasmid constructs and genomic library construc-
tion

The E. coli K-12 strain, BW25113 (F, A(araD-araB)567, AlacZ4787(::rrnB-3),
lambda’, rph-1, A(rhaD-rhaB)568, hsdR514), was used in this study. Overnight cultures
from frozen stocks were grown in 5 ml of Luria-Bertani broth or on solid LB agar plates
supplemented with kanamycin (30 pg/ml) and incubated at 37°C.

Genomic DNA was extracted using DNeasy Blood & Tissue Kit (QIAGEN).
The genomic DNA was fragmented to pieces between 2000 and 3000 base pairs using
sonication (Ultrasonic Liquid Processor S-4000, Misonix, Inc). The ends of the frag-
mented DNA were repaired using T4 DNA polymerase (New England Biolabs). The
library of repaired DNA fragments were ligated to the pPSMART-LC Kan vector (Luci-
gen Corporation), following the manufacture’s instructions and transformed into E. coli
by electroporation using the Gene PulserMXcell Electroporation System (Bio-rad).
Cells (approximately 14,000 colonies) were recovered from the plates and frozen stocks

of the genomic library were made and saved at -80°C.
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7.3.2. n-Butanol challenge

The genomic library was inoculated in 25 ml of LB and incubated at 37°C until
ODygoo of approximately 0.6 was reached. A sample was collected to be used as the ref-
erence. The enrichment strategy involves the serial transfers of batch cultures in increas-
ing n-butanol concentrations (0%, 0.9%, 1.3% and 1.7% n-butanol v/v) along with the
respective controls (enrichment scheme shown in Figure 7.1). For each serial transfer,
when the cultures reached the desired ODgg (approximately 0.7), a sample was taken,
and the plasmids from the enriched libraries were recovered using alkaline lysis proce-
dure. The constructs were verified via PCR, using the primers SL1 5’-CAG TCC AGT
TAC GCT GGA GTC-3’ and SR2 5’-GGT CAG GTA TGA TTT AAA TGG TCA GT-

3.

STEP1 STEP2 STEP3 STEP4

REFERENCE

Figure 7.1. n-Butanol challenge strategy. The library was serially transferred in batch
cultures with increasing n-butanol concentration. Control serial transfers in the absence
of n-butanol was included.
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7.3.3. Comparative genome hybridization microarray (array-CGH)

The plasmid DNA (5 pg) isolated from each step of the enrichment, was digested
at 37°C for two hours with 10 units each of Alul and Rsal (Invitrogen Corporation) in a
reaction containing 10mM MgCl, and 50mM Tris-HCI (pH=8.0). Samples were cleaned
using Zymo Clean & Concentrate-5 columns (Zymo Research), and eluted in TE
(pH=8.0). The fragmented plasmid DNA was labeled and hybridized using the Bi-
oPrime® Total kit (Invitrogen Corporation) for Agilent aCGH, following manufacture’s
protocols.

Each labeled sample along with the differentially labeled reference were hybrid-
ized to Agilent E. coli catalog arrays (E. coli gene expression microarray, Agilent Tech-
nologies) according to the manufacture’s instructions. The arrays were scanned using
the GenePix 4100A Microarray Scanner and image analysis performed using GenePix
Pro 6.0 Software (Molecular Devices). The Microarray Data Analysis System software
was used to normalize the data using LOWESS based normalization algorithm (118).
Subsequently, a Student’s t-test was used to identify the genes that are statistically sig-
nificantly enriched or depleted (p-value below 5%) in the n-butanol challenge. The se-
lected genes were clustered via Cluster Affinity Search Technique (249), using the soft-
ware MeV (Multiexperiment viewer) from the TM4 Microarray Software Suite (119), to

group genes with similar enrichment profiles.
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7.3.4. Growth kinetic parameters calculated for the genes enriched (via
ASKA collection) and depleted (via Keio collection)

The parameters “Improvement in the Inhibitory Effect” (IIE) and “Reduction of
Specific Growth Rate in absence of n-butanol” (RSGR) were calculated using Equation
7.1 and Equation 7.2 respectively. Those parameters were determined by measuring the
maximum specific growth rate (Umax) of the wild type and the clone (carrying the over-
expression plasmid or the deletion clone) in M9 minimal medium (supplied with 5g/L
glucose) at two different concentrations of n-butanol, 0% and 0.5% (v/v). The growth
kinetics for each strain was measured using a TECAN Infinite M200 Microplate reader
(TECAN). Four biological replicas were obtained per sample. A Student’s t-test was
carried out on the four biological replicates to determine if there was a significant im-
provement in the n-butanol tolerance when the gene was overexpressed or deleted from

the genome.

AuASKA or Keio @ 0.5% n-Butanol ) _ ( luWT @ 0.5% n-Butanol )

YWt @ 0% n-Butanol

IIE — ( AuASKA or Keio @ 0% n-Butanol
( MWT @ 0.5% n-Butanol )

AuWT @ 0% n-Butanol

Equation 7.1

Equation 7.2 RSGR =1- ( MASKA or Keio @ 0% n-Butanol )

UWT @ 0% n-Butanol

Where uaska or Keio @ 0.5% n-Butanol aNd UWT @ 0.5% n-Butanol are the specific growth

rates of the overexpression/deletion strain or wild type strain in 0.5% (v/v) n-butanol,
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respectively, and gaska or Keio @ 0% n-Butanol a0d UWT @ 0% n-Butanol are the specific growth
rates of the overexpression/deletion strain or wild type strain in the absence of n-butanol,

respectively.

7.4. Results and Discussion

7.4.1. Genomic library construction and description of n-butanol challenge

An E. coli genomic library with an approximately seven-fold-coverage of the E.
coli genome was generated (details are described in the Materials and Methods section).
The genomic library was exposed to increasing concentrations of n-butanol (0.5%, 0.9%,
1.3%, and 1.7% (v/v)) via batch serial transfers. To reduce false positives, control en-
richments in the absence of n-butanol were included. Samples were collected after each
step in the n-butanol challenge for subsequent analysis to identify the genes that are en-

riched or depleted in the presence of n-butanol.

7.4.2. ldentifying enriched genes via array-CGH

The plasmids from the genomic library after each step of the serial n-butanol
challenge were extracted and hybridized to Comparative Genome Hybridization micro-
arrays (array-CGH), using the unchallenged (original) E. coli genomic library as refer-
ence. The data obtained from the array-CGH were analyzed as described in the Materi-
als and Methods section. Some of the enriched genes identified from the n-butanol chal-

lenge may indeed confer enhancements in n-butanol tolerance. However, certain genes
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may be enriched as a result of metabolic enhancement (e.g. more efficient nutrient up-
take and utilization) rather than solvent tolerance. Since, the enriched genes from the
controls likely confer general growth advantage through metabolic enhancements, any
gene enriched in the n-butanol-challenged libraries that was also enriched in the control
experiments was removed from further analysis. In the end, a total of 193 candidate
genes were identified to be enriched from the n-butanol challenge. Their enrichment
profiles are shown in Figure 7.2.

Among the enriched set of genes shown in Figure 7.2, approximately 30% have
membrane-related functions based on Gene Ontology (GO) terms (whereas around 17%
of the currently annotated E. coli genes are membrane-related), which corresponds with
the main cellular response to the presence of other organic solvents (241, 250-252). The
main groups of enriched membrane-related genes are those constituting efflux pumps
and anti-porters, amino acid and sugar transporter systems, membrane lipoproteins, mul-
tidrug resistance and stress response genes. Table 7.1 shows the list of enriched genes
with membrane-related functions.

The genes acrB, argO, mdtB, emrA were enriched in the n-butanol challenge.
Studies in E. coli have shown that the AcrAB efflux system is important in multidrug,
cyclohexane, n-hexane and n-pentane resistance (146). Our result suggests that AcrB
plays a role in n-butanol tolerance as well, possibly by alleviating the cytoplasmic con-
centration of solvent. Similar conclusions can be drawn for the arginine effluxer (Ar-
g0), the MdtABC multidrug export system (161) and the EmrAB transport system

(253).
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Figure 7.2. Profiles of genes significantly enriched in the n-butanol challenge. A. Heat
map of all genes enriched. B. Histogram of the range of normalized log,(Intensity of
sample/Intensity of reference). The colored bar at the bottom part of the figure is the
legend for A. C. The averaged profile.

Enrichment of genes involved in amino acid and sugar transport, such as argD,

argR, dapD, lysC, leud and leuB, suggest that higher energy requirements may be need-

ed to overcome the solvent challenge. The enrichment of genes such as ompX, which is
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a part of a complex regulatory network involved in the control of outer membrane adapt-
ability and permeability (254), and smpA, encoding for the small outer-membrane lipo-
protein regulated by c" (255), potentially suggest that one mechanism for n-butanol re-
sistance is by preventing n-butanol influx to the cytosol and the disruption of the cell en-
velope. The xanthine/uracil permease (YjcD), enriched in our experiment, has been pre-
dicted to belong to the purR regulon (256), which has been identified to be involved in
organic solvent tolerance (257). YjaA and YodD are proteins involved in stress re-
sponse of E. coli to hydrogen peroxide, cadmium and acid (50), and our data suggests a
potential link of those genes with tolerance to n-butanol. SoxS, a transcriptional activa-
tor, has been found as an important transcription factor in the nitric acid, hydrogen per-
oxide and oxidative stress (258, 259), and tolerance to multiple drugs (145) and cyclo-

hexane (146), possibly via lipopolysaccharide modification.

Table 7.1. Membrane related genes enriched in the n-butanol challenge.

Function Genes enriched

Efflux pump and anti-porters acrB, argO, emrA, focA and ybhR

Amino acid and sugar agaD, alsB, btuD, dcuA, frlA, glpT,

transporter systems gsiB, kdpB, metQ, sgcC, ycjP and yjeH
cyoA, eutH, eutL, hyaC, ompT, ompX,

Membrane lipoproteins rfal, smpA, yajl, yfdG, ygdD, yjcD and
ypiD

Multidrug resistance acrB, emrA, mdtB and ychE

Stress response ompT, yjaA and yodD

A gene ontology analysis of the enriched set of genes, using the toolkit GOEAST
(Gene Ontology Enrichment Analysis Software Toolkit) (260), was carried out to identi-
fy significantly enriched Gene Ontology (GO) groups in our dataset. The enriched GO

terms from the list of enriched genes are summarized in Table 7.2.
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Biotin (birA, bioC, and bioF) and amino acid biosynthesis (arginine, lysine, and
leucine) were among the functions enriched from the GO-term analysis. Enzymes re-
quiring biotin include acetyl-CoA carboxylase, pyruvate carboxylase, propionyl-CoA
carboxylase, methylcrotonyl-CoA carboxylase, geranoyl-CoA carboxylase, oxaloacetate
decarboxylase, methylmalonyl-CoA decarboxylase, transcarboxylase and urea amidoly-
ase, which are involved in a variety of different processes such as fatty acid biosynthesis,
amino acid metabolism and the citric acid cycle. In fatty acid biosynthesis, biotin has
been demonstrated to affect the lipid composition of the cell wall and membrane of E.
coli (124); cells deficient in biotin showed a decrease in unsaturated fatty acids, the pres-
ence of unsaponifiable lipid material and the lack of a lipopolysaccharide fraction in the

cell wall and membrane (124).

Table 7.2. Gene Ontology terms enriched in the enriched set of genes.

GO ID Term Log odd-  Corrected
ratio p-value
GO:0003700 Sequgnce—speciﬁc DNA binding transcription factor 062 0.07
activity
GO0O:0016564 Transcription repressor activity 0.90 0.07
GO:0050897 Cobalt ion binding 1.71 0.06
GO0:0030145 Manganese ion binding 1.03 0.09
GO:0006525 Arginine metabolic process 1.71 0.06
GO:0009085 Lysine biosynthetic process 2.64 0.01
G0O:0019867 Outer membrane 0.97 0.07
G0:0009102 Biotin biosynthetic process 2.93 0.01
G0:0030955 Potassium ion binding 2.20 0.02
GO:0046912 Transferase activi‘Fy, transferring acyl groups, acyl 293 0.02
groups converted into alkyl on transfer
GO0:0009098 Leucine biosynthetic process 3.20 0.02
GO0:0006352 Transcription initiation 2.93 0.02
GO:0016987 Sigma factor activity 2.71 0.03
GO:0044011 Single-species biofilm formation on inanimate 352 0.02
substrate
G0:0070301 Cellular response to hydrogen peroxide 3.10 0.02
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One of the microbial defense mechanisms against organic solvents involves al-
terations of the cytoplasmic membrane structure, either by modifying the degree of satu-
ration of the fatty acids, isomerization of unsaturated fatty acids, or altering the dynam-
ics of the phospholipid turnover, thereby reestablishing the fluidity and stability of the
membrane (261). Modifications of the lipopolysaccharides in the presence of organic
solvents has also been identified (244). Thus, the enrichment in biotin biosynthesis
genes suggests that increased biosynthesis of biotin may help to enhance cell wall and/or
membrane integrity. However, the enrichment of bir4, which is a repressor of the biotin
biosynthesis genes, runs counter to this argument. Since BirA also serves the role of the
biotin-ligase in the activation of the enzyme acetyl-CoA carboxylase (ACC) (262),
which is the first committed step in fatty acid biosynthesis, the enrichment of bir4 seems
to suggest that the activation of ACC may have a larger effect on n-butanol tolerance
than reduction in biotin biosynthesis. Several ion-binding proteins were enriched in our
studies (allB, metK, pdxA, araA, leuB, menD, pphA and pykF). Enrichment in the potas-
sium transporter, kdpB, suggests that ion transport may be involved in n-butanol toler-
ance, possibly by increasing the motive force of many efflux pumps systems (263). In
addition, several genes with transcriptional regulation-related functions, such as srmB,
rpoD, rpoN, rplP, rplC, rpiB and rpsF, were also enriched. Borden and Papoutsakis also
found that 4 out of 16 loci that were enriched in a C. acetobutylicum genomic library un-
der n-butanol stress were transcriptional regulators (33). This suggests that global tran-

scriptional perturbations may be involved in n-butanol tolerance.
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7.4.3. Analysis of genes enriched during n-butanol challenge through the
use of an overexpression library

To validate whether the genes enriched from the n-butanol-challenged libraries
were indeed involved in enhanced n-butanol tolerance, we used clones from the ASKA
collection (121), which is an ORFeome library collection for E. coli K-12. Two parame-
ters were calculated to determine the enhancement in n-butanol tolerance due to overex-
pression of a gene, the Improvement in the Inhibitory Effect (IIE) and the Reduction of
Specific Growth Rate in absence of n-butanol (RSGR), as described in the Materials and
Methods section. IIE measure the increase (in percentage) in the n-butanol tolerance
(defined as the improvement of the specific growth rate in presence of n-butanol in com-
parison with the specific growth rate in absence of the solvent) of the overexpression
strain in comparison with the wild type strain. Positive values of IIE signify improve-
ments in n-butanol tolerance in the overexpression strain compared to the wild type.
RSGR measures the change of the specific growth rate due to the overexpression of the
gene. Under the hypothesis that an increase in the maximum specific growth rate (Umax)
is an indication of enhanced tolerance to the solvent, we calculated the parameters IIE
and RSGR for each of the strains overexpressing the candidate genes tested. Another
alternative measurement to determine the enhancement in n-butanol tolerance is the
growth yield. However, based on our data, the specific growth rate seems to be a more
sensitive measurement of such improvement (overexpression of some genes decrease the

specific growth rate without a significant effect on the growth yield).
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We screened 55 out of the 194 genes that were enriched in the n-butanol-
challenged library, and identified 11 genes that conferred significant increase in n-
butanol tolerance when overexpressed (Table 7.3). Two genes involved in iron metabo-
lism (entC and feoA) were found to confer a significant increase in n-butanol resistance.
Iron metabolism has not been previously associated with enhanced n-butanol tolerance.
However, several genes related to iron metabolism were downregulated in E. coli under
isobutanol stress (248), suggesting a disruption in iron metabolism. Thus, the enhanced
n-butanol resistance in entC and feoA overexpressing strains may be due to the compen-
satory effects of such a disruption in n-butanol stress. Interestingly, three of the 11
genes (yibA, metA and ymcE) are heat shock related genes (264, 265). These genes are
under the control of 6>, which is a sigma factor that is active under several stress condi-
tions. Overexpression of the outer membrane protease, OmpT, which is active under
extreme denaturing conditions (266), was found to increase n-butanol tolerance. The
formate transporter, encoded by the gene focA, which can also act as an efflux pump that
regulates the intracellular formate pool (267), also enhanced n-butanol tolerance when

overexpressed.

7.4.4. Depleted genes

Along with the enriched genes, depleted genes from the n-butanol-challenged li-
braries identified in the array-CGH were also analyzed, as some of these genes may help
to enhance n-butanol tolerance when their expression is decreased. Similar selection cri-

teria as those used for the enriched gene set were applied to identify and analyze the
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genes that are significantly depleted. A total of 84 significantly depleted genes were

identified (see Figure 7.3 for the list of genes).

Table 7.3. Genes that significantly increase n-butanol tolerance when they are

overexpressed using ASKA collection.
Clone IIE RSGR p-Value
ompT 10.8 £0.9% -13.3+0.7% 0.01
entC 32.8+4.0% -0.8+£0.1% 0.05
yibA 12.7+0.8% -8.4+0.3% 0.02
metA 14.9+£0.9% -7.2+0.2% 0.01
alsB 13.9+1.0% -12.2 £0.6% 0.02
phnH 42.4+ 3.0% 18.4 + 0.4% 0.01
feoA 49.1+3.3% 3.6+ 0.1% 0.00
focA 43+£0.2% -15.4£0.3% 0.02
hyaF 20.8 +2.1% 154+ 0.6% 0.03
ymcE 13.2+0.4% -11.1 £0.2% 0.02
VfdG 20.3 + 1.4% 4.9 £0.2% 0.00

Analysis of the depleted genes may reveal the possible negative effects of higher
expression of these genes under n-butanol stress. Those effects can be grouped in two
main categories. The first group are genes that when overexpressed possibly increase
the metabolic burden to the cell. Genes like purP, which is involved in energized high-
affinity adenine uptake (268, 269), and /uxS, which synthesizes the quorum sensing mol-
ecule autoinducer-2 (AI-2) (270), are likely not directly involved in increase n-butanol
susceptibility. Their depletion from the library is likely due to the increased metabolic
burden. The second group constitutes genes that may increase the concentration of n-
butanol in the cell. OmpG, which is a nonspecific and efficient channel for sugar and
large solutes (271), may also allow the diffusion of n-butanol into the cell. Table 7.4

shows the results of the gene ontology analysis of the set of depleted genes.
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Figure 7.3. Profiles of genes significantly depleted in the n-butanol challenge. A. Heat
map of all genes depleted. B. Histogram of the range of normalized log:(Intensity of
sample/Intensity of Reference. The colored bar at the bottom part of the figure is the
legend for A. C. The averaged profile.

7.4.5. Analysis of genes depleted during the n-butanol challenge using the

E. coli knockout collection

Strains from the Keio knockout collection (122, 272) were used to examine if de-

letion of the depleted genes could increase the n-butanol tolerance of E. coli. The IIE

and RSGR parameters were calculated from the wild type strain and the deletion mutant

in M9 minimal medium at 0% and 0.5% (v/v) n-butanol.
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Table 7.4. Gene Ontology terms enriched in the depleted gene set

GO ID Term Log odd-ratio  Corrected p-value
G0:0006508 Proteolysis 2.54 0.00
G0:0008360 Regulation of cell shape 1.94 0.09
GO:0008658 Penicillin binding 3.42 0.09
G0:0008236 Serine-type peptidase activity 3.57 0.00
G0O:0009081 Branched chain family amino acid 242 0.05

metabolic process
G0:0009405 Pathogenesis 3.42 0.10
G0:0003984 Acetolactate synthase activity 342 0.10
GO0:0046654  Tetrahydrofolate biosynthetic process 3.42 0.04
G0:0046930 Pore complex 2.94 0.02
G0:0043190 ATP-binding cassette (ABC) 1.89 0.09
transporter complex
G0:0009432 SOS response 2.42 0.05
GO0O:0015774 Polysaccharide transport 2.57 0.09

Out of 84 genes tested, three genes were found to significantly reduce the inhibi-
tory effect of n-butanol when they were deleted: as¢E, ygiH and rph. The calculated pa-
rameters are shown in Table 7.5. Improvements in the relative specific growth rates
were observed in all three deletions strains in the presence of n-butanol compared with

the wild type (see Figure 7.4).

Table 7.5. Genes that significantly enhance n-butanol tolerance when deleted from the
E. coli genome.

Mutant IIE RSGR p-value
astE 48.7+ 6.3% -3.3£ 0.3% 0.00
vgiH 14.8+ 1.2% 12.3+0.6% 0.02

rph 48.4+ 4.1% -10.2 £ 0.6% 0.01

AstE hydrolyzes N°-succinylglutamate into succinate and L-glutamate. L-
glutamate has been identified to be involved in acid stress response in E. coli (273, 274).
Recent studies have demonstrated that n-butanol response in Lactobacillus brevis (15)
downregulated the acid stress response significantly. Thus, deletion of astE may lead to
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decreased L-glutamate pool, resulting in increased n-butanol tolerance. Deletion of
vgiH, the gene encoding an inner membrane protein, increased resistance to n-butanol by
14.8+1.2%. Studies have found that PIsY proteins in Bacillus subtilis and Streptococcus
pneumoniae exhibit similarities with YgiH, as they both function as the glycerol-3-
phosphate acyltransferases for phospholipid biosynthesis (275). However, in E. coli, the
function of PIsY is replaced by PlsB, and PlsX and YgiH play important roles in regulat-
ing the intracellular levels of acyl-ACP, an important precursor in the fatty acid biosyn-
thesis. Studies demonstrated that single deletions of the PlsX or YgiH do not strongly
affect cell growth, however double deletion is synthetically lethal (275).

The depletion of YgiH suggests that phospholipid biosynthesis may be optimized
to the requirements needed to overcome the solvent stress. Deletion of the RNase PH
gene, Rph, resulted in an increase in n-butanol tolerance by 48.4 = 4.1%. However, the
E. coli strain BW25113, used in this study, has a rph- background, with a frameshift mu-
tation inactivating rph function. Complete deletion of this gene may ameliorate tran-
scriptional polarity on the pyrE gene, increasing pyrimidine biosynthesis (276). Thus,

rph most likely is not directly involved in n-butanol tolerance in E. coli.
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Figure 7.4. The growth kinetics of A. AygiH, B. AastE, and C. Arph vs. wild type.
Red lines represent the growth kinetics of wild type in absence (open circle) and
presence (solid circles) of 0.5% (v/v) n-butanol. Blue lines represent the growth curves
of the deletion strains in absence (open circle) and presence (solid circle) of 0.5% (v/v)
n-butanol.
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7.5. Conclusions

Using a genomic library enrichment strategy, we identified genes involved in n-
butanol tolerance in E. coli. We identified two groups of genes from the n-butanol chal-
lenge: genes that were enriched and depleted during the exposure to n-butanol. From the
data, we were able to expand the current knowledge on the genes involved in n-butanol
tolerance; we observed enrichment of genes involved in membrane functions, transport
systems (encoded by acrB, argO, mdtB and emrA), amino acid transport, sugar transport
and stress response proteins. We also found enrichment in genes involved in biotin syn-
thesis (bioC and bioF), indicating that an increase in this cofactor may help to enhance
membrane integrity. Among the depleted genes, we identified genes that when overex-
pressed may cause undesirable increase in n-butanol inside the cell. We experimentally
verified 14 genes that decreased the growth-inhibitory effects of n-butanol on E. coli.
The overexpression of the iron transport and metabolism related genes, entC and feoA,
increased n-butanol tolerance by 32.8 + 4.0% and 49.1 + 3.3%, respectively. Deletion of
astE, which may lead to decreased L-glutamate (potentially decreasing acid resistance),
enhanced n-butanol tolerance by 48.7 + 6.3%. The genes and mechanisms identified in
this study will be useful in the rational engineering of more robust biofuel producers. In
addition, since organic solvent tolerance is known as a complex phenotype, there may be
potential synergistic effects between different combinations of deletions and overexpres-
sions of genes identified in this work; we will be investigating such effects in subsequent

works.
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7.6. Data Availability

All raw data is MIAME compliant and have been deposited in the GEO database

with accession number GSE26223.
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8. CONCLUSIONS AND RECOMMENDATIONS

This dissertation examined the use of laboratory adaptive evolution as a useful

technique to study complex phenotypes in microbial systems.

8.1. Visualizing Evolution in Real-Time

The method based on in vitro adaptive evolution, Visualizing Evolution in Real-
Time (VERT) was successfully developed and applied in different studies of complex
phenotypes in microbial systems as the n-butanol tolerance in Escherichia coli and toler-
ance to hydrolysates of lignocellulosic biomass in Saccharomyces cerevisiae. VERT
facilitates the identification of fitter mutants throughout the course of evolution and
greatly enhances the mapping of adaptive landscapes of industrially relevant phenotypes.

VERT uses isogenic, but differentially labeled (typically with fluorescent pro-
teins) strains to seed the initial evolving population. When a beneficial mutant arises
and expands in the population, the labeled subpopulation that it belongs is expected to
increase in proportion. These changes can be measured by tracking the relative propor-
tions of each of the labeled subpopulations at each point in time. Each continued expan-
sion in the proportion of a colored subpopulation is called an “adaptive event”. Thus,
tracking the different colored subpopulations permit the researcher to determine when a
fitter mutant arises in the population, facilitating the map-out of fitness landscapes and a

more rational scheme for the isolation of adaptive mutants for further characterization.
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8.2. Effect of Clonal Interference in E. coli Evolved Under n-Butanol Stress

The gram-negative bacteria E. coli was evolved under n-butanol stress using con-
tinuous cultures (chemostats) as a platform to carry out the evolution experiment. Using
a two-colored VERT system (GFP- and YFP-labeled subpopulations), the evolutionary
dynamics of E. coli under increasing concentrations of n-butanol was tracked. The re-
sults showed that while consecutive adaptive mutants have fitness advantages over their
predecessors, they might not always be better than the ancestral population, likely due to
the heterogeneities in the evolving population and potential epistatic interactions be-
tween clones. Thus, this result further highlights the benefit of tracking the adaptive
events in a population to isolate each adaptive mutant, as the last one isolated from the
population may not necessarily be the best one.

Using a combination of phenotypic studies, whole genome transcriptome profil-
ing and resequencing analyses, underlying n-butanol tolerance mechanisms were identi-
fied in mutants isolated from the two independent subpopulations. Divergent evolution-
ary trajectories for increased n-butanol tolerance were identified between the GFP-
labeled and YFP-labeled mutants. In case of the GFP-labeled mutants, a reduced activi-
ty of the ferric uptake regulator Fur, leading to increased siderophore biosynthesis and
transport, which ultimately led to membrane alterations, was identified to be a likely
mechanism of enhanced n-butanol tolerance. The deactivation of Fur also led to cross-
tolerance between n-butanol and the cationic antimicrobial peptide polymyxin B. How-

ever, this tolerance mechanism was only observed in mutants from the GFP-labeled sub-
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population and not in the YFP-labeled subpopulation. Molecular mechanisms of n-
butanol tolerance of the YFP-labeled mutants indicated additional membrane-related and
osmotic stress related genes conferring n-butanol tolerance in E. coli. Interestingly, the
YFP-labeled mutants showed cross-tolerance between n-butanol and osmotic stress
while the GFP-labeled mutants showed antagonistic pleiotropy between n-butanol and
osmotic stress tolerance, contrary to the response observed under polymyxin B stress.
Further efforts trying to combine the two independent mechanisms of tolerance demon-
strated divergence in the evolutionary trajectories, since they resulted in significant de-

crease in relative fitness in presence of n-butanol.

8.3. Effect of Clonal Interference in S. cerevisiae Evolved Under Hydrolysates of

Lignocellulosic Biomass

In vitro evolution using serial batch transfers was used to uncover molecular
mechanisms of tolerance to hydrolysates of lignocellulosic biomass of S. cerevisiae.
The hydrolysates are composed of a mixture of sugars and inhibitors formed during the
pre-treatment processes. A three-color VERT system was used in order to enable a ra-
tional scheme for isolating adaptive mutants and map-out the adaptive landscape.

Phenotypic analysis of several isolated adaptive mutants with enhanced fitness in
hydrolysates demonstrated different evolutionary routes. Even though the relative fit-
ness of the isolated mutants compared with the parental strains in the presence of hy-

drolysates was positive (increase growth advantage), analysis of the mutants in individu-
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al and combination of common inhibitors present in the hydrolysates (acetic acid, furfu-
ral and hydroxymethylfurfural (HMF)) showed differential levels of resistance to the dif-
ferent growth conditions. Using transcriptome analysis, some potential mechanisms for

enhanced tolerance in the isolated adaptive mutants were elucidated.

8.4. Effective Design of Evolutionary Pressure for the Increased Production of

Carotenoids in S. cerevisiae Using Adaptive Evolution

The application of adaptive evolution for increased production of secondary me-
tabolites has been constantly avoided due to the nature of the technique. Adaptive evo-
lution is a natural process where the Darwinian principle of natural selection applies, and
it establishes that genetic variation is causally connected to the differential ability to sur-
vive and reproduce, and positive differential reproduction will probably succeed; how-
ever, secondary metabolites are compounds not directly involved in normal cell growth.
Application of adaptive evolution for increased production of such metabolites generally
ends with decreased production due to metabolic burden imposed for the channeled flux
towards the bioproduct.

In this dissertation, laboratory adaptive evolution was successfully exploited in
order to improve secondary metabolite production, specifically the improvement of ca-
rotenoids production in an engineered S. cerevisiae carotenoids producing strain. The
effective design of the evolutionary strategy was based in the antioxidant properties of

the carotenoids. Scheduled hydrogen peroxide shocking experiments ensured an in-
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crease of carotenoids production in more than 200% in a short-term experiment. Tran-

scriptome analysis helped to elucidate the molecular mechanisms for increased carote-

noids production.

8.5. Recommendations

Redesign VERT using DNA barcoding in order to increase the number of studied
independent subpopulations (not limited for the available fluorescent proteins or the
detection limits imposed for the instrument), increasing the resolution of the mapped
evolutionary dynamics and avoiding extra metabolic burden to the microbial system
(evolution can lead to fluorescence loss). Subpopulations can be tracked in real-time
using qPCR, extracting gDNA from evolved populations and quantifying relative
amounts of barcodes present. Selection of mutants can be easily achieved by inte-
gration of selective markers under inducible promoters, using such constructs as
DNA barcodes for the evolution tracking.

Implementation of VERT in n-butanol tolerant mutants, described in this disserta-
tion, under acid stress, in order to demonstrate divergence in the evolutionary trajec-
tories (antagonistic pleiotropy) observed not only in E. coli, but also in Lactobacillus
brevis. This will allow to determine if increased acid tolerance implies decreased n-
butanol tolerance, or alternative adaptive routes in the fitness landscape allows cross-

tolerance between the two stressors.
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* Demonstrate that the design of effective selective pressure is not an isolated success-
ful event, but the aforementioned design can be applied to increased carotenoids pro-

duction in other microbial systems as E. coli.
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