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ABSTRACT

Adaptive laboratory evolution (ALE) is a powerful tool used to increase strain
fitness in the presence of environmental stressors. Apart from growth improvement,
ALE can also be used for improving productivity if production and fitness is coupled.
However, extensive metabolic engineering is generally required to ensure growth-
coupling of product formation based on computational predictions; however, such in
silico predictions typically result in cells with lower than expected growth and/or
production. In this work, we develop a generalized ALE strategy to improve production
of compounds with antioxidant potential. Terpene are the biggest class of natural
products produced by plants with various uses such as flavors, fragrances, colorants,
vitamins, commodity chemicals and pharmaceuticals. We used ALE for improving
production of two terpenes with antioxidant potential, one produced intracellularly and
another extracellularly in yeast. Productivity of terpenes in yeast was improved using
oxidative stress over short evolution experiments. Evolved population resulting from
evolution experiments were further screened to select for hyperproducers with improved
production. Using these hyperproducers, we also aim to gain a deeper understanding of
the genotype-to-phenotype correlation of casual mutations responsible for improved
production of terpenes in order to develop chassis strains with high productivity of
terpenes. Next generation sequencing (NGS) analysis of hyperproducers revealed
multiple unique mutations in genes which are not previously known to be related to

terpene biosynthesis in yeast.
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CHAPTER |

INTRODUCTION

Microbial fermentation has been in existence for centuries in the food and
beverage industry. Sustainable production of wide variety of products using microbes
has been a focus for the past few decades. Products like biofuels (Buijs et al. 2013),
antibodies (Robinson et al. 2015; Spadiut et al. 2014), active pharmaceutical ingredients
(Waters et al. 2010), nutraceuticals (Wang et al. 2016), and platform chemicals (Zeng
and Sabra 2011), can now be produced using microbial hosts using metabolic and
pathway engineering. In order to improve production, metabolic engineering leverages
pathway optimization and computational algorithms to improve flux toward the product.
Engineered strains using these strategies generally exhibit slower growth rate and higher
metabolic burden (Glick et al. 1986; Heyland et al. 2011; Hong et al. 1991).
Complementary techniques like adaptive laboratory evolution (ALE) can be used to
improve slow growth rate but may lead to loss of production (Conrad et al. 2011).
Coupling cellular growth or survival with production can reduce the loss of production
and has been used by metabolic engineering and computational strain engineering

(Shabestary and Hudson 2016; von Kamp and Klamt 2017; Yim et al. 2011).

With increasing availability of annotated genomes, genome-scale metabolic
networks have been constructed for various microorganisms (Edwards and Palsson

2000; Forster et al. 2003; Schilling et al. 2000). Genomic-scale models enable the use of



computational tools such as flux balance analysis (FBA) (Varma et al. 1993) to optimize
certain cellular function (Segre et al. 2002; Varma and Palsson 1994). FBA-based
method OptKnock (Burgard et al. 2003) was the first method to introduce reaction
deletions to form growth-coupling of desired product using mixed integer linear
programing, and has been successfully used to metabolically engineer strains for
production of compounds including 2-3 butanediol (Ng et al. 2012) and lactic acid (Fong
et al. 2005). Subsequent algorithms like OptStrain improved upon OptKnock and can
predict insertions as well as deletion for increased production (Pharkya et al. 2004).
OptCouple is a recently introduced algorithm that can identify insertions, deletions as
well as modifications in growth media to facilitate growth-coupled product formation
(Jensen et al. 2019). The possibility for growth-coupled production of almost all
metabolites for several microorganisms has also been predicted theoretically (Feist et al.
2010; Klamt and Mahadevan 2015; von Kamp and Klamt 2017). However, experimental
observation of increased productivity is usually less than observed in silico (Lee et al.

2005; Ng et al. 2012; Yim et al. 2011).

Advances in high throughput sequencing, omic technologies, automation and
genetic engineering has enabled an efficient workflow for identifying fundamental
mechanisms of microbial adaptation and beneficial mutations for phenotypes-of-interest.
Adaptive laboratory evolution has been successfully used over the past few decades to
help develop microbes with desired phenotypes. By using an appropriately designed

selective pressure, mutants with desired phenotypes are selected for in the population
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over time, making ALE a potentially effective but simple strategy for strain
development. ALE has been widely used to develop strains with phenotypes-of-interest
that are coupled with growth, such as improved substrate utilization (Cadiere et al. 2011;
de Kok et al. 2012; Garcia Sanchez et al. 2010; Morais and Bogel-Lukasik 2013) and
improved tolerance to inhibitors (Dhar et al. 2011; Fletcher et al. 2017; Gonzalez-Ramos
et al. 2016; Mundhada et al. 2017). However, as product formation is generally not
coupled with growth, the use of ALE to improve productivity requires genetically
engineered coupling between growth and product formation or specially designed
selective pressure that gives fitness advantage to higher producers (Basso et al. 2011,

Mahr et al. 2015a; Reyes et al. 2014).

Computational framework for growth-coupling of product synthesis

Genome-scale metabolic models are built from known and predicted cellular
metabolic reactions and provide the necessary framework for computational design
strategies to couple production of a product-of-interest to growth. By defining an
objective function, genome-scale models can be used to predict genetic interventions
(e.g. gene deletion, insertion, overexpression) that can potentially lead to desired cellular
phenotypes such as increased product formation (Burgard et al. 2003; Feist et al. 2010;
O'Brien et al. 2015; Ohno et al. 2014). These computational algorithms use
stoichiometric metabolic reaction models and can be classified into two groups of

methods, Flux Balance Analysis (FBA) and Elementary Modes Analysis (EMA). In
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FBA, a desired metabolic phenotype is generally optimized under steady-state mass
balance constraints (Savinell and Palsson 1992). Growth coupling designs using FBA-
based methods aim to ensure production coupling with growth at distinct metabolic
states, which in most cases is maximal biomass formation. OptKnock was one of the
earliest computational algorithms developed to identify genetic interventions that lead to
simultaneous product formation with biomass formation in silico (Burgard et al. 2003).
In OptKnock, stoichiometric changes resulting from gene deletion were identified which
should theoretically lead to the production of compounds-of-interest at user specified
growth rates. Expansions beyond gene deletions were additionally introduced as new
algorithms emerged. OptStrain was subsequently developed to improve upon OptKnock
and can identify the effect of adding new genes as well as gene knockouts, but cannot
predict the combined effects of gene knock-outs and the addition of new genes (Pharkya
et al. 2004). SimOptStrain further improved upon that to allow the identification of both
gene insertions and deletions simultaneously (Kim et al. 2011). While these methods
focus on ensuring optimal biomass and product formations simultaneously, they have
not focused on cellular designs that guarantees the dependence of biomass formation on
product formation in a way that ensures optimal cellular growth only with high product
yield. Such dependence between biomass and product formation is required if ALE is to
be used for further strain improvement. The recently developed OptCouple was
specifically developed to achieve forced coupling between the production of desired
compounds and biomass via simultaneous identification of gene knockouts, insertions,

and modifications in growth media (Jensen et al. 2019); the method was able to predict
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the same strategy for growth-coupled product methylation that was experimentally
validated and used in ALE to improve methyltransferase and acetyltransferase activities

in another work (Luo et al. 2019).

In EMA, complex metabolic network is decomposed into a set of reaction
sequences (pathways), called elementary modes (EMs), which must satisfy mass balance
of metabolic intermediates and cofactors. Any possible flux distribution of the metabolic
network can be expressed in the form of linear combinations of EMs (Gagneur and
Klamt 2004; Schuster et al. 1999); and the desired set of EMs can be identified as ones
that lead to the desired objectives (e.g. highest product yield). Methods using EMA have
also been developed for a deeper assessment of the metabolic network by identifying the
minimal cut sets (MCSs), which is the set of reactions that when deleted will lead to
failure of specified cellular functions (Klamt and Gilles 2004). MCSs can be used to
identify the minimum set of reactions that need to be deleted to remove the formation of
unwanted side products or eliminating cellular ability to use various substrates. Since
MCSs focus only on EMs that disable specified cellular functions, which can lead to the
disruption of desired functionalities, methods such as constrained minimal cut sets
(cMCS) have been developed to preserve EMs that enable desired cellular functions by
setting additional constraints to the objectives to ensure both cellular growth and product
formation (Hadicke and Klamt 2011; von Kamp and Klamt 2017). EMA-based methods
are computationally expensive because of the necessity to establish all EMs, therefore

use of these methods are limited to mid- to small-scale metabolic networks. The



introduction of MCSEnumarator, which sequentially enumerate smallest MCSs, helps to

reduce the computation costs required (von Kamp and Klamt 2014).

The capability of in silico metabolic modeling to predict strategies that allow
growth-coupling of product formation has been assessed theoretically (Alter and Ebert
2019; Klamt and Mahadevan 2015). Growth-coupling is classified as weak or strong as
shown in Figure 1. Products with weak growth-coupling allows for strains with less than
optimal yields as long as biomass yields are high whereas strong growth-coupling
obligatorily produces high product yields at any biomass yields (even without cellular
growth) (Klamt and Mahadevan 2015). Examples of weak growth-coupling products
include overflow metabolic products (e.g. ethanol in Saccharomyces cerevisiae and
acetate in E. coli (Alter and Ebert 2019)). If a set of deletions exist such that the reduced
network shows weak or strong coupling of growth and production, then the formation of
the metabolite can made to be growth-coupled. Theoretical analyses predicted that
growth-coupling of all metabolites within the central metabolism (Klamt and
Mahadevan 2015) and 90% of all metabolites in E. coli under aerobic conditions is
possible when the flux limits for ATP and cofactors were modified (Alter and Ebert
2019). Recent work by von Kamp and Klamt (von Kamp and Klamt 2017) showed that
using cMCS with whole genome-scale models, growth-coupled product synthesis can be
achieved in silico for almost all metabolites in five different microorganisms including
the cyanobacterium Synechocystis sp. PCC 6803. Even though a number of

computational methods for growth-coupled strain designs exist, due to the large number
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of required genetic alterations often predicted in silico, the number of in vivo

applications is still few.

Weak Coupling Strong Coupling
X min X min
A : A '
g .......... i .......... Y min .-;:: .......... E ..........
& v b '
> ! > ;
: > : b
X(biomass) X(biomass)
For X = Xmin For all non zero X,
Y should be = Ymin Y should be =Ymin

Figure 1 Yield space for weak and strong coupling with their respective constraints
as described by (taken from (Klamt and Mahadevan 2015))

Adaptive laboratory evolution

Adaptive laboratory evolution works on the basis of natural selection, whereby a
selective pressure is imposed on the evolving population, and mutants better adapted to
the selective pressure are enriched in the population. ALE complements metabolic
engineering efforts as it does not require a priori knowledge of the genotype-phenotype

relationship needed in rational strain engineering. Different modes of operation can be



used in ALE, with chemostat and serial batch transfers being the most common (Ekkers
et al. 2020; Holwerda et al. 2020; Wright et al. 2011). Microbes are generally evolved
for several hundred or thousands of generations under the chosen selective pressure and
the best performing strains are isolated for further analyses. With advances in
sequencing and omics technology and genetic engineering tools, causal mutations for the
desired phenotypes in isolated evolved mutants can be identified and characterized
(Dragosits and Mattanovich 2013; LaCroix et al. 2015; Lee and Kim 2020; Phaneuf et

al. 2020).

Combining computational approaches with ALE

Adaptive laboratory evolution (ALE) has been used extensively to generate
phenotypes such as improving growth rate (Elena and Lenski 2003; Sandberg et al.
2014), improve substrate utilization (Cadiere et al. 2011; de Kok et al. 2012; Garcia
Sanchez et al. 2010; Morais and Bogel-Lukasik 2013) and improved tolerance (Dhar et
al. 2011; Fletcher et al. 2017; Gonzélez-Ramos et al. 2016; Mundhada et al. 2017). If
product formation can be coupled with growth using metabolic modeling, then the use of
ALE should theoretically be able to further improve cell growth and product formation
of mutants designed in silico. Fong et al. was the first to successfully demonstrated the
feasibility of this approach; mutant E. coli strains designed by OptKnock for growth-
coupled production of lactate was subjected to ALE and increase in both growth rate and

lactate production were observed in evolved strains (Fong et al. 2005). As
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computationally predicted strain designs often lead to mutants with sub-optimal growth
and/or productivity in vivo, ALE can potentially be used to help the mutant reach or
exceed computationally predicted performance. This concept of a combined strategy of
computational design followed by ALE was demonstrated by Tokuyama et. al
(Tokuyama et al. 2018). Mutants predicted for growth-coupled production of succinate
on glycerol as the substrate was designed using an E. coli genome scale model; however,
the in vivo deletion of the four gene targets predicted by FBA (adhE-pykAF-gldA-pfIB)
led to sub-optimal 0.08 C-mol succinate/C-mol glycerol, significantly below the
predicted 0.32 C-mol/C-mol (Tokuyama et al. 2018). To improve strain performance,
five parallel populations were evolved using adaptive laboratory evolution in glycerol
minimal medium for 100 generations. Isolated evolved mutants from all five populations
showed significant improved succinate yield between 0.24-0.33 C-mol/C-mol, near the
predicted optimal. Subsequent genome sequencing analysis revealed that evolved
mutants acquired mutations in phosphoenolpyruvate carboxylase (ppc) that reduced
feedback inhibition by L-aspartate, leading to overproduction of succinate (Tokuyama et

al. 2018).

A potential use of ALE that has not be broadly explored is for improving enzyme
activity. Hao et al recently devised and constructed a growth-coupled selection design
coupling S-adenosylmethionine (SAM)-dependent methylation to growth by rerouting
the endogenous cysteine biosynthesis with heterologous pathway converting

homocysteine produced by a methyltransferase to produce the cysteine required for
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cellular survival, making SAM cycle essential for cellular growth (Luo et al. 2019). This
ALE-based strategy was successfully used to improve activity of phenylethanolamine N-
methyltransferase (Pnmt), aralkylamine N-acetyltransferase (Aanat), and

acetylserotonine O-methyltransferase (Asmt) nearly 2 fold (Luo et al. 2019).

Environmental engineering for growth-coupled production

Adaptive laboratory evolution has been shown to be a powerful strain
development tool for growth-coupled phenotypes. If specific products provide protection
to cells in a stressful environment, the use of environmental engineering can be used to
improve production using ALE as shown in Figure 2. Here we briefly describe a few
cases where this strategy has been successful in improving product formation.
Polyunsaturated fatty acids like docosahexaenoic acid (DHA) is an important
nutraceutical that can be produced using Schizochytrium sp. Oxygen plays an important
role in cell growth as well as lipid production in marine fungi such as Schizochytrium sp
(Jakobsen et al. 2008). Based on the hypothesis that increased polyunsaturated fatty acid
production such as DHA can increase resistance of the cell to oxidative stress in high
oxygen conditions, Sun et al used increased aeration (high oxygen supply) as a selective
stress to increase DHA production in Schizochytrium sp using ALE (Sun et al. 2016).
While small gains in performance were made during batch cultivation, the evolved
strains showed >30% increase in DHA titer (26.4 g L) and productivity (220 mg L™ h-

1Y in fed-batch growth (Sun et al. 2016).
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Carotenoid are known antioxidants produced in nature by plants and microbes as
well as non-native producers using metabolic engineering (Bhosale and Gadre 2001;
Chen et al. 2016; Nishizaki et al. 2007; Yang and Guo 2014). Earlier work on ALE-
based improvement of carotenoid production in an engineered yeast strain took

advantage of the antioxidant potential of carotenoid to couple cell survival with

production (Reyes et al. 2014). Hydrogen peroxide was used as the selective pressure to
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evolve a catalase deletion (Acttl) strain for increased carotenoids production. Results
showed that evolved mutants had up to 3-fold improvement in product yield (Reyes et al.
2014).

Computational strain design for growth-coupled product formation may not be
feasible or practical for all metabolites. Environmental engineering approach to growth-
coupling of desired compounds is also only feasible for specific classes of compounds.
Thus, new innovations in synthetic circuits using biosensors can be leveraged to couple
growth with production, which can then be combined with ALE to improve productivity
of metabolites. These approaches generally use a transcription factor-based biosensor
that detects the metabolite-of-interest in a concentration-dependent manner using a
fluorescent readout, such that the higher producers generate a higher fluorescence signal.
Corynebacterium glutamicum is extensively used in industrial applications for amino
acid production. Biosensors have been developed based on the transcription factor Lrp of
Corynebacterium glutamicum to detect L-methionine as well as branched chain amino
acids L-leucine, L-isoleucine and L-valine, with eYFP fluorescence as output (Lange et
al. 2012; Mustafi et al. 2012). With Lrp, Mabhr et al used a biosensor-driven evolution
approach to improve L-valine production by sorting cells showing top 10% of FACS
sensor output during iterative fluorescent activated cell sorting; using this artificial
evolution, a 25% increase was observed in L-valine production in C. glutamicum after
five evolution steps (Mabhr et al. 2015b). Using an anti-metabolite for phenylalanine (4-
fluorophenylalanine) combined with a transcription factor-based sensor (Aro9) for

aromatic amino acids (AAA), ALE was used to increase muconic acid production in in
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S. cerevisiae (Leavitt et al. 2017). Since muconic acid biosynthesis branches off from the
AAA biosynthesis pathway, AAA production was used as a surrogate to improve
muconic acid production. A hybrid aromatic amino acid (AAA) biosensor was used to
drive the expression of geneticin resistance gene to allow growth-coupled selection for
aromatic amino acid biosynthesis; this growth-coupling was strengthened with the
addition of anti-metabolite 4-fluorophenylalanine, whose toxicity can be overcome by
increased production of phenylalanine (Leavitt et al. 2017). Using this strategy, a titer of

2.1 g Lt of muconic acid was eventually achieved in bioreactors (Leavitt et al. 2017).

Conclusion

Development of microbial producers has been enabled by the development in
silico techniques to couple product formation with cellular growth. Advances are being
made in reducing the computational costs to run these models. Newer algorithms are
incorporating not only gene knockout targets and insertions but modifications in the
growth environment to achieve coupling of growth with production. However, these
computational models are not without limitations. Quality of predictions depend on
quality of genome-scale models. The predictions often involve multiple genetic
disruptions and can be difficult to implement in vivo without detrimental effects to the
cell. Complementing these techniques with ALE can help to overcome impairments to
the cell to allow the microbes to reach the computationally predicted theoretical

maximum.
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Experimental evolution experiments are relatively easy to setup, but selecting effective
selective pressures is one of the most difficult steps in achieving the desired increase in
biosynthesis of product-of-interest. A few studies have explored the chemical properties
of desired compounds to design an environment in which product formation leads to
higher cellular growth or survival. However, not all products have properties that can be
exploited in this manner, making the selective pressure design strategy difficult and
limited. This limitation in ALE can potentially be alleviated by leveraging advances in
computational predictions coupling production of desired compounds with growth. In
addition, use of biosensors to artificially couple product formation with a reporter
(fluorescence or cell growth) is a new and innovative strategy that does not require
extensive genetic modifications to couple growth with product formation. However,
biosensors for compound-of-interest may not be readily available and are difficult to
develop. An iterative approach using a combination of computational predictions with
ALE (with or without the use of biosensors) provide a framework for developing an

effective strategy to improve the performance of the production host.

Aims of the study

To understand how adaptive laboratory evolution can impact the production in
microbial systems we used terpenes as the model product and used Saccharomyces
cerevisiae as our target microbe. We leveraged the antioxidant potential of the few

terpenes to create an experimental strategy to growth couple the production. In earlier
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work in our lab the production of a terpene p-carotene was improved using ALE and few
hyperproducers were selected from the evolved population. For our first aim we targeted
to understand the mechanism behind this improved production of carotenoid in yeast,
and gain deeper understanding of genotype-phenotype changes occurred during
evolution because of mutations accumulated by the cells. For our second aim we
targeted another terpene which was extracellular unlike carotenoids which are
intracellular. An optimized selective pressure scheme was constructed for production
improvement using ALE. Hyperproducer mutant strains were screened out and
sequenced to capture the mutations. Subsequently these mutations were reconstructed to

understand the genotype-phenotype relation for another class of terpene.
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CHAPTER II
GENOTYPE-PHENOTYPE RELATIONSHIP OF CAUSAL MUTATION IN
EVOLUVED MUTANT OF CAROTENOID PRODUCING Saccharomyces Cerevisiae

Background

Microbial systems are being used over chemical synthesis in various industries to
develop a plethora of products because of their advantage of sustainability and ease of
engineering to produce variety of chemicals. As with any process, microbial production
is also filled with challenges of optimization, rate yield and titer of the product. With
advances in next gen sequencing and well characterized pathways of many microbial
systems there are more available tools to address the challenges such as rate and yield of
the production with strain engineering.

Terpene are the biggest class of natural products produced by plants with various
uses as flavors, fragrances, colorants, vitamins, commodity chemicals and
pharmaceuticals. However, low abundance of these chemicals in natural sources makes
it very hard to extract them from plants for industrial application. Chemical synthesis
and microbial production are two alternates for production of these compounds other
than natural extraction. With increase in structural complexity of the terpene molecule
the chemical synthesis becomes increasing cost inefficient and in such cases production
of terpenes can be done with using biosynthesis using microbes. All terpenes or
isoprenoids are secondary metabolites that are derived from Cs precursor isopentenyl

diphosphate (IPP) or dimethylallyl diphosphate (DMAPP) (Arigoni et al. 1997;
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Asadollahi et al. 2008). Two distinct pathways have been reported for the production of
terpenes, mevalonate pathway and 2C-methyl-D-erythritol-4-phosphate (MEP) pathway.
Mevalonate pathway is present in eukaryotes (fungi, archaea, plants) while non-

mevalonate pathway is present in bacteria, algae and chloroplast of plants.
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Figure 3 Biosynthesis pathway for production of isoprenoids (taken from (Ingy and
Wim 2017))
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However, several studies have shown that genetic determinants outside the
known biosynthetic pathways can also play a role in production(Alper et al. 2005; de
Ruijter et al. 2017). Due to the complexity of biological systems, these genetic
determinant outside the known pathway are usually unknown. Thus, complementary
genome-scale techniques, such as screening deletion or overexpression libraries (Arlt et
al. 2011; Prelich 2012; Stevenson et al. 2001) and adaptive laboratory evolution (ALE)-
based strategies (Portnoy et al. 2011; Reyes et al. 2014) can help to identify additional
gene and/or pathway targets related with increasing product formation. Advances in next
gen sequencing, omic technologies, automation and genetic engineering has enabled a
deeper understanding of evolutionary processes and trajectories. Adaptive laboratory
evolution has been successfully used over the past few decades to develop strains with
desired industrially relevant phenotypes. Growth over numerous generations under an
appropriately designed selective pressure to direct the accumulation of mutations
responsible for desired phenotype has been the simple but effective strategy for ALE.
However, due to the required coupling of the phenotype-of-interest with growth, there
are numerous examples of ALE being used to improve substrate utilization(Cadiere et al.
2011; de Kok et al. 2012; Garcia Sanchez et al. 2010; Morais and Bogel-Lukasik 2013)
and improved tolerance(Dhar et al. 2011; Fletcher et al. 2017; Gonzalez-Ramos et al.
2016; Mundhada et al. 2017), but few examples for increased productivity(Basso et al.

2011; Mahr et al. 2015a; Reyes et al. 2014).
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Carotenoids belong to an important class of isoprenoids naturally synthesized by
plants and some microbes (An et al. 2001; Bhosale and Bernstein 2004; Chen et al.
2006; Jeon et al. 2006; Nanou et al. 2007; P. and R.V. 2001; Raja et al. 2007). Due to
their pigmented and antioxidant properties, carotenoids have applications in food and
nutraceutical industries. In addition to native microbial producers such as Rhodotrula
glutinis (Bhosale and Gadre 2001; Kot et al. 2016; Malisorn and Suntornsuk 2008), non-
native producers such as Escherichia coli and Saccharomyces cerevisiae have been
engineered to produce these carotenoids via metabolic engineering (Chen et al. 2016;
Mata-Gomez et al. 2014; Nishizaki et al. 2007; Verwaal et al. 2007; Wu et al. 2017,
Yang and Guo 2014).

In our prior work, we leveraged the antioxidant properties of carotenoids to
develop an ALE-based strategy to evolve strains for increased productivity. We evolved
an engineered S. cerevisiae strain (YLH2) for improved f-carotene production using
hydrogen peroxide as the selective pressure (Reyes et al. 2014). Adaptive mutants with
enhanced carotenoids yields were isolated from two parallel populations at various time
points throughout the evolution (Reyes et al. 2014).

Materials and methods
Strains, plasmids and growth conditions

All yeast strains used in this work are derivatives of S288c and listed in Table 7.
S. cerevisiae strain YLH2 (Reyes et al. 2014) and FY2 (MATa, ura3-52, isogenic to
S288C) (Fred et al. 1995) are used as the base strains in this study. Unless otherwise

specified, yeast strains are cultured in Yeast Peptone Dextrose (YPD) media at 30 °C and
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E. coli strains used for subcloning were cultured at 37 °C in Luria Broth (LB)
supplemented with appropriate antibiotics. Cytosolic catalase T (CTT1) gene was deleted
in FY2 strain as described in our earlier work (Reyes et al. 2014). For carotenoid
quantification, yeast strains were cultured in YPD at 30 °C and 200 rpm for 72 h. For

Raman Spectroscopy the strains were grown for 36 hours in YPD at 30 °C and 200 rpm.

Whole genome resequencing

Genomic DNA of isolated mutants and parental strain YLH2 were extracted
using YeaStar DNA extraction Kit (Zymo Research). Library preparations and NGS
sequencing were performed by the Texas A&M Genomics Center for sequencing on the
[llumina HiSeq 2500 platform using 100-bp single-end reads. An average coverage of
>75-fold was obtained for each clone. The raw sequencing data were deposited in SRA
database ( ) with accession number SRP147744. The
sequencing data was aligned to S. cerevisiae S288c reference genome with breseq v0.29
(Deatherage and Barrick 2014). De novo mutations in isolated mutants were identified
by comparing against the YLH2 parental strain, and verified via Sanger sequencing

(mutations listed in Table 1).

Reconstructing mutations into YLH2 and FY2 strain
CRISPR-Cas9 using the one plasmid-system with pCRCT developed by (Bao et
al. 2015) was used for site-directed mutagenesis to reconstruct identified mutations into

YLH2. Briefly, 120 bp sequence including donor sequence and guide sequence was
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chemically synthesized by Integrated DNA Technologies, USA (Table 8), then
introduced into the pCRCT plasmid using Golden Gate reaction using Bsal restriction
sites (Engler et al. 2008), and transformed into E. coli cells, and plated on LB+Xgal for
blue/white screening and incubated overnight at 37 °C. The bacterial colony with correct
plasmid construction was verified by restriction digestion. The constructed CRISPR-
Cas9 plasmid was then transformed into FY2 and YLH2 strains and selected on SC -
uracil plates. Colonies were picked and target mutations were first verified using PCR
amplification refractory mutation system (ARMS) (see Table 9 for primer sequences) as
described by (Little 2001) followed by confirmation via Sanger sequencing. Cas9
plasmid was cured by serially passaging the strain in YPD 3 times and verified by PCR

amplification using primers curing_f and curing_r (Table 9).

Quantification of carotenoid production

Quantification of B-carotene production was performed as described by (Reyes et
al. 2014). All samples were blank corrected using a dodecane blank. The same procedure
was used to quantify lycopene using ODaze. Standard curves were generated using
compounds purchased from Sigma. At least 3 biological replicates per strain were used

for analysis.

Oxidative stress tolerance using hydrogen peroxide
Reconstructed mutant in FY2 were treated with 1 M hydrogen peroxide for 1 h in

a shaking incubator at 30°C. After the shock treatment, 10-fold serial dilutions were
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performed in phosphate-buffered saline (PBS) and spotted on YPD plates. Three

biological replicates per strain were used for analysis.

Quantifying relative frequency of HIS7 mutation in population samples

The kinetic quantitative-PCR method described by (Germer et al. 2000) was used
to estimate the relative frequency of the HIS7 389 mutation from evolving population
samples revived from frozen stocks using mutation-specific and wild-type-specific

primers (his7_f_mut, his7_f wt, and his7_r in Table 9).

Growth kinetics measurements

Microplate reader (TECAN Infinite ® M Nano) was used to measure growth
curve for reconstructed mutant strains. Cells were grown for 24 h in YPD and
normalized to ODgpo ~0.05 in 200 pL final volume in YPD. Cells were grown in 96-well
plates for 48 h with orbital shaking at constant intervals with 245 rpm. To obtain specific
growth rate, the ODsoo 0bserved was plotted on natural logarithmic scale versus time (h).
The slope of linear portions (specific growth rate ) for each sample was calculated for

each replicate. Three biological replicates per strain were used for analysis.

Quantification of carotenoid production
Single colony was isolated from a plate streaked from frozen stock and used to
inoculate 5 mL of culture in YPD. This was grown overnight at 30 °C and 200 rpm, then

subcultured into 5 mL of fresh YPD at an initial ODggo ~0.05 and cultured at 30 °C and
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200 rpm for 72 h. After ~72 h, 200 pL of culture was centrifuged and the supernatant
was vacuum aspirated. 200 uL of acid washed beads 425-600 pum (Sigma) and 1 mL of
dodecane (TCI America) were added to the cell pellet for disruption using the Genie Cell
Disruptor (Scientific Industries) for 2 cycles of 6 minutes to ensure complete disruption.
The mixture was then centrifuged and 200 pL of the supernatant was transferred to 96
well plate for absorbance measurements at ODa4s4, which corresponds to 3-carotene peak

(Verwaal et al. 2007), using a microplate reader (TECAN Infinite ® M Nano).

Validation of spectroscopy data using high performance liquid chromatography
The accuracy of using the spectrophotometric method to quantify p-carotene

concentration was verified using high performance liquid chromatography (HPLC,

Agilent Technologies, 1260 Infinity System) and C18 column ZORBAX Eclipse Plus

(4.6 x 100 mm, 3.5 micron) using a method previously described (Xie et al. 2015).

Raman spectroscopy analysis

To prepare samples for Raman spectroscopy, strains were first grown in YPD
from single colonies isolated from plates struck from frozen stock for 36 hours at 30 °C
and the yield of B-carotene or lycopene was calculated as described earlier. Three
biological replicates per strain were used for analysis. One mL of the grown culture was
then centrifuged and the supernatant was vacuum aspirated. The cell pellet was washed 3
times with 1 mL of PBS. 2 uL of each sample was pipetted and gently spread onto an
aluminum-covered microscope slide, yielding a thin film of intact cells. The thin film
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was allowed to dry fully before Raman spectral acquisition. 16 spectra were collected for
each biological replicate (48 spectra per strain) using a DXR Raman microscope
(Thermo Scientific) equipped with a high-brightness 780 nm diode laser, a 50x objective
lens (N.A. 0.5, spot size 1.6 um), a 25 um confocal slit, a diffraction grating (400
line/mm, spectral resolution -2.4-4.4 cm™), and a CCD detector. Laser power was set at
20 mW and spectra were collected over the spectral range 150 — 3200 cm?, with 10
accumulations of 12 s each (120 s total laser exposure per spectrum). Each spectrum was
processed post-collection for artifact removal, baseline correction and noise reduction.
After processing, the spectral intensity was tabulated (Table 10) for several
characteristic peaks corresponding to the carotenoids, lipids, and proteins within the
cells. Absolute peak intensities varied widely within samples due to inhomogeneity of
the cell films. Therefore, ratios of the characteristic peaks were used to compare the
relative abundance of chemical compounds across strains and mutations. The ratio of
total fatty acid peak and carotenoid peak was multiplied by the total carotenoid content,
which is obtained via quantification, to get a relative lipid indicator.

Total fatty acid
Carotenoid

Lipid indicator =
ipid indicator Gdcw

* absolute carotenoid content(

Quantification of lipid using classical Bligh and Dyer method

Yeast cells were streaked from frozen stock and an individual colony was grown
in 5 ml YPD overnight at 30 °C and 250 rpm. The resulting culture was normalized to
initial ODgoo ~0.05 in 100 ml YPD for further growth for an additional 36 h. Cells were

harvested via centrifugation and the cell pellet was dried for 48 h at room temperature. 1
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gram of cell pellet was mixed with 1:2:0.8 chloroform:methanol:water (v/v/v) and
homogenized for 10 min using Branson Digital Sonifier® 250 cell disruptor with 40%
amplitude and pulse on and off every 5 sec. Water containing 0.8% KCI and chloroform
was added to bring the solvent ratio to 2:2:1.8 chloroform:methanol:water (v/v/v) and
homogenized for another 10 min. The two liquid phases were separated for 2 hours at
room temperature, and the total volume of organic layer (bottom phase) was measured. 1
ml of organic layer was spread on pre-weighed aluminum pans, and the sample was left
to evaporate in chemical hood overnight. Weight was recorded after overnight
evaporation using 3 technical replicates for each of 3 biological replicates per strain

(Bligh and Dyer 1959; Breil et al. 2017).

Oxidative stress tolerance using hydrogen peroxide

Individual colonies of each reconstructed mutant in FY2 were cultured in 5 mL
YPD for 72 h at 200 rpm. Cultures were then normalized to ODeoo ~1.0, and 500 pL of
each normalized sample was treated with 1 M hydrogen peroxide for 1 h in a shaking
incubator at 30 °C. After the shock treatment, 10-fold serial dilutions were performed in
phosphate-buffered saline (PBS). Five uL of each dilution was then spotted on YPD
plates and incubated for 48 h at 30 °C. A separate normalized culture not treated with
H>0, was used as control to ensure consistent normalization and dilution. Strains with
CTT1 deletion were treated with a lower concentration of hydrogen peroxide (100 mM)
for 30 mins in shaking incubator at 30 °C. Three biological replicates per strain were

used for analysis.
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Quantitative RT-PCR

The total RNA of each strain was extracted using Quick-RNA™
Fungal/Bacterial RNA Miniprep kit (Zymo Research) from mid-log phase culture grown
in YPD at 30 °C and 200 rpm. The quantitative reverse-transcriptase real-time PCR
(gRT-PCR) was carried out with 50 ng of total RNA and 0.5 puM of each primer using
gScript™ One-Step SYBR® Green qRT-PCR kit (Quanta Biosciences™) on the
LightCycler® 96 (Roche). ACT1 gene was used as housekeeping control in all
experiments. All primers used are listed in Table 9. The gRT-PCR reaction protocol is
as follows: 50 °C for 10 min for cDNA synthesis and 95 °C for 5 min for Taq activation,
followed by 45 cycles of 95 °C for 10 sec, 60 °C for 20 sec and 72 °C for 30 sec. The
melt curves were continuously acquired from 65 °C to 97 °C at 5 readings/°C. ACtis
obtained by the difference of expression between gene-of-interest and housekeeping
gene (ACT1). AACt was obtained by the difference between delta ACt value of mutant

strain and wild type strain.

Bioreactor study

The seed culture for fermentation was cultured using a single colony inoculated
in 5 mL YPD overnightand then subcultured into 50 mL YPD media. Seed culture was
grown for 24 h at 30 °C and used to inoculate 1 L YPD media in a 3 L bioreactor
(Applikon®) at 30 °C with continuous air feed at 2.6 L/min and online dissolved oxygen
(DO) measurement at 800 rpm. 2 M HCI and 2 M NaOH were used for pH adjustment

set at pH 4.0. Batch bioreactor experiments were run for ~64 hours.
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Lycopene cassette

The heterologous genes CrtE from Blakeslea trispora, CrtB from Pantoea
agglomerans, and Crtl from Blakeslea trispora for lycopene biosynthesis (Chen et al.
2016) were codon optimized for S. cerevisiae and synthesized as gBlocks (Integrated
DNA Technologies). The multigene plasmids were constructed using the MoClo-YTK
plasmid kit (Lee et al. 2015) (Addgene).

Each chemically synthesized gBlock® was introduced into the entry vector
YTKO001 using BsmBI (Thermo Scientific) via Golden Gate assembly protocol described
by (Lee et al. 2015). Each gene (in an entry vector) is then assembled into transcriptional
unit plasmid along with the appropriate promoter and terminator part vectors using Bsal
(Thermo Scientific) via Golden Gate assembly. Finally, different transcriptional units
with each gene expressed under different promoters were joined together and introduced
into pre-assembled URAS integration vector available in the kit YTK096 using BsmBlI.
E. coli DH5a was used for cloning. Chemically competent E. coli cells were prepared
using Zymo Mix & Go! E. coli Transformation Kit and Buffer Set™ (Zymo Research)
and plated on LB agar supplemented with appropriate antibiotics. The lycopene cassette
was transformed into strain FY2 and plated on SC-uracil plates for integration into the
chromosome at the URA3 locus. Red colonies were selected after 3 days of incubation

at 30 °C.

27



Results and Discussion
Genome resequencing revealed mutations in genes not known to be related with

isoprenoids biosynthesis in hyperproducers

To determine the underlying adaptive mutations responsible for improved
production, isolates SM12, SM13, and SM14 from one population and the ancestral
strain YLH2 were subjected to whole genome resequencing in this work. Four to six de
novo mutations were identified from each isolated mutant (see Table 1). Several
identical mutations (e.g. HIS7 389, SRO9/GFD?2 int) were found in more than one
isolated mutant, which was not surprising since these mutants originate from the same

evolving population.

Table 1 List of identified mutations (taken from (Godara et al. 2019))

Strain | Chr | Locatio | Type Gene Mutation Amino acid
n change
SM12 | 2 716,077 | G->A HIS7 HIS7 389 S130L
3 58,825 | T->A | SRO9/GFD2 SRO9/GFD2 intergenic
int
15 977,984 | T->G TYE7 TYE7 86 D29A
mito | 954 -24Abp | tP(UGG)Q/ST15SIR | -24Abp deletion in
NA noncoding
sequence

28



Table 1 Continued

Strain | Chr | Locatio | Type Gene Mutation Amino acid
n change
SM13 |1 204,327 | G->A FLO1 FLO1 925 V3091
2 716,077 | G->A HIS7 HIS7 389 S130L
3 58,825 | T->A SRO9/GFD2 SRO9/GFD2 intergenic
int
6 22,874 | A->G AQY3/DAK2 DAK2/AQY3 intergenic
int
7 354,893 | C->T SCY1 SCY1 1836 16121
mito | 954 -24Abp | tP(UGG)Q/STI15SIR | -24Abp deletion in
NA noncoding
sequence
SM14 | 6 88592 T>G EPL1 EPL1 1754 L585W
7 124954" | insA MDS3 MDS3 insA nonsense mutation
124955
13 361550 | G>A YMRO045C & YMRCTy1-3 H360Y
YMRO046C 1078
15 330827 | A>C ALG6 ALG6 1411 S471R
2 716077 | G>A HIS7 HIS7 389 S130L

Among the de novo mutations that are identified in more than one isolate, a 24 bp

mitochondrial deletion was found 152bp downstream of the mitochondrial proline tRNA
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gene tP(UGG)Q in mutants SM12 and SM13. Since this is a mutation in the
mitochondria and difficult to analyze, this mutation was omitted from further
characterization in this study. A missense mutation in HIS7 389 was identified in all
sequenced mutants, indicating that this mutation arose early on during the evolution
experiment. Using kinetic quantitative-PCR, the relative frequency of this mutation was
estimated in population samples (revived from frozen stocks) from the evolution
experiment. The results showed that the HIS7 389 mutation was present in ~99% of the
population very early on during the evolution, after the first cycle of H.O> challenge
(Reyes et al. 2014), strongly suggesting this to be a jackpot mutation (Luria and
Delbruck 1943), which is a mutation that arose very early on in the experiment. HIS7
encodes the imidazoleglycerol phosphate synthase gene, which is involved in histidine
biosynthesis, and does not have an obvious role in B-carotene production. Indeed,
subsequent verification experiments revealed that the mutation in HIS7 389 confers no
benefit to general fitness nor oxidative stress tolerance (later sections). A common
intergenic mutation between SRO9/GFD2 was identified in 2/3 sequenced mutants.
Sro9 is a La-motif-containing protein and is known to be involved in translation (Sobel
and Wolin 1999), and Gfd2 is currently a protein of unknown function. Mutations in the
intergenic region of these two genes may potentially impact the expression of one or
both genes; and in the case of Sro9, potentially lead to global changes in gene expression
if impacted.

A common intergenic mutation between SRO9/GFD2 was identified in 2/3

sequenced mutants. Sro9 is a La-motif-containing protein and is known to be involved
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in translation (Sobel and Wolin 1999), and Gfd2 is currently a protein of unknown
function. Mutations in the intergenic region of these two genes may potentially impact
the expression of one or both genes; and in the case of Sro9, potentially lead to global
changes in gene expression if impacted.

A total of 8 unique mutations were identified among the sequenced strains: 5
non-conservative missense mutations (TYE7 86 in SM12, FLO1 925 in SM13, and EPL1
1754, YMRCTy1-3 1078, and ALG6 1411 in SM14), 1 intergenic mutation (between
DAK2/AQY3 in SM13), 1 frame shift mutation (in MDS3 in SM14) and 1 synonymous
point mutation (in SCY1 in SM13). The intergenic mutation in DAK2/AQY3 may play a
role in stress adaptation as Dak?2 is involved in stress adaptation and is required for
detoxification of dihydroxyacetone (Molin et al. 2003), and Aqy3 is reported to play a
role in passive glycerol diffusion (Oliveira et al. 2003). The mutation in TYE7 can
potentially lead to changes in gene expression as it is a regulator and acts as a
transcriptional activator in Tyl-mediated gene expression (Lohning and Ciriacy 1994).
Epll is involved in epigenetic regulation, and is known to control the expression of
genes involved in DNA repair, ubiquitylation and other stress responses (Dohmen et al.
2007; Goossens et al. 2015; Stankunas et al. 1998), thus a mutation in EPL1 can
potentially impact general adaptation. Flo1l promotes adhesion of yeast cells and
formation of cell clumps, which can protect cells from environmental stressors
(Smukalla et al. 2008); however, based on microscopic inspection of SM13 (which
contains the FLO1 mutation), no obvious clumping of the cells was observed (data not

shown). The mutation in SCY1 is a synonymous point mutation, while we do not expect
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the function of the gene to be altered, synonymous mutations have been shown to impact
gene expression (Bailey et al. 2014; Kudla et al. 2009). Scyl plays a role in sterol
transport (Sullivan et al. 2009), thus a synonymous mutation in this gene can potentially
alter lipid content in the cell. Alg6 encodes an endoplasmic glucosyltransferase (Reiss et
al. 1996) and is involved in cell wall assembly (Arias et al. 2011). The mutation in
MDS3 identified in SM14 is a frameshift mutation near the N-terminus of the protein,
strongly suggesting this to be an inactivating mutation. Mds3 regulates sporulation in S.
cerevisiae (Benni and Neigeborn 1997) and deletion in MDS3 has been shown to
negatively impact resistance to oxidants (Higgins et al. 2002); thus the reason this
mutation was selected for during oxidative stress challenge needs further investigation.
The YMRCTy1-3 encodes components of the Ty1 retrotransposon; Ty1 insertion
mutations are known to impact fitness and are observed in laboratory evolution
experiments (Gresham et al. 2008; Wilke and Adams 1992); thus, mutation in

YMRCTy1-3 can potentially impact fitness.

Assessing the impact of identified mutations on general fitness and p-carotene yield

in reconstructed mutants in the carotenogenic ancestral strain YLH2

Mutations that may be selected for in our prior ALE experiment include those
that lead to increased H20: resistance (e.g. via increased production of the antioxidant 3-
carotene) or confer benefits on general fitness. To assess impacts of each mutation, all

mutations (except for the mitochondrial mutation) identified in SM12, SM13 and SM14
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were introduced into YLH2 strain individually to generate strains YAGO01 to YAG10.
The growth Kkinetics results showed no significant differences in the specific growth rates
(1) of most of the reconstructed mutants compared with the parental strain YLH2 (See
Table 2). However, all of the mutations led to significant reductions in the duration of
the growth lag from ~4 h in parental strain YLH2 to between ~0.4 h—2 h in the
reconstructed mutants, which likely contributed to their selection in the ALE experiment.
Table 2 Growth kinetics of reconstructed mutants. Two-tailed student t-test was

used to calculate p-values comparing with YLH2. Bold: p-value <0.001 compared
with YLH2 using two-tailed Student t-test (taken from (Godara et al. 2019))

_ _ Specific Lag phase OD after
Strain Mutation growth rate (hours) 24hr
(per hour) (AvgtStdev)

YLH2 0.28+0.02 4.29+0.23 | 0.98+0.05
YAGO01 | HIS7 389 (a) 0.23+0.01 |0.76£0.17 | 0.82+0.06
YAGO02 | SRO9/GFD2 int (b) 0.28+0.00 |0.96+0.12 | 0.94+0.02
YAGO03 | TYE7 86 (c) 0.26+0.02 | 0.66 +0.23 | 0.91+0.03
YAGO04 | FLO1 925 (d) 0.22+0.01 |0.45+0.17 | 0.90+0.05
YAGO05 | DAK2/AQY3 int (e) 0.23+0.01 |0.91+0.19| 1.01+0.09
YAGO06 | SCY1 1836 (f) 0.27+0.01 |0.45+0.17 | 0.97+0.03
YAGO7 | EPL1 1754 (g) 0.20+0.00 |1.87+0.12 | 0.94+0.04
YAGO08 | ALG6 1411 (h) 0.24+0.02 |1.16+0.23 | 1.00+0.05
YAGO09 | MDS3 ins (i) 0.27£0.01 |0.35+£0.12 | 0.96+0.05
YAGI0 | YMRCTy1-31078 (j) | 0.27+0.01 |0.40+0.16 | 1.11+0.12

The impacts of each mutation on carotenoids production was evaluated. Overall,
the results showed that the majority of mutations alone conferred a positive impact on
carotenoids production (see Figure 4A). The intergenic mutation between SRO9/GFD2

(YAGO02) led to a significant increase in -carotene content, with yield of 17.9+0.1 mg/g
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DCW in YAGO02 compared with 9.8+ 0.3 mg/g DCW in YLH2 and both evolved
mutants that contain this mutation (SM12 [15.1+ 0.2 mg/g DCW] SM13 [14.2+ 0.1 mg/g
DCW]). In SM14, the single mutation in YMRCTy1-3 alone resulted in B-carotene yield
of 20.5£0.2 mg/g DCW (YAG10), slightly exceeding the 19+0.1 mg/g DCW observed

in strain SM14 (p-value ~ 0.003).
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Figure 4 B-carotene production of evolved and reconstructed mutants. A) Single
mutations; asterisks: p-value < 0.05 using 2 tailed Student t-test against YLH2. B)
Reconstructed evolved mutants. C) Multiple mutations; asterisks: higher
production compared with SM14 with p-value < 0.05 using 2 tailed Student t-test.
Mutations: (a) HIS7 389, (b) SRO9/GFD2 int, (c) TYE7 86, (d) FLO1 925, (e)
DAK2/AQY3 int, (f) SCY1 1836, (g) EPL1 1754, (h) ALG6 1411, (i) MDS3 ins, (j)
YMRCTy1-3 1078 (taken from (Godara et al. 2019))
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These results suggest that one or more of the other mutations present in SM12,
SM13 and SM14 were detrimental to product yield. Indeed, the jackpot mutation in
HIS7 389 that is present in all three sequenced mutants caused a significant decrease in

[-carotene yield when introduced into YLH2 (3.7+0.6 mg/g DCW).

Assessing the effects of combinations of mutations on p-carotene production.

All mutations (except for the mitochondrial mutation) identified in each
sequenced evolved mutant were reconstructed in the YLH2 parental background to
determine whether the B-carotene yield in the isolated hyperproducers can be fully
recapitulated. The results for the resulting strains YAG11 (SM12), YAG12 (SM13), and
YAG13 (SM14) are shown in Figure 4B. Surprisingly, combining the selected
mutations led to significant decrease in product yield (~8 mg/g DCW in all three
reconstructed mutants) compared with SM12, SM13, and SM14. The results suggest
that the mitochondrial mutation in SM12 and SM13 likely plays a role on p-carotene
yield and/or that there are additional undetected beneficial mutations in the
hyperproducers.

Since all three hyperproducers contain the detrimental mutation in HIS7, we
reconstructed SM12, SM13, and SM14 strains without the HIS7 mutation (resulting in
strains YAG14, 15, and 16, respectively) to assess the extent of the negative impacts of
this mutation in the multiple-mutations backgrounds. Results are shown in Figure 4B.

YAG14-16 contain the same mutation combinations as that of YAG11-13, respectively,
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with the exception of the HIS7 389 mutation. Interestingly, strains YAG14 and YAG15
produced more f3-carotene than SM12 and SM13 (p-value < 0.01), respectively, and
YAG16 produced nearly as much as SM14. It is likely that due to the asexual nature of
the ALE experiment, this detrimental HIS7 mutation for B-carotene production was not
able to be removed from the hyperproducers, leading to a reduction in the overall -
carotene yield in these strains.

Since multiple mutated genes were identified to have beneficial effects on f3-
carotene yield, we generated mutants containing combinations of mutations identified in
different evolved strains (resulting strains YAG17 to YAG30) to determine whether
superior combinations can be generated from these single mutations. All the superior
recombinants identified (YAG22, YAG23, YAG26-YAG29) contain the AQY3/DAK2
intergenic mutation, with the exception of YAG30 which contains the SRO9/GFD2
intergenic mutation and the YMRCTy1-3 mutation. The best combination comprises of
the YMRCTy1-3 1078, ALG6 1411, and the AQY3/DAK?2 int mutations (YAG28), which
exhibited a 3-carotene yield of 24.9 £ 0.5 mg/g DCW (Figure 4C). This superior strain
exceeded the yield of the best evolved mutant SM14 by ~30%. The performance of
YAG28 was further quantified using a benchtop bioreactor, and a g-carotene yield of
37.8+£1.9 mg/g DCW, which is ~82% higher compared with SM14 (20.7+£3.1 mg/g
DCW), was observed. YAG28 also showed higher growth in the fermenter, reaching an
ODsoo around 20 as compared to SM14 which only reaches ODegoo around 17 after 64

hours (p-value = 0.015 using two-tailed student t-test).
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Decoupling the impacts of each mutation on hydrogen peroxide stress tolerance and

B-carotene production

We had previously hypothesized that oxidative stress tolerance can be used as a
selectable phenotype for increased f-carotene production in our prior ALE experiment,
which led to the use of oxidative stress as the selective pressure (Reyes et al. 2014). Itis
possible that the mutations identified in the isolated hyperproducers conferred oxidative
stress tolerance independent of B-carotene production, and that the increased
productivity was a secondary effect. To determine whether this is the case, all single
mutations (except for the mitochondrial mutation) were reconstructed in a wild-type
S288c strain (FY2) and subjected to short-term H2O> challenge. Since B-carotene itself
is an antioxidant and protects against oxidative stress damage, we reconstructed these
mutations in a strain that does not contain the carotenogenic cassette to decouple
oxidative stress tolerance conferred by the mutation alone from that conferred from
production of -carotene.

As shown in Table 3, mutations in MDS3 (YAG39), EPL1 (YAG37), FLO1
(YAG34), and ALG6 (YAG38) conferred increased tolerance to H,O> challenge in the
non-carotenogenic background. On the other hand, mutations in SCY1 (YAG36),
YMRCTy1-3 (YAGA40), and the intergenic mutations in DAK2/AQY3 (YAG35) and
SRO9/GFD2 (YAG32) resulted in decreased tolerance to hydrogen peroxide stress. This
result runs counter to prior study showing that null mutation in MDS3 led to decreased

tolerance to H>O> (Higgins et al. 2002). One possible explanation for this discrepancy is
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the level of hydrogen peroxide used. In Higgins et al, null mutation in MDS3 was
shown to exhibit reduced growth in the presence of 4 mM of H20- in the culture media
(Higgins et al. 2002) whereas in our study, the MDS3 ins mutation was found to exhibit
increased viability after 1 h exposure to 1 M H202. Prior study found MDS3 null mutant
to exhibit reduced cell death in the presence of antifungal compounds (tunicamycin and
dithiothreitol) that disrupt proteins/enzymes in the endoplasmic reticulum (ER) (Kim et
al. 2012), suggesting that Mds3 is a death-promoting factor induced by ER stress. It
may be possible that Mds3 has a death-promoting effect in the presence of high
concentration of H2O> similar to exposure to tunicamycin or dithiothreitol, and the
inactivating MDS3 ins mutation led to increased viability. Interestingly, ALG6 null
mutant exhibits increased resistance to fluconazole, which disrupts a protein localized in
the ER (Kapitzky et al. 2010). It is possible that the ALG6 1411 mutation led to a
similar tolerance mechanism as MDS3 ins; however, it is not known if the missense
mutation is an inactivating mutation.

The intergenic mutation between SRO9/GFD2 and the missense mutation in
YMRCTy1-3 that led to the highest increase in B-carotene yields in YLH2 background
(YAGO02 and YAG10, respectively), both caused significant reductions in hydrogen
peroxide tolerance in the non-carotenogenic background (strains YAG32 and YAGA40,
respectively); suggesting that the two most beneficial mutations for f-carotene
production were not selected due to beneficial effects in H2O: tolerance that are

independent of carotenoids production.
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To test the validity of the original hypothesis that increased -carotene
production enhances H20- tolerance, the B-carotene biosynthesis cassette was introduced
into each of the reconstructed mutants in FY2 to generate carotenogenic versions of each
mutant. The resulting strains are YAG46-Y AG55 with wild-type control YAG45. The
[-carotene yields from the FY2 reconstructed mutants (Table 3) were, in general, lower
compared with those in the YLH2 background, but the trend as to which mutations
conferred the highest increase in production was consistent. The two mutations
(SRO9/GFD2 int and YMRCTy1-3 1078) that caused significant decreases in H.0>
tolerance in the non-carotenogenic background (YAG32 and YAG40) showed the
highest level of B-carotene yield in their carotenogenic counterparts (YAG47 and
YAGbH5). YAG47 and YAGDH55 also exhibited significant increases in H20; tolerance,
demonstrating that increased production of B-carotene is the cause of increased oxidative
stress tolerance in these strains. Two of the mutations (SCY1 1836 and the DAK2/AQY3
int) that exhibited decreased H.O> tolerance compared with the wild-type control in the
non-carotenogenic background both exhibited no difference in H.O> tolerance relative to
wild-type control in the carotenogenic versions along with modest increases in -
carotene yield; suggesting that increased p-carotene production helped to overcome the
negative impacts of SCY1 1836 and DAK2/AQY3 int mutations on oxidative stress
tolerance. For the mutations that showed enhanced H>O> tolerance in the non-
carotenogenic background, the level of H20> tolerance appears to be independent of f3-

carotene production.
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Table 3 Impacts of mutation on relative H20: tolerance in non-carotenogenic,
carotenogenic, and carotenogenic strains lacking CTT1 (taken from (Godara et al.

2019))
FY2 FY2+carotenogenic FY2+Acttl+carotenogenic
Mutation Strain relative Strain relative | B-carotene | Strain relative | B-carotene
H20, H20: (mg/g H202 (malg

tolerance tolerance DCW) tolerance DCW)
wild-type FY?2 YAG45 72+01 | YAG56 6.8+0.2
HIS7 389 YAG31 ND YAG46 ND 250 YAG57 ND 24+0.3
SCY1 1836 YAG36 - YAG51 ND 94+09 | YAG62 ND 9.3+0.1
MDS3 ins YAG39 + YAG54 + 9.7+0.3 | YAG65 + 9.3+0.1
EPL1 1754 YAG37 + YAG52 + 10.5+0.1 | YAG63 + 10.3+0.2
DAK2/AQY3 | YAG35 - YAG50 ND 1050 YAG61 ND 10.3+0.2
int
FLO1 925 YAG34 + YAG49 + 11.2+0.2 | YAG60 + 10.8+ 0.5
ALG6 1411 YAG38 + YAG53 ND 114+0.1 | YAG64 ND 11.3+01
TYE7 86 YAG33 ND YAG48 ND 11.2+0.1 | YAG59 ND 11.2+0.2
SRO9/GFD2 | YAG32 - YAGA4T + 155+0 | YAG58 + 15.3+0.2
int
YMRCTy1-3 | YAG40 - YAG55 + 16.4+0.1 | YAG66 + 15.7+0.3
1078

ND: not different from wild-type

+: ~10X higher survival compared to wild-type
- ~10X lower survival compared to wild-type

Samples were treated with 1 M H2O> for 1 hour. The Actt1 samples were treated with
100 mM H20; for 30 minutes.

Bold: p-value < 0.005 using two-tailed Student t-test compared with wild-type

41




We further generated a ACTT1 strain to determine whether the presence of the
cytosolic catalase gene significantly influences the relative H.O tolerance and p3-
carotene production in these mutants. Results showed very similar trends in both
relative oxidative stress tolerance and p-carotene yields in the wild-type versus ACTT1
strains (see Table 3), suggesting that the conclusions drawn regarding the impacts of
each mutation on oxidative stress tolerance and B-carotene production are valid in both
the CTT1 wild-type and ACTT1 backgrounds.

Overall, the data strongly suggest that the ALE strategy selected for few
mutations that primarily increased H»O: tolerance independent of (3-carotene production
(e.g. MDS3 ins), several mutations that conferred increased H,O> tolerance both
independent and dependent of increased p-carotene production (EPL1 1754, FLO1 925,
and ALG6 1411), and mutations that conferred increased oxidative stress tolerance solely
due to increased B-carotene production (SCY1 1836, DAK2/AQY3 int, TYE7 86,
SRO9/GFD2 int, and YMRCTy1-3 1078). The mutations that conferred the highest
increases in pB-carotene yield were not selected for as a result of impacts other than
increased product formation, suggesting that the oxidative stress challenge strategy used
in the ALE experiments primarily selected for mutants with higher product yield as

intended.
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Total lipid content in reconstructed strains

Previous global gene expression profiling of a subset of the isolated adaptive
mutants revealed upregulation of key genes involved in lipid biosynthesis (Reyes et al.
2014), suggesting lipid metabolism may be perturbed in the carotenoids hyperproducers.
Indeed, when cultured under low nitrogen conditions, which has been shown to increase
lipid content of oleaginous yeasts (EVANS and RATLEDGE 1984; Kolouchova et al.
2016; Sitepu et al. 2013) and algae (Fakhry and EI Maghraby 2015; Richardson et al.
1969), strain YLH2 showed increased B-carotene yield (by ~298%) and total fatty acid
content (Olson et al. 2016). To determine whether any of the mutations analyzed here
impact lipid content, the relative lipid contents of these mutants were analyzed using
Raman spectroscopy. Based on prior reports (Czamara et al. 2015; Weatherston et al.
2018) and comparison between the spectra of carotenogenic strain YLH2 and a non-
carotenoid producing strain FY2, Raman peaks were identified for total fatty acid at
1449 cm, unsaturated fatty acid at 1663 cm™, and carotenoid at 1156 cm™. Raman
analysis was conducted for YLH2, SM14, all reconstructed single mutants (YAGOL1 to

YAG10), and the best producers generated YAG22 and YAG28.
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Figure 5 Relative Raman peak intensity ratios compared with YLH2. FA: fatty
acid. Error bars represent a confidence interval about the sample mean, with p =
0.90. Mutations: (a) HIS7 389, (b) SRO9/GFD2 int, (c) TYE7 86, (d) FLO1 925, (e)
DAK2/AQY3 int, (f) SCY1 1836, (g) EPL1 1754, (h) ALG6 1411, (i) MDS3 ins, (j)
YMRCTy1-3 1078 (taken from (Godara et al. 2019))

Results showed no significant differences in unsaturated fatty acid content in any
of the reconstructed mutants compared with parental strain YLH2 (Figure 5). Thus, to
compare between various mutants, the total fatty acid signal of each strain was
normalized by its carotene signal and weighted by its carotene yield (equation shown in
Materials and Methods). This yields a lipid indicator that is proportional to the quantity
of total fatty acid per cell dry weight for each strain. All Raman data was further
normalized against the carotenogenic parental strain, YLH2, in Figure 5. While the

majority of strains tested showed relative lipid indicator values > 1, YAG10 and YAG28

exhibited the highest lipid content with relative lipid indicators ~4.5-fold and ~3.5-fold
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greater than YLH2, respectively. Both YAG10 and YAG28 showed higher lipid
indicators compared with SM14 (~2). These data suggest that increased -carotene yield
observed in strains YAG10 and YAG28 were likely partially due to increased lipid

content of the strains.
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Figure 6 A) Correlation between lipid indicator obtained from Raman spectroscopy
analysis and total lipid quantification results using the Bligh and Dyer method.
Error bars are standard errors based on three biological replicates and three
technical replicates each for lipid quantification results and three biological
replicates and sixteen technical replicates for Raman spectroscopy analysis.

YAG10 contains the YMRCTy1-3 1078 mutation (j) and YAG28 contains ALG6
1411 (h), DAK2/AQY3 int (e), and YMRCTy1-3 1078 (j) mutations. B) Ratio of total
lipid between hyperproducers vs ratio of beta-carotene production relative to
YLH2 (taken from (Godara et al. 2019))

To validate the Raman spectral results, the total lipid content of strains YLH2,
SM14, YAG10 and YAG28 was measured. Results are shown in Figure 6. The lowest
amount of total liquid was observed in YLH2 with 48.7 + 1.8 mg/g DCW. Results for

SM14 showed 88.4 + 2.8 mg/g DCW total lipid. Strains YAG10 and YAG28, which

showed the highest lipid indicators, contained 120.5 + 4.6 mg/g DCW and 103.0 £ 2.7
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mg/g DCW of total lipid, respectively. The results from the gravimetric method and the
lipid indicator values from Raman spectroscopy analysis showed linear correlation (R?
value =0.9153) (Figure 6A). The level of increase in total lipid also positively
correlates with increase in amount of B-carotene produced (Figure 6B). Overall, the
increased lipid content in strains with higher B-carotene yields based on lipid indicators

from Raman spectroscopy analysis is supported by total lipid quantification.

Mutations that confer increased B-carotene yield also increase lycopene production

To determine if the identified beneficial mutations for B-carotene production can
also benefit the production of other carotenoids, we constructed the three best
combinations of mutations (JALG6 1411 and AQY3/DAK2 int], [ALG6 1411, EPL1 1754
and AQY3/DAK2 int] and [ALG6, AQY3/DAK2 int and YMRCTy1-3 1078]) in non-
carotenogenic strain FY2, to generate strains YAG42, YAG43 and YAGA44, respectively.
The heterologous genes crtE, crtB and crtl for lycopene biosynthesis were integrated
into these strains to generate lycopene-producing versions of these mutants. A control
strain (YAG41) with just the lycopene biosynthetic genes integrated into FY2 was also
constructed. As shown in Figure 7, the control strain produced 30.2 £ 0.3 mg/g DCW
of lycopene. In strain YAG42, a 26% increase in lycopene production was observed,
with total lycopene yield of 38.2 + 0.3 mg/g DCW. The best combination of mutations
for B-carotene production (ALG6 1411, AQY3/DAK2 int and YMRCTy1-3 1078) was also

the best combination observed for lycopene production, with strain YAGA44 producing
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42.5 £ 0.3mg/g DCW. Based on knowledge gained from ALE experiments, we
successfully generated a strain that achieved ~40% increase in lycopene yield compared

with the wild-type YAGA41.
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Figure 7 Effect of beneficial mutations on lycopene production. Asterisk: p-value <
0.05 using 2-tailed student t-test compared with YAG41. Mutations: ()
DAK2/AQY3 int, (g) EPL1 1754, (h) ALG6 1411, (j) YMRCTy1-3 1078 (taken from
(Godara et al. 2019))
Expression level of adjacent genes to intergenic mutations

Among the 9 reconstructed mutants in YLH2, 7 (in TYE7, FLO1, EPL1, ALGS,
and YMRCTy1-3, intergenic region between DAK2/AQY3 and intergenic region between
SRO9/GFD2) showed statistically significantly increased f-carotene production, and 2
(in SCY1 and MDS3) did not. Among the beneficial mutations for 3-carotene yield, the

missense mutation in YMRCTy1-3 (strain YAG10) resulted in the largest increase in

yield to 20.5£0.2 mg/g DCW (Figure 2A). Ty elements have been known to alter the
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expression of neighboring genes; and a non-synonymous mutation can potentially result
in changes in expression of downstream genes. Even though the two genes (NUP116
and 10C4) flanking YMRCTy1-3 are either upstream or divergently transcribed relative
to YMRCTy1-3, we assessed the potential impact of this mutation on those genes using
gRT-PCR (see supplementary info). As expected, the results showed no changes in gene
expression of either of these two genes (Table 11). While the strain with the point
mutation in YMRCTy1-3 may have been adaptive due to possible changes in activity of
the Tyl element, it is difficult to envision how this may impact production and fitness in
the reconstructed single mutant. The exact mechanism by which this point mutation led
to increased B-carotene yield and general cellular fitness (reducing duration of lag phase)
will be investigated in future work.

The remaining 5 beneficial mutations had moderate impacts on product yield;
these include a mutation in the intergenic region between DAK2 and AYQ3. Aqy3 is
reported to play a role in passive glycerol diffusion (Oliveira et al. 2003). Dak2 is
involved in stress adaptation and is required for detoxification of dihydroxyacetone
(Molin et al. 2003), which may be formed from glycerol in the presence of hydrogen
peroxide. The intergenic mutation may have led to changes in relative transcript
abundance of DAK2 and/or AQY3, potentially conferring the mutant a fitness advantage
during the adaptive laboratory evolution by impacting cellular tolerance to H2O>;
although the relationship between known functions of these genes and carotenoids
production is not obvious. Surprisingly, qRT-PCR results revealed no significant

changes in gene expression of either of these genes (see Table 11).
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gRT-PCR data correlates with Raman and stress tolerance experiments

The conversion of HMG-CoA to mevalonate, catalyzed by Hmgl/Hmg2, is a
rate-limiting step in sterol biosynthesis (Rodwell et al. 1976). Increasing expression of
this gene has been successfully used as a strategy to improve flux towards terpene
biosynthesis (Jackson et al. 2003; Ro et al. 2006). Quantitative reverse transcription
PCR (qRT-PCR) was used to determine whether any of the mutations identified in the
hyperproducers caused changes in relative transcript abundance of HMGL1. Results
showed no significant increase in expression of HMGL1 in all strains tested (Table 12).
Hmg1 expression is also regulated at the translational and post-translational levels
(Dimster-Denk et al. 1994; Hampton and Rine 1994), thus the gRT-PCR results do not
preclude the possibility that one or more of the mutations being studied have an impact
on Hmg1 activity.

In our earlier work, we observed a few genes involved in lipid biosynthetic
process to be differentially upregulated in the carotenoids hyperproducers (Reyes et al.
2014). Since Raman spectroscopy analyses also showed increased lipid content in
several of the reconstructed mutants, the expression of a subset of lipid biosynthesis
related genes that were found to be upregulated in the evolved mutants (CYB5, EEB1,
and NSG1) were measured using qRT-PCR in several of the reconstructed mutants. The
CYBS5 gene encodes for cytochrome b5, which is involved in the sterol and lipid
biosynthesis pathways by serving as an electron donor to cytochrome P450 (Truan et al.
1994). An increase in CYBS5 relative transcript abundance was observed in strains with

the highest p-carotene yields (see Table 12); specifically, strains YAGO02 (intergenic
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mutation between SRO9/GFD2), YAG10 (mutation in YMRCTy1-3) and YAG28
showed at least a 3-fold increase in CYB5 gene expression compared with YLH2.
Interestingly, even though the intergenic mutation in SRO9/GFD2 did not lead to any
significant changes in the relative transcript abundances of SRO9 or GFD2, the mutation
caused a significant increase in CYB5 expression in YAGO02. The originally isolated
hyperproducer SM14 also showed ~2.5 fold increase in CYB2 gene expression. EEB1 is
involved in medium-chain fatty acid ethyl ester biosynthesis, with a preference for
octanoyl-CoA as substrate (Saerens et al. 2006). Upregulation of this gene may lead to
changes in cell membrane structure, although the exact relationship or mechanism of
upregulation of this gene with increased carotenoids production is not clear. Besides
being upregulated in SM14, EEB1 also showed increased expression in reconstructed
mutants with increased B-carotene yields (YAG10 and YAG28 strains). However, no
clear trend correlating EEB1 expression and -carotene yield was observed.
Interestingly, EEB1 expression was significantly downregulated in strain YAGO09, which
contains the mutation in MDS3, compared with YLH2. Whether the differential
expression of EEBL1 as a result of the mutation in MDS3 plays any role in the negative
epistasis between the MDS3 ins and other mutations on (3-carotene yield remains to be
explored. NSG1 has been identified to play a key role in reducing Hmg2p degradation
(Flury et al. 2005), and was found to be upregulated in B-carotene hyperproducers
(Reyes et al. 2014); no correlation between expression of this gene and B-carotene yields

was observed among all reconstructed strains tested. Overall, the data showed that
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expression level of select genes in lipid biosynthesis appears to correlate with increase in

lipid content but not necessarily in B-carotene yield.

Validation of spectroscopy data using high performance liquid chromatography

C18 column Agilent ZORBAX Eclipse Plus was used for all experiments with
mobile phase 50:30:20 (v/v/v) of acetonitrile: methanol: isopropanol at 1 mL/min flow
rate. Column temperature was kept constant at 40 °C and 450 nm wavelength was used
for VWD detector for species detection. Standards of -carotene and lycopene obtained
from Sigma was dissolved in multiple amounts in dodecane to obtain a standard
calibration curve HPLC. B-carotene in 3 yeast strains (YLH2, SM14 and YAG28) and
their 3 biological replicates was tested, once extracted using cell disruption as described
in section 2.6, using dodecane layer.

Amount of B-carotene observed from HPLC and amount observed from Tecan
microplate reader at OD4ss showed a strong correlation with R? values of 0.9916 as can
be seen in Figure 21. Even though we also observed lycopene in f-carotene producing
strains (Figure 21 d), the amount of lycopene produced is small (between 2.9%-5.3% of
[-carotene). The relatively small amount of lycopene is not expected to significantly
interfere with B-carotene quantification using absorbance measurements. Indeed, as
shown in Figure 21(e), B-carotene quantification results using absorbance measurements
at ODa4s4 correlated well with quantification using HPLC. Due to the ease of
absorbance-based measurements, this was used for quantification of carotenoids in all
strains tested.
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Lycopene expression with different promoter

To optimize lycopene production in yeast, genes CrtE, CrtB and Crtl were
expressed under different combinations of constitutive promoters with varying strengths:
pTDH1, pCCW12 and pPGK1 in order of decreasing strength(Lee et al. 2015). Six
integration plasmids at the URA3 locus were constructed and integrated into FY2 to
generate 6 lycopene producing strains (see Table 7). Results show that promoter
combinations have a significant impact on lycopene production (Table 13). The highest
production was observed when CrtE was expressed under pPGK1, CrtB under pTDH3
and Crtl under pCCW12 promoter with 30.084 + 0.4 mg/g DCW of lycopene

production.

Potential synergistic effect between various mutations on p-carotene production

The existence of potential synergistic interactions between mutations on
production was assessed using an additive model. Interestingly, all combinations tested
exhibited negative epistasis except for 1 combination: AQY3/DAK2 int and ALG6
1411 mutations, which exhibited positive synergistic effect on carotenoids production
(Figure 22). In addition, while the MDS3 ins mutation alone was neutral for 3-carotene
production, the results showed that the MDS3 ins mutation exhibited negative epistatic
interactions in all combinations tested. As the insertional mutation in MDS3 likely led
to inactivation of the gene, it is possible that a functional Mds3 is important for -

carotene production in yeast.
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Conclusions

In our prior work, we hypothesized that increased productivity of B-carotene, a
compound with antioxidant properties, is correlated with tolerance to oxidative stress.
Using hydrogen peroxide as the selective pressure in adaptive laboratory evolution
experiments, mutants with enhanced production of B-carotene were successfully isolated.
In ALE experiments, the phenotypes of the mutants selected are dependent on the
selection strategy. While we successfully isolated hyperproducers, it was not clear if p-
carotene production was the primary phenotype being selected for, or if it was a
secondary consequence of increased oxidative stress tolerance during the ALE
experiment. In this work, we sequenced the B-carotene hyperproducers from the ALE
experiments, identified beneficial mutations for B-carotene production, and demonstrated
that the most impactful beneficial mutations for B-carotene production did not confer
enhanced tolerance to hydrogen peroxide in the absence of carotenoids production. The
results strongly suggest that the increased production of the desired antioxidant
compound was indeed the phenotype selected for using this ALE strategy. By
generating combinations of mutations identified from different B-carotene
hyperproducers, we identified a superior combination of mutations that led to ~30%
increase in B-carotene yield in test tubes and ~82% using a benchtop bioreactor
compared with the best evolved hyperproducer SM14. Using Raman spectroscopy, total
lipid quantification, and qRT-PCR, we found that the best B-carotene producers exhibit
increased lipid biosynthesis. Finally, to demonstrate the broad utility of the findings

from this work, we rationally constructed an improved lycopene producer using the best
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combinations of mutations identified for B-carotene, resulting in a strain that produces
~40% more lycopene (42.5+0.3 mg/g DCW) compared with the baseline strain. In
conclusion, we have successfully identified additional genes important for increasing
carotenoids yields in yeast, which cannot currently be determined using rational
approaches, and we have demonstrated that these mutations confer benefits to the

production of carotenoids other than p-carotene.
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CHAPTER 111
ADAPTIVE LABORATORY EVOLUTION OF B-CARYOPHYLLENE PRODUCING
Saccharomyces Cerevisiae
Background

Terpenoids are the largest and most diverse family of plant-derived compounds
found in nature. Due to their wide industrial applications ranging from fuel alternatives,
nutraceuticals, pharmaceutics etc., terpenoids are high-value compounds. Terpenes are
secondary metabolites that are derived from Cs precursor isopenteny! diphosphate (1PP)
or dimethylallyl diphosphate (DMAPP) (Arigoni et al. 1997; Asadollahi et al. 2008).
Extracting them from their natural source is usually not economical because of their low
abundance. Microbial-based biosynthesis of terpenoids is a sustainable alternative for
industrial production (Ignea et al. 2018; Wang et al. 2018; Wu et al. 2018).

Sesquiterpene is a family of terpenoids containing three isoprene units and they
can be monocyclic, bicyclic or tricyclic in structure (Hsni et al. 2007; Russo et al.
2017). p-caryophyllene is a bicyclic sesquiterpene and has antioxidant and anti-
inflammatory properties, with potential applications as an aircraft fuel alternative,
antioxidant, anti-inflammatory product (Dahham et al. 2015; Tundis et al. 2017).
Microbial production of B-caryophyllene has been demonstrated in E. coli and
cyanobacteria reaching titers of ~1.5 g/L in a fed-batch bioreactor and 46.6 ng/L,
respectively (Reinsvold et al. 2011; Yang and Nie 2016).

Apart from rationally engineering the known terpenoid biosynthesis pathway,

due to complex and interlinked nature of metabolic network and cellular physiology,
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genes and pathways not directly connected to the biosynthetic pathway may influence
product formation (Alper et al. 2005; de Ruijter et al. 2017). A clear knowledge of the
genotype-phenotype relation for product formation is not fully known. Thus,
complementary techniques to rational engineering such as screening deletion or
overexpression libraries (Arlt et al. 2011; Prelich 2012; Stevenson et al. 2001) and
adaptive laboratory evolution (ALE)-based strategies (Portnoy et al. 2011; Reyes et al.
2014) can help to identify additional gene and/or pathway targets related with increasing
product formation. In recent work, Promdonkoy et al utilized both rational engineering
and ALE to improve the D-xylose utilization and isobutanol production in
Saccharomyces cerevisiae (Promdonkoy et al. 2020). In another work, Rugbjerg et al
showed evolved Escherichia coli MG1655 which utilizes glucose more efficiently due to
a mutation in rpoB also exhibited improved mevalonate productivity (Rugbjerg et al.
2018).

Previously, we developed an environmental engineering-based strategy using
ALE to improve product formation of an intracellular product with antioxidant
properties by applying periodic oxidative stress challenge (Reyes et al. 2014). With
extracellular products, the same strategy may fail due to potential “cheating” by non-
producers in the population. In this work, we explore the potential application of ALE
for the production of an extracellular product B-caryophyllene in S. cerevisiae. Initial
strain optimization led to a strain producing ~3.8mg/g DCW B-caryophyllene. The
optimized strain was used to design an optimum oxidative stress challenge strategy to

improve product formation using ALE. Using the optimized strategy, evolved mutants
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that exhibit a 4-fold increase in -caryophyllene biosynthesis were isolated and
characterized. Two mutations were identified to be responsible for the enhanced

production phenotype observed.

Materials and methods

Strains, plasmids and growth conditions

All yeast strains used in this work are derivatives of S288c and listed in Table
17. S. cerevisiae strain BY4741 (MATa, his3A1, leu2A0, met15A0, ura3A0)(Brachmann
et al. 1998) are used as the base strains in this study. Yeast strains are cultured in
Synthetic Complete (SC) media lacking amino acids for selection at 30 °C and E. coli
strains used for subcloning were cultured at 37 °C in Luria Broth (LB) supplemented
with appropriate antibiotics. Cytosolic catalase T (CTT1) gene was deleted in BY4741
strain as described in our earlier work (Reyes et al. 2014). For terpene quantification,

yeast strains were cultured in YPD at 30 °C and 200 rpm for 72 h.

Plasmid construction for QHS1 and FPP overproduction

The heterologous genes QHS1 from Artemisia annua were codon optimized for
Saccharomyces cerevisiae and synthesized (Integrated DNA Technologies). Codon
optimized QHS1 gene was integrated into the yeast genome or expressed on plasmid
under URA3 selection marker. To increase flux towards FPP, tHMG1, HMG2(K6R),

UPC2-1 and ERG20 were PCR amplified from yeast genome and added to chromosome
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at LEU2 locus under LEUZ selection. The truncated HMG1, tHMG1, contains the1575-
bp C-terminal part of HMG1 and was amplified from yeast genome using PCR. The
plasmids were constructed using the MoClo-YTK plasmid kit (Lee et al. 2015)
(Addgene). In brief, each gene was introduced into the entry vector YTKO001 using
BsmBI (Thermo Scientific) via Golden Gate assembly protocol described by (Lee et al.
2015). Each gene (in an entry vector) is then assembled into transcriptional unit plasmid
along with the appropriate promoter and terminator part vectors using Bsal (Thermo
Scientific) via Golden Gate assembly. Finally, different transcriptional units are joined
together to be used as plasmid or genomic integration with different selection markers
for yeast. DH5a chemically competent E. coli cells were used for cloning and were
prepared using Zymo Mix & Go! E. coli Transformation Kit and Buffer Set™ (Zymo
Research). Yeast competent cells were prepared using Frozen-EZ Yeast Toolkit Il Kit ™
(Zymo Research). To produce a-humulene ZSS1 from Zingiber zerumbet was codon
optimized for Saccharomyces cerevisiae and synthesized (Integrated DNA
Technologies) and introduced into genome as described above. pTDH3 was used as

promoter and tTDH1 was used as terminator for ZSS1.

Quantification of p-caryophyllene production

Organic layer of dodecane on top of media was used to capture volatile -
caryophyllene produced by strains. Unless specified a ratio of six-part media and one-
part dodecane was used. Quantitative analysis of B-caryophyllene in dodecane layer was

performed using Gas Chromatography(Sousa et al. 2011). Internal standard of alpha-
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humulene was used for peak normalization. An Agilent J&W HP-5 (5%-phenyl)-
methylpolysiloxane nonpolar column (30m x 0.32mm with 0.25um film thickness) was
used for this study. Gas chromatogram oven temperature was programmed from 100 °C
initial temperature to 140 °C at 10 °C/min rate, followed by 2.5 °C/min to 180 °C,
followed by 20 °C/min till finial temperature of 200 °C. FID detector was kept 280 °C
whereas inlet was kept at 240 °C in a split less mode. Flow was kept at 2 ml/min with
hydrogen flow at 30ml/min and ultra-pure air at 400 ml/min. Nitrogen was used for
makeup flow at 25 ml/min. At least three biological replicates per strain were used for

analysis.

Growth kinetics measurements

Microplate reader (TECAN Infinite ® M Nano) was used to measure growth
curve for strains. Cells were grown for 24 h in test tube, then normalized to ODegoo ~0.05
in 200 pL final volume in media in 96-well plates. Cells were cultured in the microplate
reader for 72 h with orbital shaking at constant intervals. Shaking was performed using
3mm amplitude using kinetic cycles of 2 min incubation time, then orbital shaking for 3
min at 198 rpm followed by OD measurements. To obtain specific growth rate y,
duration of growth lag, and the maximum ODG600 software grofit v1.1.1 was used(Kahm

et al. 2010). Three biological replicates per strain each were used for analysis.
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Oxidative stress tolerance using hydrogen peroxide
For spot assay overnight culture was normalized to OD 600 of 1.0 using

phosphate-buffered saline (PBS). Strains were treated with hydrogen peroxide for 30
min intervals in a shaking incubator at 30 °C at 200rpm. Cells were washed two times
with PBS to eliminate the remaining hydrogen peroxide in solution. After the shock
treatment, 10-fold serial dilutions were performed in (PBS) and spotted on SC plates
lacking appropriate amino acid. Three biological replicates per strain were used for
analysis. For stress optimization and evolution experiment the normalization step was

omitted from the protocol.

Adaptive laboratory evolution

Single colonies of YAG115 were used to initiate the evolution experiment in 3
ml SC-ura-leu media on day 0. For populations that were evolved using the constant
exposure strategy, 200 ul of cells were inoculated in fresh media supplemented with
specified concentrations of H,O. For populations that were subjected to periodic
challenge, on day 1, 500 pl of culture was centrifuged, resuspended in phosphate buffer
saline (PBS) and subjected to 50mM H:O: challenge for 30 minutes under shaking
(challenge period) and washed twice with PBS after exposure. Population samples were
preserved in glycerol stocks each day. 200 pl of challenged cells were inoculated in 3 ml
of SC-ura-leu media and 500 pl of dodecane was added for $-caryophyllene capture. On
day 2, the population was allowed to recover by transferring 200 pl of overnight culture

into fresh media (recovery period). The populations were challenged on odd days with
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specified concentration of H.O> and allowed to recover on even days. Production was
quantified at the end of 24-hr by recovering the dodecane layer for populations evolved

using either the continuous or periodic challenge strategies.

Isolating mutants from evolved populations

To select for hyperproducing mutants from the evolved populations, each
population was subjected to exposure to a higher concentration of hydrogen peroxide
than that used during the ALE experiments. 500 ul of each population sample was
centrifuged and cells were resuspended in PBS with final concentration of 1 M of
hydrogen peroxide. After 30 min of exposure, the cells were washed 2 time with PBS,
and all cells were plated on SC -ura -leu plates. Plates were kept for 2 days at 30 °C. 8
colonies were randomly picked from each challenged population and streaked on SC-ura
-leu plates to ensure we obtain individual clones. Single colonies were picked and
cultured in 48 well plates containing 1 ml of media and ~166 ul dodecane overlay at
30°C and shaking at 200 rpm. The dodecane layer was recovered to quantify -
caryophyllene production after 72 hr. To confirm the 48 well culture results, the high
performing clones were grown in 3ml cultures in test tubes with 500 ul dodecane layer

using three biological replicates.

Whole genome resequencing
Genomic DNA of isolated mutants, parental strain and population samples were

extracted using YeaStar DNA extraction kit (Zymo Research). Library preparations and
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NGS sequencing were performed by the Texas A&M Genomics Center for sequencing
on the lllumina MiSeq platform using 300x300 paired end reads using Nexterra
DNAFIlex kit for library generation. An average coverage of >20-fold was obtained for
each isolated mutant and for population samples a coverage of >150-fold was obtained.
The sequencing data was aligned to S. cerevisiae S288c reference genome with breseq
v0.29 (Deatherage and Barrick 2014). De novo mutations in isolated mutants were
identified by comparing against the YAG113 parental strain, and verified via Sanger
sequencing. The raw sequencing data were deposited in SRA database

( ) with accession number PRINA669136.

Reconstructing mutations into YAG114 and YAG118 strain

CRISPR-Cas9 using the one plasmid-system with pCRCT developed by (35) was
used for site-directed mutagenesis to reconstruct identified mutations into YAG118.
Briefly, 120 bp sequence including donor sequence and guide sequence (Table S3) was
chemically synthesized by Twist Bioscience, USA, then introduced into the pCRCT
plasmid using Golden Gate reaction using Bsal restriction sites, and transformed into E.
coli cells, and plated on LB+Xgal for blue/white screening and incubated overnight at 37
°C. The bacterial colony with correct plasmid construction was verified by restriction
digestion. The constructed CRISPR-Cas9 plasmid was then transformed into YAG114
and YAG118 strains and selected on SC -uracil plates. Colonies were picked and target
mutations were first verified using PCR amplification refractory mutation system

(ARMS) as described by Little et.al 2001 followed by confirmation via Sanger
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sequencing. Cas9 plasmid was cured by serially passaging the strain in YPD 3 times and

verified by PCR amplification.

Results and Discussion

Optimization of oxidative stress for use in adaptive laboratory evolution

Selecting an appropriate selective pressure (stressor) is key to successfully use of
adaptive laboratory evolution. Since B-caryophyllene is a known antioxidant (Calleja et
al. 2013; Dahham et al. 2015), an oxidative stress-based selective pressure can be used to
aid the coupling of cellular growth or survival with production (Reyes et al. 2014). The
strategy is based on the hypothesis that in an oxidative environment, the strain that
produces more of an antioxidant product will have a growth advantage. To determine
whether the production of B-caryophyllene increased cell survival, the catalase gene
encoded by CTT1 was first deleted in BY4741 to reduce the yeast native defense against
hydrogen peroxide. Then strains that produce varying levels of B-caryophyllene were
constructed in the ACTT1 strain, resulting in YAG110 (BY4741 ACTTI), YAG111
(YAG110 with the B-caryophyllene synthase QHS1 gene integrated in the genome),
YAG114 (YAG110 with a genome-integrated FPP overproduction cassette) and
YAG115 (YAG110 with QHS1 and FPP overproduction cassette integrated in the
genome). Production results showed YAG115 producing higher amount of -
caryophyllene than YAG111 (Table 14). All four strains were challenged with different

concentrations of H,O2 (OmM, 50mM, 100mM, 150mM and 200mM) and their relative
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viabilities were assessed (results are shown in Figure 21). The non-producers YAG110
and YAG114 showed the lowest levels of tolerance with ~10% survival with 50mM
H-0:. Strain YAG111 showed an intermediate level of oxidative stress tolerance with
~10% survival after challenge with 150mM H2O.. The strain with the highest level of -
caryophyllene production YAG115 exhibited the highest tolerance with ~10% survival
at 200mM H»0., demonstrating the benefit of -caryophyllene production on oxidative
stress protection.

In addition to survival after exposure to 30 min challenge with higher concentrations of
H20>, cellular growth during continuous exposure at growth-permissible concentrations
were also evaluated for each strain. H.O> concentrations ranging from 0 mM, 25 mM, 50
mM, 75 mM and 100 mM were directly added to the media, and growth kinetics were
measured. The data (in Table 15) showed no growth in the non-producer YAG110 for
any H>O> concentrations above 0 mM. Strain YAG111 and YAG114 showed some
growth in 100 mM and 50 mM respectively. The higher tolerance of YAG114 over
YAG110 may be attributed to increased accumulation of sterol because of the presence
of the FPP overproduction cassette. The highest producer, YAG115, was the only strain
able to grow in 100 mM hydrogen peroxide, although with a very long lag phase and
with a low final cell density. This data showed the possibility of using continuous
exposure as a possible alternative to periodic challenge as environmental stress for ALE

experiment.
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Figure 8 Schematic of different stress strategy tested. A. Continuous exposure with
H20: directly added to media. B. Periodic exposure to H202 for 30 minutes,
followed by a recovery period.

YAG115 was chosen as the parental strain for ALE to improve p-caryophyllene
productivity since this strain exhibited the highest tolerance to oxidative stress. Prior to
initiating an evolution experiment, two types of oxidative stress selection strategies were

evaluated for their ability to improve B-caryophyllene productivity. A continuous
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exposure strategy, where the cultures are continuously exposed to growth-permissible
H20> in the media, and a periodic exposure strategy, where the cultures are subjected to
a 30-min H>O; challenge followed by a recovery period as described in Figure 8, were
used. In all cases, a dodecane layer (500 pL) was added to each 3 mL of culture for -
caryophyllene capture. After every 24-hr of growth, ~7% (200 pL) of the culture was
used to inoculate the subsequent culture (3mL of fresh media). Each strategy was
evaluated for B-caryophyllene titer and yield after 8 days (continuous strategy) or 4
cycles (periodic challenge strategy). Results showed no significant increase in yield
using continuous exposure at 25mM H>0O> compared to the no stressor control (Figure
9). A decrease in total yield was observed for all other H20, concentrations using
continuous exposure. On the other hand, significant increases of up to 1.7-fold in
production were observed in populations subjected to periodic challenge with 50 mM
H20:. Periodic challenge with 100 mM H2Ox resulted in an insignificant increase in
production, with higher concentrations showing complete loss of production. The results
revealed that periodic challenge at a H>O- concentration that resulted in ~10% survival

was an optimal selection strategy for increasing B-caryophyllene production using ALE.
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Figure 9 Average p-caryophyllene production observed after short-term selection
using hydrogen peroxide for 8 days using A) periodic challenge and B) continuous
exposure at various hydrogen peroxide concentrations. Asterisks: p value <0.05
using two-tailed Student’s t-test against control.
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Increased B-caryophyllene production via adaptive laboratory evolution using
periodic H20:2 challenge

An ALE experiment was initiated with YAG115 using the periodic challenge
strategy with an initial concentration of 50 mM H20O>. To further optimize the ramp-up
in the ALE, at the end of cycle 2 (day 5), the culture was split into two populations, P1
and P2, which were exposed to 50 mM and 100 mM H2O; exposure, respectively, in
ramping up the selection pressure (Figure 10). The next split and ramp-up was done at
the end of cycle 4 (day 9) from the P2 population (100mM exposure) into P3 and P4,
which were subsequently exposed to 150mM and 200 mM H,O; exposure, respectively.
After the split, four populations (P1, P2, P3, and P4) were maintained. At cycle 5, P1
and P2 reached a peak in production, reaching ~3-fold increase in B-caryophyllene
production before a stagnation or decrease in production were observed. On the other
hand, populations P3 and P4 showed consistent decreases in production over time. Thus,

population P2 was chosen for further analyses.
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Figure 10 Production observed during evolution experiments.

Isolated evolved mutants exhibit significant increase in production

Under the assumption that evolved mutants with higher production of -
caryophyllene should have enhanced survival after oxidative stress challenge compared
to the parental strain, we first identified a concentration of H.O> in which the parental
strain has negligible viability after a 30-minute exposure. As shown in Figure 11, 1 M
H>0. exposure resulted in no growth of the parental strain, whereas evolved population
P2 (day11) had ~10% viability. In addition, we hypothesized that colony size after H20-
challenge can be used to estimate relative productivity. Population P2 (day 11) was
exposed to 1 M hydrogen peroxide stress for 30 min and plated on SC -ura -leu plate.
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Three sizes of colonies were observed, small, medium and large. These colonies were
cultured and their productivities were quantified. A positive correlation was observed in
size and production as medium and large colonies (see Figure 22). The result suggests a
growth advantage of mutants with higher production of -caryophyllene, indicating the

evolution strategy resulted in growth/survival and production coupling as hypothesized.
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Figure 11 Spot assay for screening concentration of hydrogen peroxide
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Using a 30-min exposure to 1 M hydrogen peroxide, we subjected four time
point samples from the evolved population: P1 (day 4), P2 (day 8), P2 (day 11), P2 (day
14) and P2 (day 18) to screen for hyperproducers. We failed to identify any viable
isolates from population P1 (day 4). For the remaining populations, eight individual
colonies per population were randomly chosen. The isolated mutants were subjected to a
second round of screening based on their B-caryophyllene production. Figure 12A
shows the individual production obtained from each isolate. The top five overproducing
evolved mutants were selected from the 32 total mutants, and their B-caryophyllene
production were characterized in more detail. Results showed a 2-4 fold increase in
production compared to the parental strain, with mutant PL1M1 (population 2 day 11
mutant 1) being the best performer as shown in Figure 12B. The stability of P1L1M1 was
assessed via four serial passages in SC -ura -leu media (3 days of growth each passage
for a total of 12 days); B-caryophyllene production was monitored after each passage.
The parental strain was included as control. P11M1 showed consistent production of ~16

mg/g DCW, whereas the control produced ~4 mg/g DCW.
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Figure 12 Isolated evolved mutants exhibited increased p-caryophyllene production
over the parental strain. A) Initial screening of isolated mutants from each evolved
population based on relative product yield in 48 well plates. Pop8 = P2 (day 8),
Popll = P2 (day 11), Popl4 = P2 (day 14), and Pop18 = P2 (day 18). B)
Confirmation of product formation in the five best performing mutants. The
mutants are named first by the population they were isolated from followed by the
isolate number. For example, P11M1 is the first mutant from Popl1. Asterisks: p
value <0.05 using two-tailed Student’s t-test against control.

72



To determine whether QHS1 is the rate-limiting step in f-caryophyllene
production in the evolved mutants, the QHS1 gene was overexpressed using 2u plasmid
into both the parental and the best evolved isolate P11M1, resulting in strain YAG116
and YAG117, respectively. Overexpression of QHS1 led to modest increases in
production in the parental strain from ~4mg/g DCW to about ~5.3 mg/g DCW and
P11M1 from ~16 to ~18 mg/g DCW (Figure 23), suggesting that B-caryophyllene
synthase is not a major rate-limiting step in B-caryophyllene production in the evolved

mutants.

Genome sequencing identified mutations outside p-caryophyllene pathway

To identify beneficial mutations for the observed increased productivity in the
isolated mutants, we sequenced four time-course population samples from population P2
(day 8, day 11, day 14 and day 18), five of best isolated mutants, and the parental strain.
A mutation frequency cutoff of greater of equal to 0.8 was used to narrow down the
dominant mutations in the population. Large numbers (>200) of mutations above the
cutoff threshold were observed in the population samples. The identified mutations in
single hyperproducer isolates are shown in Table 16. The high frequency mutations (in
populations) that were also identified in sequenced single isolates from the respective
populations were selected for further analyses. In addition, since isolate P11M1 was the
best producer identified, all mutations in P11M1 were also chosen, for a total of 13
unique mutations selected for further analyses (Table 4). To determine the impacts of

each of these mutations on -caryophyllene biosynthesis, single mutations were
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introduced into parental strain using site-directed mutagenesis, resulting in strains
YAG132-145. Only two mutations led to improved productivity, the mutation in STE6
gene and a mutation in intergenic region of between MST27/tR(UCU)GL1 (Figure 13).
STE6 1025 mutation improved the productivity 3.7 fold to 12.6 mg/g DCW of -
caryophyllene. STE6 encodes the plasma membrane ATP binding cassette (ABC)
transporter known to export a-factor in MATa cells (Michaelis 1993). The STE6 1025
mutation is a missense mutation resulting in a change in amino acid from T1025N. Thus,
the potential benefit of STE6 1025 mutation on productivity may be related to product
transport. The MST27/tR(UCU)G1 intergenic mutation improved productivity 3 fold to
10.3 mg/g DCW of B-caryophyllene compared to the parental strain. The
MST27/tR(UCU)GL1 int mutation is an insertion mutation between MST27 and a Ty
element (Kim et al. 1998). MST27 is member of the DUP240 multi-gene family and
known to impact the vesicles formation (Sandmann et al. 2003). Ty1 elements is a
transposon element and mutations in transposon elements are commonly found in
evolution experiments and are known to impact fitness (Gresham et al. 2008; Wilke and
Adams 1992). However, as this mutation is in the intergenic region and at the 3’ end of
MST27, it is difficult to ascertain the exact impact of the mutation on the cell. No further

increase in production was observed when these two mutations were combined.
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Table 4 Mutations chosen for detailed characterization. All mutations were verified
by Sanger sequencing.

Amino acid
Chromosome | Position | Mutation change Gene Abbreviation
nonsense

3 286312 C->T mutation CDC39 CDC39

10 715141 A-G T200T DAN4 DAN4 200

1 27105 A-G T288T FLO9 FLO9 288
tK(CUU)C/MAK32

3 151555 +A Intergenic tK(CUU)C/MAK32 int

nonsense

7 128474 T-2A mutation MDS3 MDS3
MST27/tR(UCU)G1

7 404475 +G Intergenic MST27/tR(UCU)G1 int

7 530034 A->C S257S MTL1 MTL1 257

2 754982 C->T D709N RIF1 RIF1 709

9 241053 | (A)as2 Intergenic RNR3/FIS1 RNR3/FIS1 int

14 12986 | (T)i1->1a intergenic SNO2/SNZ2 SNO2/SNZ2 int

11 43222 G->T T1025N STE6 STE6 1025
YALO64W-B/TDAS

1 12690 A>T Intergenic YALO64W-B/TDAS int

8 2303 (Clu1s12 Intergenic YHLO50C/YHLO50C YHLO50C int
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Figure 13 Production of p-caryophyllene in reconstructed single mutants.
Asterisks: p-value <0.05 using two-tailed Student’s t-test against control.

Interestingly, both the STE6 1025 and MST27/tR(UCU)GL1 intergenic mutations
were found in very low frequencies in the population (below detection limit). The STE6
1025 mutation was found only in mutant P11M1 and MST27/tR(UCU)GL1 intergenic
mutation was identified in all the isolated mutants sequenced. Note that the population
samples sequenced were cultured in normal growth conditions before harvesting for

next-gen sequencing, while the isolated mutants underwent a round of selectionin 1 M
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hydrogen peroxide. The findings that the MST27/tR(UCU)GL1 intergenic mutation was
not detected in the population samples, but is present in all isolated mutants, and the
positive correlation between cellular survival (based on colony size after H,O>
challenge; Figure 22) and product formation, suggest that the evolving population was
highly heterogeneous with the most productive members consisting of a smaller fraction

of the population.

Growth kinetics and oxidative tolerance of reconstructed mutations

In order to investigate the general fitness benefit conferred by the individual
mutations identified, we did a growth kinetics study for all individual reconstructed
strains. The data showed that five (CDC39, tK(CUU)C/MAKS32 int, RIF1 709, STE6
1025 and YALO064W B/TDAS8 int) out of 13 mutations did not impact growth under
normal culture conditions (see Table 5). The FLO9 288, RNR3/FIS1 int, and
SNO2/SNZ2 int mutations exhibited increased growth rates. The DAN4 200, MDS3,
MTL1 257, MST27/tR(UCU)GL1 int, and FLO9 288 mutations showed significant
reduction in lag phase. Interestingly, mutation in FLO9 288 positively impacted specific
growth rate, lag phase, and max OD600, suggesting a significant fitness benefit, which
likely allowed it to reach fixation in the evolving population. Mutations and changes in
copy number in the FLO genes have been found to be involved in tolerance to
environmental stressors (Fidalgo et al. 2006; Wallace-Salinas et al. 2015; Watanabe et

al. 2013).
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Table 5 Growth kinetics data for reconstructed strains. Bold : p value <0.05 using
two-tailed Student’s t test compared with control.

Growth lag

Strain Mutations rate stdev phase stdev 0OD600Max Stdev
YAG118 Control 0.169 0.006 3.347 0.139 1.052 0.016
YAG132 CDC39 0.184 0.012 3.340 0.273 1.094 0.059
YAG133 DAN4 200 0.178 0.017 2.712 0.284 1.037 0.045
YAG134 FLO9 288 0.197 0.007 2.188 0.379 1.145 0.014
YAGI135 | tK(CUU)C/MAKS32 int 0.164 0.016 3.430 0.146 0.988 0.093
YAG136 MDS3 0.177 0.007 0.716 0.135 1.074 0.036
YAGI137 [ MST27/tR(UCU)G1 int 0.174 0.007 2.387 0.100 1.064 0.039
YAG138 MTL1 257 0.175 0.011 1.120 0.149 1.050 0.048
YAG139 RIF1 709 0.186 0.012 3.370 0.105 1.088 0.019
YAG140 RNR3/FIS1 int 0.196 0.008 3.199 0.095 1.119 0.059
YAG141 SNO2/SNZ2 int 0.204 0.005 3.211 0.022 1.178 0.022
YAG142 STE6 1025 0.178 0.014 3.145 0.226 1.082 0.077
YAG143 | YALO64W-B/TDAS int 0.170 0.031 3.178 0.353 1.100 0.140
YAG144 YHLO050C int 0.173 0.008 3.679 0.027 1.071 0.059

P11M1 Multiple 0.185 0.011 2.336 0.175 1.106 0.051

To assess the impacts of these mutations on oxidative stress tolerance, the

individual reconstructed mutants (B-caryophyllene producers) were subjected to 200 mM

hydrogen peroxide exposure for 30 minutes. The same set of mutations (listed in Table

4) were also reconstructed in a background strain lacking the B-caryophyllene synthase

gene, resulting in strains YAG119-YAG131, which were used to study the impacts of

these mutations on oxidative stress tolerance in the absence of production. In the absence

of B-caryophyllene production, an increased 10X survival compared to the reference

strain (YAG114) was observed in YAG121 (FLO9 288), YAG123 (MDS3), YAG124

(MST271tR(UCU)GL int) and YAG125 (MTL1 257) (Table 6). In the B-caryophyllene

producing background, 10X increased tolerance was observed in YAG134 (FLO9 288),

YAG136 (MDS3), YAG137 (MST27/R(UCU)G1 int), YAG138 (MTL1 257) and

78




YAG142 (STE6 1025). Mutations in all FLO9 and MDS3 were found in detectable
frequencies in all populations sequenced, and the MTL1 mutation was present at ~49%
frequency in the P11 population, suggesting that the increased oxidative stress tolerance
conferred by these mutations likely contributed to their selection in the ALE experiment.
Mutations in FLO9 and MTL1 were found in an industrial yeast strain that was evolved
for growth on hydrolysates inhibitors (Wallace-Salinas et al. 2015), which have been
shown to induced oxidative stress in S. cerevisiae (Almario et al. 2013). The increased
hydrogen peroxide tolerance in YAG142 (STE6 1025) can be attributed to increased
production, as without B-caryophyllene production there was no benefit to survival in
oxidative stress challenge. The intergenic mutation in MST27tR(UCU)G1, which is one
of the two mutations found to be responsible for increased B-caryophyllene production,
showed general fitness benefit with reduced lag phase in normal growth conditions and
~10X increase in survival in the presence of hydrogen peroxide stress. While this
mutation is likely selected for due to the fitness it confers in the presence of strong
oxidative stress, although it’s frequency in the population is extremely low, it is unclear

how it contributed to increased p-caryophyllene production.
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Table 6 Hydrogen peroxide stress tolerance for strains with and without -
caryophyllene production after 200 mM H20:2 exposure for 30 minutes. ND: not
different from wild-type. +: ~10X higher survival compared to wild-type. Bold: p
value <0.05 compared with control using two-tailed Student’s t test compared with
control.

No production With Production
relative relative B-
Mutation Strain H.0; Strain H20; caroyophyllene
tolerance tolerance | (mg/g DCW)
Control YAG114 YAG118 3.39
CDC39 YAG119 ND YAG132 ND 3.55
DAN4 200 YAG120 ND YAG133 ND 3.47
FLO9 288 YAG121 + YAG134 + 3.15
tK(CUU)_C/MAKSZ YAG122 ND YAG135 ND
int 3.44

MDS3 YAG123 + YAG136 + 2.94
MST27/tR(UCU)G1

YAGI124 + YAG137 +

int 10.27
MTL1 257 YAG125 + YAG138 + 2.24
RIF1 709 YAG126 ND YAG139 ND 3.36
RNR3/FIS1 int YAG127 ND YAG140 ND 3.31
SNO2/SNZ2 int YAG128 ND YAG141 ND 3.57
STE6 1025 YAG129 ND YAG142 + 12.66

YALOGAW-B/TDA8 |\ \ a0 | ND | vAG142| ND
e 3.35

YHLO50C int YAG131 ND YAG144 ND 3.25
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Effect of STE6 1025 on caryophyllene production

Since the missense mutation in STE6 led to a large impact on B-caryophyllene
productivity, we assessed whether the mutation is a loss-of-function or gain-of-function
mutation using STE6 knockout (YAG146) and overexpression (YAG147 with STE6
1025 and YAG148 with wild-type STE6) strains, and quantifying their effects on p-
caryophyllene productivity (data shown in Figure 14). The STE6 knockout strain
exhibited no change in production compared with the reference. Production was also not
impacted when the wild type STE6 was overexpressed. However, when we
overexpressed the mutated STEG in the reference strain, B-caryophyllene production
increased 4-fold to 13.8 mg/g DCW, suggesting the STE6 1025 mutation is a gain-of-
function mutation. Since the mutation is located between the transmembrane and ATP
binding domains, it potentially impacted substrate recognition, allowing increased export
of B-caryophyllene. However, further experiments are needed to identify the exact effect

the mutation has on transport of B-caryophyllene.
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Figure 14 The effect of STE6 expression on p-caryophyllene production. ASTEG6:
ste6 deletion strain. STE6 wt 2u: wild-type STEG6 expressed on a 2 plasmid. STE6
1025: reconstructed parental strain with Ste6 T1025N mutation. STE6 1025 2p:
parental strain expressing mutated STE6 gene on a 2u plasmid. A=Asterisks: p
value <0.05 using two-tailed Student’s t-test against parental strain.

We further explored the possibility that the STE6 1025 mutation may influence
the efflux and thus the productivity of other sesquiterpenes by overexpressing the
mutated gene in an engineered a-humulene producer. No increase in production was
observed in the strain that overexpresses STE6 1025 compared to the reference (Figure

24), suggesting that the mutation specifically affects the transport of B-caryophyllene

and does not significantly influence the efflux of sesquiterpenes in general.
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Conclusions

In this work, we explored the use of adaptive laboratory evolution to improve the
production of an extracellular product, B-caryophyllene, using oxidative stress challenge
as selection. Initial metabolic engineering by overexpressing isoprenoid pathway genes
resulted in a parental strain that produces ~4 mg/g DCW of B-caryophyllene. An ALE
strategy was optimized by comparing periodic stress challenge versus continuous
exposure. Using the optimized periodic H20 challenge method (from 50mM to 200mM
H20>), the ALE experiment resulted in evolving populations with up to 15.8 mg/g DCW
(>3-fold increase) in B-caryophyllene production. Under the assumption that a positive
correlation exists between oxidative stress tolerance and -caryophyllene production, a
final selection using 1 M H20O> for 30 minutes was used to isolate mutants with the
highest level of oxidative stress tolerance. This strategy yielded isolated mutants with up
to 4-fold increase in B-caryophyllene production. Mutations in the intergenic region of
MST27/tR(UCU)GL1 and a non-synonymous mutation in STE6 were the only mutations
found to benefit product formation. STEG6 is a known ABC exporter for a-factor in yeast.
Deletion and overexpression studies demonstrated that the mutation is a gain-of-function
mutation. It may be possible that the STE6 1025 mutation resulted in binding and export
of B-caryophyllene. However, the exact mechanism for how this point mutation is
affecting p-caryophyllene productivity is still unclear. Overall, we demonstrated that by
leveraging the antioxidant potential of terpenes that are exported extracellularly, product
formation can be coupled with cellular growth/survival and be rapidly improved using

short-term ALE experiments.
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CHAPTER IV

CONCLUSION

For our carotenoid work we sequenced the B-carotene hyperproducers from the
ALE experiments, identified beneficial mutations for p-carotene production, and
demonstrated that the most impactful beneficial mutations for B-carotene production
increased production of the desired antioxidant compound. Finally, to demonstrate the
broad utility of the findings from this work, we rationally constructed an improved
lycopene producer using the best combinations of mutations identified for f-carotene.
We have successfully identified additional genes important for increasing carotenoids
yields in yeast, which cannot currently be determined using rational approaches, and we
have demonstrated that these mutations confer benefits to the production of carotenoids
other than B-carotene.

For our caryophyllene work, the antioxidant property of -caryophyllene was
leveraged against hydrogen peroxide stress. Exposing cells to selective pressure with a
recovery period turned out to be beneficial in order to evolve the strains compared to
continuous exposure in media. ALE experiment resulted in population showing 3-fold
increment in the production and mutant screening resulted in a 4-fold production. We
demonstrated that by leveraging antioxidant potential of terpenes exported
extracellularly the production can be growth coupled and be improved during very short

period with appropriate and optimized stress.
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Overall, we showed that we can leverage the product specific properties to create
a selective pressure scheme which can be used to improve production in very short
amount of period for different class of terpene both intracellular and extracellular. We
gained deeper understanding on how the point mutations arising during the evolution
experiment are able to impact the production even when the genes mutated are not
directly related to the terpene biosynthetic pathway. We also showed how these
mutations can or cannot impact the productivity of other terpenes from the same class.
These novel mutations can be used to create a chassis strain which can be used to

improve the production of the class of terpenes.
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APPENDIX

SUPPLEMANTORY FIGURES AND TABLES

Table 7 List of strains used.

Strain

SM12

SM13

SM14

YLH2

FY2

YAGO1

YAGO02

YAGO3

YAGO4

YAGO05

YAGO06

YAGO7

YAGO08

YAGO09

YAG10

YAG11

YAG12

YAG13

YAG14

Genotype

GSY1136 Yiplac211YB/I/E* Acttl

GSY1136 Yiplac211YB/I/E* Acttl

GSY1136 Yiplac211YB/I/E* Acttl

GSY1136 Ylplac211YB/I/E* Acttl

Mata ura3-52

GSY1136 Yiplac211YB/I/E* Acttl, HIS7 389

GSY1136 Ylplac211YB/I/E* Acttl, SRO9/GFD2 int

GSY1136 Yiplac211YB/I/E* Acttl, TYE7 86

GSY1136 Yiplac211YB/I/E* Acttl, FLO1 925

GSY1136 Yliplac211YB/I/E* Acttl, DAK2/AQY3 int

GSY1136 Yiplac211YB/I/E* Acttl, SCY1 1836

GSY1136 Yiplac211YB/I/E* Acttl, EPL1 1754

GSY1136 Yiplac211YB/I/E* Acttl, ALG6 1411

GSY1136 Yiplac211YB/I/E* Acttl, MDS3 ins

GSY1136 Ylplac211YB/I/E* Acttl, YMRCTy1-3 1078

GSY1136 Ylplac211YB/I/E* Acttl, HIS7 389, SRO9/GFD2 int, TYE7
86

GSY1136 Ylplac211YB/I/E* Acttl, HIS7 389,SRO9/GFD2 int, FLO1
925, DAK2/AQY3 int, SCY1 1836

GSY1136 Ylplac211YB/I/E* Acttl, HIS7 389, ALG6 1411, EPL1
1754, MDS3 ins, YMRCTy1-3 1078

GSY1136 Ylplac211YB/I/E* Acttl, SRO9/GFD2 int, TYE7 86
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Source

Reyes et al. 2014
Reyes et al. 2014
Reyes et al. 2014
Reyes et al. 2014
Fred et. Al 1995
This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work



YAG15

YAG16

YAG17

YAG18

YAG19

YAG20

YAG21

YAG22

YAG23

YAG24

YAG25

YAG26

YAG27

YAG28

YAG29

YAG30

GSY1136 Ylplac211YB/I/E* Acttl, SRO9/GFD?2 int, FLO1 925,
DAK2/AQY3 int, SCY1 1836

GSY1136 Ylplac211YB/I/E* Acttl, ALG6 1411, EPL1 1754, MDS3
ins, YMRCTy1-3 1078

GSY1136 Yiplac211YB/I/E* Acttl, ALG6 1411, EPL1 1754
GSY1136 Ylplac211YB/I/E* Acttl, MDS3 ins, ALG6 1411
GSY1136 Yiplac211YB/I/E* Acttl, MDS3 ins, EPL1 1754
GSY1136 Yiplac211YB/I/E* Acttl, EPL1 1754, DAK2/AQY3 int
GSY1136 Ylplac211YB/I/E* Acttl, DAK2/AQY3 int, MDS3 ins
GSY1136 Ylplac211YB/I/E* Acttl, ALG6 1411, DAK2/AQY3 int
GSY1136 Ylplac211YB/I/E* Acttl, ALG6 1411, DAK2/AQY3 int,
EPL1 1754

GSY1136 Ylplac211YB/I/E* Acttl, MDS3 ins, EPL1 1754, ALG6
1411

GSY1136 Yiplac211YB/I/E* Acttl, DAK2/AQY3 int, MDS3 ins, ALG6
1411

GSY1136 Ylplac211YB/I/E* Acttl, ALG6 1411, DAK2/AQY3 int,
EPL1 1754, SRO9/GFD2 int

GSY1136 Yliplac211YB/I/E* Acttl, ALG6 1411, DAK2/AQY3 int,
EPL1 1754, YMRCTy1-3 1078

GSY1136 Ylplac211YB/I/E* Acttl, ALG6 1411, DAK2/AQY3 int,
YMRCTy1-3 1078

GSY1136 Ylplac211YB/I/E* Acttl, ALG6 1411, DAK2/AQY3 int,
SRO9/GFD2 int

GSY1136 Ylplac211YB/I/E* Acttl, SRO9/GFD2 int, YMRCTy1-3

1078
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YAG31
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YAG35

YAG36

YAG37
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YAG39

YAG40

YAG41

YAG42

YAGA43

YAG44

YAG45

YAG46

YAG47

YAGA48

YAG49

YAG50

YAG51

YAG52

YAG53

Mata ura3-52, HIS7 389

Mata ura3-52, SRO9/GFD?2 int

Mata ura3-52, TYE7 86

Mata ura3-52, FLO1 925

Mata ura3-52, DAK2/AQY3 int

Mata ura3-52, SCY1 1836

Mata ura3-52, EPL1 1754

Mata ura3-52, ALG6 1411

Mata ura3-52, MDS3 ins

Mata ura3-52, YMRCTy1-3 1078

FY2::URAS3 P1pHs-CrtB-TrpH1-Pccwiz-Crtl-Tenoz-Preki-CrtE-Treka
FY2::URA3 PTDH3-CrtB-TTDH1-PCCW12-Crtl-TENO2-PPGK1-
CrtE-TPGK1, ALG6 1411, DAK2/AQY3 int

FY2::URA3 PTDH3-CrtB-TTDH1-PCCW12-Crtl-TENO2-PPGK1-
CrtE-TPGK1, ALG6 1411, DAK2/AQY3 int, EPL1 1754
FY2::URA3 PTDH3-CrtB-TTDH1-PCCW12-Crtl-TENO2-PPGK1-
CrtE-TPGK1, ALG6 1411, DAK2/AQY3 int, YMRCTy1-3 1078
Mata ura3-52 Ylplac211YB/I/E*

Mata ura3-52 Yiplac211YB/I/E*, HIS7 389

Mata ura3-52 Ylplac211YB/I/E*, SRO9/GFD?2 int

Mata ura3-52 Ylplac211YB/I/E*, TYE7 86

Mata ura3-52 Ylplac211YB/I/E*, FLO1 925

Mata ura3-52 Ylplac211YB/I/E*, DAK2/AQY3 int

Mata ura3-52 Ylplac211YB/I/E*, SCY1 1836

Mata ura3-52 Ylplac211YB/I/E*, EPL1 1754

Mata ura3-52 Yiplac211YB/I/E*, ALG6 1411
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YAG54

YAG55

YAG56

YAG57

YAG58

YAG59

YAG60

YAG61

YAG62

YAG63

YAG64

YAGG65

YAG66

YAGG67

YAG68

YAG69

YAG70

YAG71

YAGT72

Mata ura3-52 Yiplac211YB/I/E*, MDS3 ins

Mata ura3-52 Ylplac211YB/I/E*, YMRCTy1-3 1078

Mata ura3-52 Ylplac211YB/I/E* Acttl

Mata ura3-52 Ylplac211YB/I/E* Acttl, HIS7 389

Mata ura3-52 Ylplac211YB/I/E* Acttl, SRO9/GFD2 int

Mata ura3-52 Ylplac211YB/I/E* Acttl, TYE7 86

Mata ura3-52 Ylplac211YB/I/E* Acttl, FLO1 925

Mata ura3-52 Ylplac211YB/I/E* Acttl, DAK2/AQY3 int

Mata ura3-52 Ylplac211YB/I/E* Acttl, SCY1 1836

Mata ura3-52 Ylplac211YB/I/E* Acttl, EPL1 1754

Mata ura3-52 Ylplac211YB/I/E* Acttl, ALG6 1411

Mata ura3-52 Ylplac211YB/I/E* Acttl, MDS3 ins

Mata ura3-52 Ylplac211YB/I/E* Acttl, YMRCTy1-3 1078
FY2::URAS3 proHs-CrtE-troH1-pcewiz-CriB-tenoz-preki-Crtl-treka
FY2::URAS3 proHs-CrtE-troH1-pcewiz-Cril-teno2-preki-CrtB-treka
FY2::URAS proHs-CrtB-troH1-pcewiz-CriE-tenoz2-preki-Crtl-treka

FY2::URAS proHs-Crtl-troH1-pcewiz-CrtE-tenoz-preki1-CrtB-teka

Same as YAGA41,; FY2::URA3 ptons-CrtB-troni-pccwiz-Cril-tenoz-

ppcki-CrtE-trek1

FY2::URAS proHs-Crtl-troH1-peecwiz-CriB-tenoz-preki1-CrtE-tereka
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Table 8 Guide RNA (gRNA) sequences for site-directed mutagenesis using
CRISPR/Cas9.

Gene

HIS7 389

SRO9/GFD

2int

TYE7 86

FLO1 925

DAK2/AQ

Y3 int

SCY1 1836

MDS3 ins

EPL1 1754

Donor sequence
CAGTACCAGAAATAGGTTGGAATTCTTGCATTCCCTTG
GAAAACCTATTCTTTGGATTGGATCCATACAAGAGGTA
CTATTTCGTCCATTCTTTTGCTGC
AATGGTGCACGGATGTACCCACGCAATGAAAAATTTTT
TTCACTTCTGGTAGGTCAAGAACTAAGAAAGAAAAGTA
CAAGTGTAAACATTTCTTAACATC
TTAATTAAACCTGAATCTGAATTTGATAATTGGTTGTCG
GCTGAAAATGACGGAGCTAGTCATATCAACGTCAACAA
GGACTCCTCGTCAGTTCTTTCTG
ATGGTGCTAGCAGTTGTTGGAGTTCTGATGACAATGAT
GGTTTCGTCAGTTGGAACGCCGTTGGTACCGGTGACG
GTGGTCATTTCAGTAGATGTAGAAG
AGCGTTATACTGTGCGATTATACGCTTCTTTTTATATGA
ATAAGGGGGAGACATGGTGGAAAGGTACCAGAACTTT
TGATCGACCAAGACTAGGTAAAGC
GGCAATTAACAAAATGTCTTCAGACATTCAAAAGCACC
ATATCGCCAAATTAGATGATAAAGTCAATGATATTGGC
GAAGATGCCTTTCACAAAGTCATT
AAAGGAGCTTATTCTCTTTTTTGCAAAGGAAAAAAAAAC
AACGGTAGTTCTTTTAGAAATTTAAACGAGTGGATAAG
TAAGGAGACGTTTTTCTTAGACTT
AGTTTCAGATAGATAGATCTTTTTATTCTTCACATTTAC
CAGAATACTGGAAGGGGATATCTGATGACATCAGAATA

TATGATTCAAATGGCCGTTCGAG
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Guide sequence
CCCTCGGAAAA

CCTATTCTT

AAATTTTTTTCA

CTTCTGGT

TGGTTGTCGGA

TGAAAATGA

ACAATGACGGT

TTCGTCAGT

ATATGAATAAG

GGGGAGACA

AAAGCACCATA

TCGCCAAAT

AAAACAACGGT

AGTTCTTTT

ATTTACCAGAA

TACTTGAAG



ALG6 TATCAGCAGCATCAATAGCGACTATAGAAGAAGACGCT AAGCTTACTGC

1411 TACTGCCATATAATGTGGTTTGGAAAAGTTTTATCATAG CATATAATG
GAACGTATATTGCTATGGGCTTT

YMRCTy1l- | ATTCTATGTATGAAGAACAACAGGAATCAAAACGTAAT  AACGTAATAAA

31078 AAATCTACTTATAGGAGAAGTCCGAGTGATGAGAAGAA  TCTACTCAT

AGACTCTCGCACCTATACGAATAC
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Table 9 Primer sequences.

Primer
Name
yfl-dak _f

_wt

yfl-dak _f

_mt

yfl-dak _r

epll_f wt

epll_f m

t

epll_r

algb_f wt

algb_f m

alg6_r

Target

intergenic
between AQY3
and DAK2
intergenic
between AQY3
and DAK2
intergenic
between AQY3
and DAK2

EPL1

EPL1

EPL1

ALG6

ALG6

ALG6

Sequence

5-AAGGGGGAGACATGATGA-3 (wild

type)

5-AAGGGGGAGACATGATGG-3’ (mutant)

5-AAGGGCTGATCTGGGTTC-3’ (reverse)

5'- CTTCACATTTACCAGAATGCTT-3' (wild

type)

5-CTTCACATTTACCAGAATGCTG-3’

(mutant)

5-TCGTAGGACTTCGTACCC -3’ (reverse)

5-GCGACTATAGAAGAAGAA-3’ (wild type)

5-GCGACTATAGAAGAAGAC-3’ (mutant)

5- AAGTCCTTCATGGATTTG -3’ (reverse)
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Usage

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification
PCR ARMS

verification



mds3 f

wt

mds3_f

mt

mds3 r

tye7_f_wt

tye7_f m

tye7_r

ymr_f_wt

ymr_f_mt

ymr_r

scyl f w

scyl f m

scyl r

MDS3

MDS3

MDS3

TYE7

TYE7

TYE7

YMRCTy1-3

YMRCTy1-3

YMRCTy1-3

SCY1

SCY1

SCY1

5-

GAGCTTATTCTCTTTTTTGCAAAGGAAAA

AAAC -3’ (wild type)

5.

GAGCTTATTCTCTTTTTTGCAAAGGAAAA

AAAA-3’ (mutant)

5- AGCAATCAACTCATATCCGC -3
(reverse)
5-TTTGATAATTGGTTGTCGGA-3’ (wild
type)
5-TTTGATAATTGGTTGTCGGC-3’
(mutant)
5-TGGAAAAAGAGCAGATTCCT-3
(reverse)
5-CAAAACGTAATAAATCTACTC-3’ (wild
type)
5-CAAAACGTAATAAATCTACTT-3
(mutant)
5-AGCGTTAATTGGTATATTTC-3’
(reverse)

5-ACAAAATGTCTTCAGACATC-3’ (wild

type)

5-ACAAAATGTCTTCAGACATT-3’ (mutant)

5-TCAATATTTTTAGCTGCAAC-3

(reverse)
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PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification



Sro-

gfd_f wt

Sro-

gfd_f mt

sro-gfd_r

his7_f_wt

his7_f m

t

his7_r

flol_f_wt

flol f mt

flol r

curing_f

curing_r

intergenic
between SRO9
and GFD2
intergenic
between SRO9
and GFD2
intergenic
between SRO9
and GFD2

HIS7

HIS7

HIS7

FLO1

FLO1

FLO1

pCRCT plasmid

pCRCT plasmid

5-CACTTGTACTTTTCTTTCTTT-3’ (wild

type)

5-CACTTGTACTTTTCTTTCTTA-3’

(mutant)

5-TTATCTCTCACCATTTTTTG-3’ (reverse)

5-TGGAATTCTTGCATTCCCTC-3’ (wild

type)

5-TGGAATTCTTGCATTCCCTT-3’ (mutant)

5-ATTAAGAGTTCCTTCTCTTCCG-3’

(reverse)

5-CGTTCCAACTGACGAAACCG-3’ (wild

type)

5-CGTTCCAACTGACGAAACCA-3’

(mutant)

5-AGAAGTAGAGGTAAAAGTGTCGTTCC-

3’ (reverse)

5’-AAATACAGACCGCCACAGTA-3’

(forward)

5-TGACGTTCATGCTTCTTGTC-3’

(reverse)
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PCR ARMS

verification

PCR ARMS

verification

PCR ARMS

verification

PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification
PCR ARMS
verification

Cas9 curing

Cas9 curing



actl f

actl r

nsgl f

nsgl r

cybb f

cyb5 r

eebl f

eebl r

hmgl f

hmgl r

aqy3_f

aqy3_r

ACT1

ACT1

NSG1

NSG1

CYB5

CYB5

EEB1

EEB1

HMG1

HMG1

AQY3

AQY3

5-TGTTCTAGCGCTTGCACCAT-

3’(forward)

5-AGAAATCTCTCGAGCAATTGGGA-3’

(reverse)
5-GAACCTGACATGGTGCCTGA-
3’(forward)
5-TGACCTGGTTTTTGGCTGGT-
3’(reverse)
5-TCGGTCATTCTGACGAAGCA-
3’(forward)
5-TTTTCCACAGAAACGCGCTC-
3’(reverse)
5-AGCAGCCATGCTAACGAACT-
3’(forward)
5-GGACCACCAATCATGAGCCA-
3’(reverse)
5-ATGTAACCCAAGCAGACCCG-
3’(forward)
5-CTGTAGAGGCGCTCAACCAA-3’
(reverse)
5-CATCATCGAGACGAGGGTCG-

3’(forward)

5'- CCAAGCTTTTTACCCGGTGC-3

(reverse)

117

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR



dak2_f

dak2 r

nupll6 f

nupllé _r

ioc4_f

icod_r

DAK2

DAK2

NUP116

NUP116

I0C4

I0C4

5-TGCAACCTTTTGTCGAAGCG-
3’(forward)
5-CCCAACAAGGGCATCCATCT-3
(reverse)
5-TGACCTCATTAGGGGGCGTA-

3’(forward)

5-AAAGCAGGTAATCCTGGCCC-3

(reverse)
5-GGTCTTACGGCAAGCCAGAT-
3’(forward)
5-CGCTTCTGACGCTGTCTACT-3

(reverse)

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

gRT-PCR

Table 10 Characteristic wavelengths for Raman spectroscopy and their

corresponding species.
Raman Shift (cm™)

1157

1449

1660

2935

Vibration Species

C-C stretch B-carotene, lycopene
CH2 bend fatty acids

C=C stretch unsaturated fatty acids
C-H stretch proteins, fatty acids
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Table 11 qRT-PCR results for genes flanking up and downstream of identified

intergenic or Tyl mutations. Relative to YLH2.

DAK2 AQY3
Strain 2"-(AAct) p value 2"N-(AAct) p value
SM13 0.953 £ 0.500 0.254 1.019+0.555 | 0.177
YAGO5 | 1.242 +0.394 0.876 0.952 + 0.337 0.254
YAG28 | 0.942 +0.436 0.108 1.138+0.438 | 0.163
NUP116 10C4
Strain 27-(AAct) p value 2"-(AAct) p value
SM14 1.537 £ 0.425 0.136 1.729+0.480 | 0.215
YAG10 | 1.544 +0.462 0.146 1.769 £ 0.606 | 0.225
YAG28 | 1.057 +0.412 0.239 1.243 +0.450 | 0.876
SRO9 GFD2
Strain 27-(AAct) p value 2"-(AAct) p value
SM12 1.606 + 0.755 0.734 0.885+0.378 | 0.487
SM13 0.805 +0.440 0.318 1.245+0.475 | 0.623
YAGO02 | 1.333+0.678 0.546 1.032 +.239 0.387
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Table 12 qRT-PCR results for relative expression levels of select genes involved in
lipid biosynthesis, sterol biosynthetic pathway and oxidative stress response. Bold:
-value < 0.05 using a student t-test compared with YLH2.

Strain CYB5 NSG1 EEB1 HMG1 Avg B-carotene
27-(AAct) 27-(AAct) 27-(AAct) 27-(AAct) yield
YLH2 1.000 1.000 1.000 1.000 9.83
SM14 2491+0.499 | 1.757+0.369 | 3.017 £ 0.613 | 0.961 + 0.286 19.04
YAGO1l | 1.170+0.415 | 1.012+0.318 | 0.881+0.267 | 1.803 + 0.523 3.67
YAGO02 | 4.238+2.766 | 1.509+0.775 | 2.066 + 0.988 | 1.353 £ 0.613 17.91
YAGO3 | 1.050+0.563 | 1.562+0.391 | 1.178 +0.307 | 1.223 +0.279 13.84
YAGO04 | 1.316+0.263 | 1.840+0.693 | 1.251 + 0.325 | 0.897 £ 0.209 13.60
YAGOS | 1.544+0.376 | 1.977+0.563 | 2.707 +0.868 | 1.165 *+ 0.356 12.89
YAGO06 | 1.519+0.400 |1.234+0.282|1.173+0.262 | 1.272 +0.489 10.07
YAGO7 | 0.861+0.184 | 1.200+0.329 | 1.853 +0.608 | 0.419 +0.116 12.038
YAGO08 | 0.853+0.227 |0.861+0.243 | 1.741 +0.469 | 0.349 £ 0.119 13.61
YAGO09 | 0.781+0.271 | 3.053+1.160 | 0.360 = 0.176 | 2.235 £ 0.765 10.47
YAGI10 | 3.2574 +1.434 | 1.544 £ 0.509 | 1.941 + 0.600 | 0.614 +£0.181 20.49
YAG28 | 3.356+1.427 | 1.421+0.611 | 2579+ 1.107 | 0.640 +0.263 24.87
Strain GND1 HAP3 MSN4 MXR2 Avg B-carotene
2°-(AAct) 2°-(AAct) 2°-(AAct) 2°-(AAct) yield
YLH2 1.000 1.000 1.000 1.000 9.83
SM14 1701 +£0.548 | 0.950+0.414 | 0.861 + 0.157 | 2.037 =+ 1.476 19.04
YAGO1l | 1.471+0.527 | 1.052+0.389 | 0.367 +£0.105 | 0.502 £ 0.451 3.67
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YAGO02 | 0.885+0.389 | 1.133+0.544 | 0.248 +£0.107 | 1.636 + 1.472 17.91
YAGO3 | 2.297+0.714 | 1.206 £ 0.267 | 0.532 +£0.271 | 1.069 + 0.772 13.84
YAGO4 | 2.664+0.656 | 1.243+0.457 | 0.803 +0.187 | 1.125+ 0.800 13.60
YAGO5 | 1.790+0.233 | 1.000 +0.140 | 0.290 + 0.037 | 2.324 +1.485 12.89
YAGO6 | 2.888+0.439 | 1.471+0.420 | 0.683 +0.184 | 1.323 +£ 0.874 10.07
YAGO7 | 3.490+1.224 | 1.753+0.356 | 0.918 £ 0.112 | 1.417 +0.929 12.03
YAGO08 | 3.523+0.886 | 1.376+0.406 | 1.686 + 0.302 | 1.454 + 0.964 13.61
YAGO09 | 4.056+1.190 | 1.602 +0.920 | 0.642 +0.347 | 1.404 +1.008 10.47
YAG10 | 0.859+0.284 | 0.715+0.209 | 0.196 + 0.051 | 1.369 + 0.990 20.49
YAG28 | 1.231+0.497 | 1.231+0.497 | 0.543+0.209 | 0.918 +1.123 24.87

Table 13 Effect of promoters on lycopene yield. Three biological replicates were
used for analysis.

Strain lycopene (mg/g DCW) | Std. dev
YAG67 21.701 0.309
YAG68 22.175 0.180
YAG69 15.430 0.420
YAG70 7.433 0.443
YAG71 30.243 0.337
YAGT72 17.378 0.160
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Table 14 Production of strain with just QHS1 gene (YAG111) and strain with

QHS1 and FPP overproduction genes (YAG115) integrated into genome.

-caryophyllene (mg/g Standard

Strain DCW) deviation
YAG111 0.790466 0.089037
YAG115 3.091245 0.520148

Table 15 Growth Kinetics for strains with continuous exposure to hydrogen
peroxide. Cells were grown in 96 well plate in a microplate reader for 72 hr and

growth curves were calculated using grofit v1.1.1, ~NG: No Growth observed

Strain Control 25mM 50mM 75mM 100mM
0095+ | 0041+ | 0054+ | 0023+ NG
H 0.007 0.001 0.013 0.013
4798+ | 27242+ | 31296+ | 27584+
BY4741 | Lagphase | )543 0.123 0.0912 0.312 NG
1101+ | 0721+ | 0850+ | 0483+
MaxOD | " 414 0.005 0.005 0.008 NG
0.096 +
M 0010 NG NG NG NG
YAG110 Lag phase 4'1611§'7i NG NG NG NG
Max OD 1(')13974i NG NG NG NG
0051+ | 0021+ | 0007+
n 0.002 0.004 0.001 NG NG
YAG114 | Lag phase 36?3?201 12231%%1 2%'29221 NG NG
0475+ | 0331+ | 0155+
Max OD 0.018 0.034 0.012 NG NG
0055+ | 0041+ | 0018+ | 0016+ NG
K 0.002 0.004 0.003 0.005
4105+ | 14823+ | 18608+ | 33678+
YAGI1L | Lagphase | 5,0 0.318 1.281 2.401 NG
0706+ | 0522+ | 0299+ | 0217+
Max OD | 4 527 0.039 0.031 0.036 NG
0039+ | 0028+ | 0017+ | 001L+ | 0007+
Y AGLLS K 0.001 0.002 0.001 0.002 0.000
Laaohase | 3888% | 11465+ | 12348+ | 12812+ | 15092
gp 0.147 0.247 0.543 2.000 1513
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‘ ‘ Max OD ‘ 0.482 + ‘ 0.404 + ‘ 0.288 + ‘ 0.237 + ‘ 0.196 + ‘
0.018 0.020 0.007 0.020 0.003
Table 16 List of mutations found, frequency of each mutation in corresponding
population sample is also shown. Each of these mutations were further verified
using Sanger sequencing. Not available: mutation was not confirmed in Sanger
sequencing. Dash - not considered for sequencing
Frequ
ency
in Sanger
Mut | popul | Chrom | posit | mutati confir
ant | ation | osome | ion on annotation gene mation
129 | (T)u1 | intergenic (-1 | SNO2 </ — SNZ
0 14 86 14 10/-281) 2 -
269 F332F (TTT Confir
0.944 1 73 | A—G —TTQC) FLO9 « med
269 S330G (AGC Confir
0.949 1 81 | T—C —GGC) FLO9 « med
269 N329T (AAC Confir
0.94 1 83 | T-G —ACC) FLO9 « med
270 E293E (GAA
0.71 1 90 | T>C | —GAG) FLO9 — .
271 T288T (ACT
0.789 1 05 | A—G —ACQ) FLO9 « -
870 | (TAT | intergenic (-3 | PRE8 < / «— RPM
0 13 53 | )64 14/+65) 2 -
P8 128 Y1259* (TAT
M6 | 0.133 7 474 | T>A —TAA) MDS3 — -
265 T702S (ACT
0 9 719 | G—C —AGT) SYG1 « -
273 | (T)24 | coding (1224/
0 4 653 | 23 1224 nt) QRI7 -
400 | (T)21 | intergenic (+4 | OLEl1 — /«— ERV
0 7 571 | —» 11/+300) 14 -
403 | (T)o— | intergenic (-2 | MPS1 «/« MR
0 4 520 10 29/+175) X9 -
404 intergenic (+8 | MST27 — / — tR(
0 7 475 | +G 4/-995) UCU)G1 -
468 intergenic (-1 | RDN18-2 «—/—R
0 12 701 | T—C 832/-112) DN5-2 -
531 | (TA): | intergenic (+1 | tD(GUC)G1 —/
0 7 875 | so17 94/+8) «— THG1 -
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548 | (T)we | intergenic (-2 | RPC11 «— /<« BA
0 4 565 | 20 55/+197) P3 -
908 | 2bp | coding (811-8
0.64 13 174 | ->TC 12/3423 nt) YMR317W — -
908 1272V (ATT
0.655 13 177 | A—>G —GTG) YMR317W — -
908 1272V (ATT
0.672 13 179 | T-G —GTG) YMR317W — -
908 S274S (TCA
0.632 13 185 | A—>G —TCG) YMR317W — -
908 W278S (TGG
0.68 13 196 | G—C —TCG) YMR317W — -
908 A279S (GCA
0.652 13 198 | G—T —TCA) YMR317W — -
908 T280T (ACG
0.613 13 203 | G—A —ACA) YMR317W — -
908 S285S (AGC
0.662 13 218 | CHT —AGT) YMR317W — -
230 | (C)11 | intergenic (-4 | YHLO50C « /< | Confi
0 8 3 >12 06/+368) YHLO050C med
126 intergenic (+2 | YAL064W-B —/ | Confir
0.357 1 90 | A>T 64/+673) — TDA8 med
129 | (T)u1 | intergenic (-1 | SNO2 </ — SNZ | Confi
0 14 86 14 10/-281) 2 med
271 T288T (ACT Confir
0.834 1 05 | A—G —ACQ) FLO9 « med
432 T1025N (AC Confi
0 11 22 | GoT C—AAQ) STEG « med
P11 . . Not
M1 870 | (TAT | intergenic (-3 | PRE8 « / — RPM | availab
0 13 53 )36-34 14/+65) 2 le
128 Y1259* (TAT Confi
0.738 7 474 | T>A —TAA) MDS3 — med
151 intergenic (-1 | tK(CUU)C «/— | Confir
0 3 555 | +A 99/-1282) MAK32 med
241 | (A)21 | intergenic (-3 Confi
0 9 053 | _» 45/+255) RNR3 </« FIS1 | med
286 Q2066* (CA Confir
0 3 312 | C>T | A->TAA) CDC39 — med
404 intergenic (+8 | MST27 —/ —tR( | Confi
0 7 475 | +G 4/-995) UCU)G1 med
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Not

475 intergenic (-1 | tV(CAC)H «— / «— | availab
0.863 8 932 | Al bp 54/+67) KOG1 le
530 S257S (TCA Confi
0.488 7 034 | A—C —TCCQC) MTL1 — med
715 T200T (ACT Confir
0.646 10 141 | A—G —ACC) DAN4 — med
754 D709N (GAC Confi
0 2 982 | C—T —AAC) RIF1 « med
Not
908 S285S (AGC availab
1 13 218 | C->T —AGT) YMR317W — le
184 T231T (ACT
0.52 8 6 | A—>G —ACC) YHLO050C « -
129 | (T)u | intergenic (-1 | SNO2 </ — SNZ
0 14 86 14 10/-281) 2 -
270 E293E (GAA
0.786 1 90 | T—C —GAQG) FLO9 «— -
271 T288T (ACT Confir
0.834 1 05 | A—>G —ACC) FLO9 «— med
870 | (TAT | intergenic (-3 | PRE8 « / «+— RPM
0 13 53 )36-34 14/+65) 2 -
128 S1119* (TCG
0.199 7 053 | C—>A —TAG) MDS3 — -
400 | (T)21 | intergenic (+4 | OLE1 — /< ERV
0 7 571 | _» 11/+300) 14 -
P11 403 | (T)9— | intergenic (-2 | MPS1 « /< MR
M5 0 4 520 10 29/+175) X9 -
530 S257S (TCA
0.488 7 034 | A—C —TCQC) MTL1 — -
Not
908 | 2bp | coding (811-8 availab
1 13 174 | -TC | 12/3423 nt) YMR317W — le
Not
908 1272V (ATT availab
1 13 177 | A—G —GTG) YMR317W — le
Not
908 1272V (ATT availab
1 13 179 | T-G —GTG) YMR317W — le
Not
908 S274S (TCA availab
1 13 185 | A—G —TCG) YMR317W — le
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Not

908 W278S (TGG availab
1 13 196 | G—C —TCG) YMR317W — le
Not
908 A279S (GCA availab
1 13 198 | G—T —TCA) YMR317W — le
Not
908 T280T (ACG availab
1 13 203 | G—A —ACA) YMR317W — le
Not
908 S285S (AGC availab
1 13 218 | C>T —AGT) YMR317W — le
958 E114* (GAA
0.127 4 000 | C—>A —TAA) YDR248C «— -
184 T231T (ACT
0.295 8 6 | A—>G —ACC) YHLO050C « -
675 | (A)1e | intergenic (+4 | YALO67TW-A — /
0 1 5 20 048/+480) «— SEO1 -
269 S330G (AGC Confir
1 1 81 | T—C —GGC) FLO9 «— med
269 N329T (AAC Confir
1 1 83 | T-G —ACC) FLO9 «— med
271 T288T (ACT Confir
1 1 05 | A—G —ACC) FLO9 «— med
342 E1455K (GA Confir
1 2 98 | GoA | G—AAG) YBL100W-B — med
870 | (TAT | intergenic (-3 | PRE8 < / «— RPM
P14 0 13 44 | )33 05/+74) 2 -
M2 870 | (TAT | intergenic (-3 | PRE8 « / «— RPM
0 13 50 | )36-33 11/+65) 2 -
883 L782W (TTG
0 13 87 | A—C —TGG) RPM2 -
128 Y1259* (TAT Confir
1 7 474 | TH>A —TAA) MDS3 — med
397 | (A)o | intergenic (-2 | SDS23 «—/— OL
0 7 854 | o 36/-774) El -
403 | (T)o— | intergenic (-2 | MPS1 « /<« MR
0 4 520 10 29/+175) X9 -
404 intergenic (+8 | MST27 — / — tR(
0 7 475 | +G 4/-995) UCU)G1 -
468 intergenic (-1 | RDN18-2 «—/—R
0 12 701 | T-C 832/-112) DN5-2 -
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539 intergenic (+1 | HIT1 —/ —tD(G
0 10 401 | A—C 35/-2107) UcC)J4 -
612 S5R (AGT—
0 12 381 | T-G AGG) THI7 — -
930 E103E (GAA
0 4 049 | T-C —GAQG) RTN1 « -
148
958 intergenic (+9 | YDR524W-C — /
0 4 8 | AT 6/+10) — YDR524C-B -
Not
intergenic (— | —/— YOL166W- | availab
1 15 92 | A3bp /-491) A le
184 T231T (ACT
0.712 8 6 | A—>G —ACC) YHLO50C « -
129 | (T)u | intergenic (-1 | SNO2 </ — SNZ
0 14 86 14 10/-281) 2 -
269 F332F (TTT Confir
0.92 1 73 | A—G —TTC) FLO9 «— med
269 S330G (AGC Confir
0.917 1 81 | T—C —GGC) FLO9 «— med
269 N329T (AAC Confir
0.921 1 83 | T-G —ACC) FLO9 «— med
270 E293E (GAA
0.714 1 90 | T—C —GAQG) FLO9 « -
P18 271 T288T (ACT Confir
M3 0.82 1 05 | A—G —ACQ) FLO9 « med
370 G93G (GGC
0 4 75 | C>A —GGA) MFG1 — -
870 | (TAT | intergenic (-3 | PRE8 < / «— RPM
0 13 53 | )36-34 14/+65) 2 -
128 Y1259* (TAT Confir
0.804 7 474 | TH>A —TAA) MDS3 — med
231 | (M1 | intergenic (+2 | HCM1 —/ — RA
0 3 024 | 2 0/-476) D18 -
403 | (T | intergenic (-2 | MPS1 </« MR
0 4 520 10 29/+175) X9 -
404 intergenic (+8 | MST27 — / — tR(
0 7 475 | +G 4/-995) UCU)G1 -
468 intergenic (-1 | RDN18-2 «—/—R
0.796 12 701 | T—C 832/-112) DN5-2 -
688 | (T)s | intergenic (+2 | APC4 — / — VBA
0 4 076 | s 36/-151) 4 -
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723 | (A)is | intergenic (+4 | SRB6 — / «— TRS
0 2 678 | _is 3/+58) 20 -
908 W278S (TGG
0.665 13 196 | G—C —TCG) YMR317W — -
908 S285S (AGC
0.67 13 218 | C—>T —AGT) YMR317W — -

Table 17 List of strain for chapter 3.

Strain Genotype
BY4741 Mata his3A1 leu2A0 met15A0 ura3A0
pPQHS1CEN | pTDH3-QHS1-tTDH1-URA3 (CEN plasmid)
pQHS12m | pTDH3-QHS1-tTDH1-URA3 (2 plasmid)
pTHD3-tHMG1-tTDH1-pCCW12-HMG2(K6R)-tENO2-pPGK1-UPC2-1-tPGK1-
pFPPCEN pHHF2-ERG20-tADH3 -LEU2(CEN Plasmid)
pTHD3-tHMG1-tTDH1-pCCW12-HMG2(K6R)-tENO2-pPGK1-UPC2-1-tPGK1-
pFPP2m pHHF2-ERG20-tADH3 -LEU2(2u Plasmid)
pQHS12mH | pTDH3-QHS1-tTDH1-HIS3 (2 plasmid)
YAG101 BY4741 ura3::pronz-QHS1-trph1
YAG102 BY4741 [pQHS1CEN
YAG103 BY4741 /[pQHS12m
BY4741 leu2:: prups-tHMG1-trpri-peewiz-HMG2(K6R)-tenoz-preki1-UPC2-1-tpeki-
YAG104 PHHF2-ERG20-tADH1
BY4741ura3:: pronz-QHS1-trpns leu2:: prrps-tHMG1-trpri-peewiz-HMG2(KEBR)-
YAG105 teno2-Prek1-UPC2-1-tpgk1-PHHr2-ERG20-tapH2
YAG106 BY4741 ura3:: pTDH3-QH81-tTDH1 /pFPPCEN
YAG107 BY4741 ura3:: prons-QHS1-trpws /[pFPP2m
BY4741 leu2:: prps-tHMG1-trpHi-peewiz-HMG2(K6R)-tenoz-prox1-UPC2-1-tpek1-
YAG108 pHsz-ERGZO'tADH3 /pQHSlZm
YAG109 BY4741 [pQHS12m /pFPP2m
YAG110 BY4741 Acttl
YAG111 BY4741 Acttl ura3:: prors-QHS1-trpH:
YAG112 BY4741 Acttl /pQHS1CEN
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YAG113

BY4741 Acttl /pQHS12m

BY4741 Acttl leu2: ‘PtHD3-tHMG1-trpH1-pecwiz-H MGZ(KGR)-IENoz-ppGKLU pPC2-1-

YAG114 tpek1-PHHF2-ERG20-tADH1

BY4741 Acttl ura3::prons-QHS1-trpns leu2::prups-tHMG1-trpri-peewie-
YAG115 HMGZ(KGR)-IENoz-ppGKl.UPCZ-1-thK1-pHsz-ERGZO-tADHz
YAG116 YAG115 /pQHS12mH
YAG117 Population 11 mutant 1 /pQHS12mH

BY4741 Acttl his3:: prprs-QHS1-trpn1 ::LEU2 prhps-tHMG1-trpHi-Pecwiz-
YAG118 HMGZ(KGR)-IENoz-ppGKl.UPCZ-1-thK1-pHsz-ERGZO-tADHz

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;le-HMGZ(KGR)-IENoz-ppGKLUPC2-1-
YAG119 trek1-Prrr2-ERG20-taApH1, CDC39

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;le-HMGZ(K6R)-tEN02-ppGK1.UPCZ-].-
YAG120 thKl-pHsz-ERGZO-tADHlv DAN4 200

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-DCCle-HMGZ(K6R)-tENoz-pPGK1.UPC2-1-
YAG121 thKl-pHsz-ERGZO-tADHL FLO9 288

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;le-HMGZ(K6R)-tEN02-ppGK1.UPCZ-].-
YAG122 tpek1-PrHE2-ERG20-tApH1, tK(CUU)C/MAK32 int

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;le-HMGZ(K6R)-IEN02-DPGK1.UPCZ-].-
YAG123 tpek1-PrHF2-ERG20-tApH1, MDS3

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-DCCle-HMGZ(K6R)-tENoz-pPGK1.UPC2-1-
YAG124 tpok1-PrHE2-ERG20-taApH1, MST27/tR(UCU)GI int

BY4741 Acttl leu2:: prups-tHMG1-trpH1-peewiz-HMG2(K6R)-tenoz-preki-UPC2-1-
YAG125 thKl-pHsz-ERGZO-tADHL MTL1 257

BY4741 Acttl leu2:: ptHps-tH MG1-trpHi-Peewiz-HMG2(K6R)-tenoz-preki-UPC2-1-
YAG126 thKl-pHsz-ERGZO-tADHL RIF1 709

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pCCW12-HMGZ(KGR)-IENoz-ppGKl.UPC2-1-
YAG127 thKl-pHsz-ERGZO-tADHL RNR3/FIS1 int

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;W12-HMGZ(KGR)-tENoz-ppGKl.UPCZ-].-
YAG128 tpek1-PrHF2-ERG20-tapH1, SNO2/SNZ2 int

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;W12-HMGZ(KGR)-tENoz-ppGKl.UPCZ-].-
YAG129 thKl-pHsz-ERGZO-tADHL STE6 1025

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pccwu-HMGZ(KGR)-IENQQ-DPGKLUPCZ-].-
YAG130 tpek1-PrHE2-ERG20-tADH:, YALO064W-B/TDAS int

BY4741 Acttl leu2:: pTHD3-tHMGl-tTDHl-pc(;le-HMGZ(KGR)-tENoz-ppGKl.UPCZ-].-
YAG131 thKl-pHsz-ERGZO-tADHL YHLO050C int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-pecwiz-
YAG132 HMG2(K6R)-tenoz-proki1-UPC2-1-tpek1-Prrr2-ERG20-tapH1, CDC39
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BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-Peowiz-

YAG133 HMG2(K6R)-tenoz-praki1-UPC2-1-tpek1-PrHr2-ERG20-tapn1, DAN4 200

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-Peowiz-
YAG134 HMG2(K6R)-teno2-preki1-UPC2-1-tpek1-PrHr2-ERG20-tapH1, FLO9 288

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpH1-pecwiz-
YAG135 HMG2(K6R)-tenoz-praki1-UPC2-1-tpek1-Prrr2-ERG20-tapH1, tK(CUU)C/MAKS32 int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-Peowiz-
YAG136 HMG2(K6R)-tEN02-pPGK1.UPC2-1-tPGK1-pHHF2-ERGZO-IADHL MDS3

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-Peewiz-
YAG137 HMG2(K6R)-tenoz2-praki1-UPC2-1-tpek1-Prrr2-ERG20-tapn1, MST27HR(UCU)GL int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prhps-tHMG1-trpH1-pecwiz-
YAG138 HMG2(K6R)-tENoz-ppGKl.UPCZ-l-thKl-pHHFQ-ERGZO-tADHlv MTL1 257

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-t1pH1-pecwie-
YAG139 HMG2(K6R)-tenoz-prek1-UPC2-1-tpck1-Prrez-ERG20-tapH1, RIF1 709

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-ttpH1-pecwie-
YAG140 HMG2(K6R)-teno2-praexi1-UPC2-1-tpek1-PrHr2-ERG20-tapH1, RNR3/FIST int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpH1-pecwiz-
YAG141 HMG2(K6R)-teno2-preki1-UPC2-1-tpek1-Prrr2-ERG20-tapn1, SNO2/SNZ2 int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-pecwie-
YAG142 HMG2(K6R)-tenoz-preki1-UPC2-1-tpek1-Prnr2-ERG20-tapn1, STE6 1025

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-pecwie-
YAG143 H|V|G2(K6R)-tENoz-pPGKl.UPCZ-l-thKl-pHsz-ERGZO-tADHlv YALO064W-B/TDAS int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpH1-pecwiz-
YAG144 HMG2(K6R)-teno2-preki1-UPC2-1-tpek1-Prnr2-ERG20-tapn1, YHLO50C int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prhps-tHMG1-trpHi-pecwiz-

HMG2(K6R)-tenoz-prek1-UPC2-1-tpek1-PrHr2-ERG20-tapH1, STE6 1025,
YAG145 MST27/tR(UCU)GI int

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-pecwie-
YAG146 HMG2(K6R)-tENoz-ppGKl.UPC2-1-thK1-pHsz-ERGZO-tADHl, Asteb

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prups-tHMG1-trpHi-pecwiz-

HMG2(K6R)-tENoz-ppGKl.UPCZ-1-thK1-pHsz-ERGZO-tADHl‘ (STEG on 2 micron
YAG147 URA3)

BY4741 Acttl his3:: pTDH3-QHS1-tTDH1 leu2:: prhps-tHMG1-trpHi-pecwiz-

HMGZ(KGR)-tENoz-ppGKl.UPCZ-1-thK1-pHHF2-ERGZO-tADHL (STE6 1025 on 2 micron
YAG148 URA3)
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BY4741 Acttl his3:: pTDH3-ZSS1-tTDH1 leu2:: prups-tHMG1-trpHi-Pecwie-

YAG149 HMG2(K6R)-tenoz-proki1-UPC2-1-tpek1-Prrr2-ERG20-tapH1
BY4741 Acttl his3:: pTDH3-ZSS1-tTDH1 leu2:: prups-tHMG1-trpHi-pecwiz-
HMG2(K6R)-tenoz-proki-UPC2-1-tpek1-Prrr2-ERG20-tapH1, (STE6 1025 on 2 micron
YAG150 URA3)

Table 18 Donor sequence for mutations

Mutati

Donor sequence
on

CTTTGGTCTCACCAAAACCTAATTGTTGTAAAATTAGTTTAATTTCGGGAACACTTTATACA
CDC39 | AAGGGCAGGTCTAAAAGATTAATATCGTTATTGTTTATCAACTGAGTAAAGAAAACGAAC

ACTTTGTACAAAGGGCGTTTTAGAGAGAGACCTTTC

CTTTGGTCTCACCAAAACGTGGTAGAAGTAGTAGAGGTTGTAGGAGTAGTCGATGTGGTA
DAN4

GAGGTTGTAGGAGTGGTAGAAGTAGTAGAGGTTGTAGGAGTAGTCGATGTGGTAGAAG
200

GTCGATGTGGTAGAAGTTGTGTTTTAGAGAGAGACCTTTC

CTTTGGTCTCACCAAAACGTTGGTACCGGTGACGGTGGTCATTTCAGTAGATGTAGAGGT
FLO9

GAAAGTACCGGTCCATGGTTCCGTTGTAGTTATGGTAGTACTGACAGTATAATTTGAAAG
288

ATGTAGAAGTGAAAGTACGTTTTAGAGAGAGACCTTTC
tK(CU

CTTTGGTCTCACCAAAACCCGTATATGATAATATATTGATAATATAACTATTAGTTGATAGA
u)c/M

CGATAGTGGATTTTTATTCCAACAATTCTATATACGTAAAATTATAGCCTTTACCACTATAG
AK32

TTGATAGACGATAGGTTTTAGAGAGAGACCTTTC
int

CTTTGGTCTCACCAAAACTGTTAGTGCTACTGCTGCTGATGGAACCTTAATTCATATCAAAC
MDS3 | AAATGAAGATTAAAACTTCCGATGTTGGTTTGTTGATCATCGTTATCATCAAAACTAATTCA

TATCAAACAAATGAGTTTTAGAGAGAGACCTTTC
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MST27

CTTTGGTCTCACCAAAACAAATGGGTCCAACACGAATCGACTTTTCGAGGCTTCCTTCGGC

JtR(UC

CGTTTTCGGGCCAGTTAGTGCTGATTATATATCATACTCTAGTTTATGTTCGCTTTAAGGCT
U)G1

TCTTCGGCCGTTTTCGTTTTAGAGAGAGACCTTTC
int

CTTTGGTCTCACCAAAACTGTGGAGAGGGTGAAATATGATGATGATGATGATGATGAGGA
MTL1

TGAGGATGAGGATGATGATGAGGATGATGAGGATGAGGATGATGAAAATGAGGAGGAG
257

TGATGATGATGATGAGGATGGTTTTAGAGAGAGACCTTTC

CTTTGGTCTCACCAAAACGATGATCTGCGGGGGCAGGCTTGAAATGTTTTTTAACTTTACA
RIF1

CCTTCTGAAGCTATAACACTCATTGGGTGAATATGCTTTTTATATTTTCTTTCCAATTTTTAA
709

CTTTACACCTTCTGGTTTTAGAGAGAGACCTTTC
RNR3/ | CTTTGGTCTCACCAAAACCAACATTGCGTGCCGTTGTTCTTTTGTTTTTITTTITTTTTTTTTTTT
FIS1 TTCGTTGTTGTCGCAGCAACGACACCTAGGCGCTGCTCAAAGGGGCAAAAACCCTTTTTTIT
int TTTTTTTTTTTCGGTTTTAGAGAGAGACCTTTC
SNO2/ | CTTTGGTCTCACCAAAACCAGCAACCGGGGTCATGGTAAGTGTGCTTGCTACTCAAACAG
SNZ2 AAAAAAATGGTCTTTTATCAATGAATAACTTTTTTTTTTTGTAGCTGAATGATGACTACTCA
int AACAGAAAAAAATGTTTTAGAGAGAGACCTTTC

CTTTGGTCTCACCAAAACTGCTGCCAGTTGGATCTATAGGATTCTTGATGAAAAGCATAAT
STE6

AACCTAGAGGTTGAAAACAATAATGCTAGAACAGTGGGAATAGCTGGTCACACCTACTGA
1025

AAAGCATAATACCCTAGGTTTTAGAGAGAGACCTTTC

CTTTGGTCTCACCAAAACGGTGGTAATGATGAAGTAATTTCCTGACTTGTTGTTGTACTGG
YALO6

TAACAGGGGGTAATGATGAAGTAATTTCCTGACTTGTTGTTGCACTGGTAACAGGTGGTT
4W-B/

GTTGTACTGGTAACAGGGTTTTAGAGAGAGACCTTTC
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TDAS

int

CTTTGGTCTCACCAAAACAAGAGATGGGGGGGGGGGGCTCTGTTATCTATTATCTAGAAA
YHLO5
AAACAGTCGGGCCGCAAGGAATCGTAAGGGTGAATTGCCACCAATTAAGGAAGGCTGTA
0Cint
TTATCTAGAAAAAACAGTTGTTTTAGAGAGAGACCTTTC

Control 1M H,0, Control 1M H,0, Control 1M H,0,
101 102 103 10* 105 1 102 103 10# 10° - - 2 10% 10%4 10°

0 ® = .

YAG31

I
S

101 102 102 104 105

e
o0
ee
* %

YAG36

YAG39

LR

YAG37

e 0%

YAG35

YAG34

&w

YAG38

YAG33

00 00 @ o

®»
s .
3
o :
® %
@& -
e
o

YAG32

000900 g400

YAG40

712000200, 00
*r2000:00x009°

00 00000000

¢
L
¥

Figure 15 Oxidative stress tolerance of reconstructed single mutants in FY2
subjected to 1-hour exposure in 1 M H202. Strains are listed in increasing order of
B-carotene observed in their YLH2 counterparts.
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Figure 16 Oxidative stress tolerance of reconstructed single mutants in
carotenogenic strain of FY2 subjected to 1-hour exposure in 1 M H202. Strains
are listed in increasing order of B-carotene production.
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Figure 17 Oxidative stress tolerance of reconstructed single mutants in
carotenogenic FY2 Acttl strain subjected to 30 min exposure in 100 mM H20:.
Strains are listed in increasing order of p-carotene production.
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Figure 18 Raman results for lycopene producers. Relative peak intensity ratios
compared with YAG41. FA: fatty acid. Error bars represent confidence interval
about the sample mean with p = 0.90.

135



a HPLC standard curve
600
<
o)
c
2 4004
o
©
Q 2
@ R?=0.9996
© 200
=
(@]
g
0 1 1 1 1 1
0 100 200 300 400 500
Peak Area
b Tecan standard curve
600
<
0
c
9 4004
o
©
Q
© 2:
£ Hood R?=0.9983
2
(o))
IS
0
0.0 0.2 0.4 0.6
Tecan plate reader ODys4
c HPLC standard curve
1500
-
© 10004
c
[}
Q.
o
[&]
>
S 500 R?=0.9991
S
0

T T T T 1
2000 4000 6000 8000 10000

Peak Area

136



Relative abundance of carotenoid in strains
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Figure 19 Correlation between p -carotene quantification using HPLC and using
absorbance at OD454. a) and c) HPLC calibration curve using pure compounds
for p -carotene and lycopene, respectively; peak area under the curve is shown. b)
Standard curve for g -carotene using absorbance measurements at OD454. d)
Amount of lycopene and p -carotene in strain YLH2, SM14 and YAG28 based on
HPLC quantification. e) Correlation between HPLC and absorbance-based
quantification of g-carotene for strains tested. Error bars are standard deviations
based on 3 biological replicates per strain.
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Figure 20 Epistatic interactions between different mutations on p-carotene
production. Mutations: (a) HIS7 389, (b) SRO9/GFD2 int, (c) TYE7 86, (d) FLO1
925, (e) DAK2/AQY3 int, (f) SCY1 1836, (g) EPL1 1754, (h) ALG6 1411, (i) MDS3
ins, (j) YMRCTy1-3 1078.
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Figure 21 Antioxidant potential of beta-caryophyllene, 3 biologic replicates for each
strain exposed to various hydrogen peroxide concentration and spot assay were
done with different dilutions with increment as 10x dilutions.
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Figure 22 Relative caryophyllene production between average of 3 colonies picked
of various sizes isolated from screening.
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Figure 23 Production of B-caryophyllene in strains with additional copies of QHS1
gene. Asterisks: p value <0.05 using two-tailed Student’s t-test compared with
YAG116.
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Figure 24 alpha humulene production under overexpressed STE6 1025
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