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ABSTRACT

Bioconversion of lignocellulosic sugars is often suboptimal due to global regulatory
mechanisms such as carbon catabolite repression and incomplete/inefficient metabolic
pathways. While conventional bioprocessing strategies for metabolic engineering have
predominantly focused on a single engineered strain, the alternative development of
synthetic microbial communities facilitates the execution of complex metabolic tasks by
exploiting unique community features (i.e., modularity, division of labor, and facile
tunability). In this dissertation, these features are leveraged to develop a suite of
generalizable strategies and transformative technologies for engineering Escherichia coli
coculture systems to more efficiently utilize lignocellulosic sugar mixtures. This was
achieved by rationally pairing and systematically engineering catabolically-orthogonal
Escherichia coli sugar specialists. Coculture systems were systematically engineered, as
derived from either wild-type Escherichia coli W, ethanologenic LY180, lactogenic
TG114 or succinogenic KJ122. Net catabolic activities were then readily balanced by
simple tuning of the inoculum ratio between sugar specialists, ultimately enabling
improved co-utilization (98% of 100 g L! total sugars) of glucose-xylose mixtures (2:1 by
mass) under simple batch fermentation conditions. We next extended this strategy to a
coculture-coproduction system capable of capturing and fixing CO» evolved during biofuel
production through inter-strain metabolic cooperation. Holistically, this work contributes
to an improved understanding of the dynamic behavior of synthetic microbial consortia as
enhanced bioproduction platforms and carbon conservation strategy for renewable fuels

and chemicals from non-food carbohydrates.
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CHAPTER 1

INTRODUCTION

This chapter contains excerpts and reproductions with permission from:
Flores A.D., Kurgan G.L., Wang X. (2017) Engineering Bacterial Sugar Catabolism and
Tolerance Toward Lignocellulose Conversion. In: Gosset G. (eds) Engineering of
Microorganisms for the Production of Chemicals and Biofuels from Renewable

Resources. Springer, Cham. https://doi.org/10.1007/978-3-319-51729-2 6



1.1 Bioconversion of Lignocellulosic Sugars

While biomass is a promising feedstock for producing renewable fuels and chemicals,
the most abundant and sustainable sources come in the form of lignocellulose.
Lignocelluloses account for more than 60% of total biomass and are renewable due to
carbon-fixing photosynthetic processes of plants, with a net productivity of 155 billion tons
per year ', Regardless of source, most lignocellulosic biomass contains cellulose,

hemicellulose, and lignin as three major polymeric components as shown in Fig. 1.1.

monolignols

2035%
- Hemicellulose A

xylose

Representative sugar composition (% dry weight) of lignocellulose

Glucose Xylose Arabinose galactose total
+ mannose

438+14 234+21 56%0.7 35+04 763127

Figure 1.1. Composition of lignocellulose.

The approximate lignocellulose composition is given as a percentage of total dry weight.
The major carbon monomers of the main polymeric components for typical lignocelluloses
are underlined in a white box. The representative sugar composition shown in the table
was obtained from a sugarcane bagasse sample .

Cellulose (30-50% of lignocellulose dry weight) is composed of D-glucose and
hemicellulose (20-35% of lignocellulose dry weight) is composed of a mixture of pentoses
and hexoses mostly with D-xylose as the major sugar (Fig. 1.1) >%°. Thus, fermentable

sugar content of lignocelluloses occupy 50 to 70% dry weight of biomass, however, direct

use of these carbon sources for microbial conversion is difficult for the following reasons.



First, co-utilization of sugar mixtures by microbes is hindered by a global regulatory
mechanism called carbon catabolite repression 8. This regulation is common for most
microbes, if not all, and is tightly controlled at transcriptional and biochemical levels 8.
Glucose is often the preferred substrate, and its presence represses the catabolism of other
secondary sugars in lignocellulose such D-xylose and D-arabinose %!, Under anaerobic
or micro-aerobic fermentation, complete consumption of sugar mixtures at high rates is
difficult; especially for sugar concentrations of 100 g/L total sugars or higher 8. This results
in sugar loss, decreased productivity, and lower product titers for lignocellulose
conversion. Another contributing factor to poor sugar mixture utilization is the inability for
some common industrial microbes to metabolize the most abundant pentose in
hemicelluloses, D-xylose (Fig. 1.1) !4, For example, industrial microbes for ethanol
production such as Saccharomyces cerevisiae and Zymomonas mobilis do not natively
metabolize xylose, and these catabolic pathways must be integrated into the hosts for
xylose utilization %13,

In this chapter, we will comprehensively review knowledge and research progress
related to bacterial transport and catabolism of lignocellulosic sugars, strategies used to
mitigate carbon catabolite repression, and how the unique characteristics of microbial

communities can be used to enhance the co-utilization of sugar mixtures.
1.2 Bacterial Transport and Catabolism of Lignocellulosic Sugars

In many bacterial species, the phosphoenolpyruvate: sugar phosphotransferase
system (PTS) facilitates the transport and concomitant phosphorylation of exogenous
carbohydrates across the cytoplasmic membrane '°. Using Escherichia coli as an example,

the PTS is a multiprotein phosphorelay system consisting of two soluble and non sugar-
3



specific enzymes Enzyme I (EI) and the histidine protein (HPr), encoded by the ptsI and
ptsH genes, respectively, and the sugar-specific enzyme Enzyme II (EII) system !!' (Fig.
1.2). EII is a multicomponent complex composed of two hydrophilic domains, EIIA and
EIIB, and one or two carbohydrate-selective transmembrane domains, EIIC and EIID !©,
These mentioned domains of EIl may occur as individual proteins or as a combination of
subunits in variable order and number '® (Fig. 1.2).

Multiple parallel EIIl complexes facilitate cellular uptake of different carbohydrates.
The E. coli genome encodes for more than 20 different EII complexes, thus allowing for
the transport and simultaneous phosphorylation of more than 20 different carbohydrates !”.
In the PTS, relay of the phosphoryl group initiates with the autophosphorylation of EI from
phosphoenolpyruvate (PEP) and subsequently transfers the phosphoryl group to a histidine
residue on the HPr (His-15) '8, HPr then phosphorylates various sugar-specific EII
complexes. The glucose specific EIl complex comprises of the soluble enzyme EIIAS'® and
the integral membrane permease EIIBCY', encoded by crr and ptsG, respectively '8. The
reported kinetic activity of EIIS'® with glucose as substrate is reported to have a high affinity
with Km and Vimax values of 3-10 uM and 126 pmol min! g!, respectively 2. Lastly, the
phosphoryl group is transferred to EII’s corresponding sugar during transport across the
cytoplasmic membrane ! (Fig. 1.2). With the monosaccharide phosphorylated it can now
be catabolized through the respective pathways. For example, in E. coli glucose-6-phospate
can be catabolized by the Embden-Meyerhof-Parnas (EMP) pathway or the Pentose
Phosphate Pathway (PPP).

Transport of extracellular lignocellulose-derived pentoses such as xylose and

arabinose across the plasma membrane in E. coli occurs not through the PTS but through

4



two unique set of transport systems: an ATP-binding cassette (ABC) and a proton

symporter. The ABC transporters XylFGH for xylose and AraFGH for arabinose, encoded

by xylFGH and araFGH, respectively, actively transport sugars with the cost of one ATP

per sugar, whereas the proton symporters XylE for xylose and AraE for arabinose, encoded

by xylE and araE, respectively, uses a proton gradient to transport the monosaccharide

across the plasma membrane 225,
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Figure 1.2. Transport, catabolism and catabolite repression mechanisms of

lignocellulose-derived sugars in E. coli.
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1.3 Carbon Catabolite Repression (CCR)

Glucose commonly represses the catabolism of other secondary sugars such as
xylose, arabinose and galactose, which causes hierarchical control of sugar mixture
utilization 2¢2°, Catabolite repression is a well-studied and classic topic for bacterial global
transcriptional regulation. In E. coli and many other enteric bacteria, catabolite repression
is controlled by two non-mutually exclusive mechanisms: 1) operon-specific regulatory
mechanisms, such as inducer exclusion, and 2) global regulatory mechanisms !!.

Inducer exclusion is an operon-specific regulatory mechanism that controls the
formation or uptake of an operon’s inducer. A classic example is the glucose repression of
the lac operon transcription through lactose permease transporter, LacY, in E. coli 13932,

The catabolite repression caused by global regulatory mechanisms generally
involves global transcriptional regulators to modulate the transcription of catabolic genes
for secondary sugars (Fig. 1.2). In E. coli, the main involved global regulator is CRP
(cAMP receptor protein), also called catabolite gene-activator protein (CAP), which is the
transcriptional activator for catabolic genes for secondary sugars such as xylose and
arabinose when bound by cAMP, an important intracellular signaling molecule employed
in many different organisms. The global regulator CRP plays an essential role in not only

regulating secondary catabolic genes, but also many other important biological processes

such as respiratory genes and multidrug resistance, with over 180 genes under its control

30,33
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The inability of bacteria to efficiently consume two or more carbon sources hinders
commercial use of lignocellulosic biomass due to increased residence time, lower product
titer and productivity 3. The strategies to abolish catabolite repression have focused on

inactivating and/or engineering PTS components 3342

. Besides engineering PTS to relieve
catabolite repression, the global regulator CRP has been an engineering target to enhance
sugar co-utilization for bacteria that use CRP as a catabolite repression mechanism, such
as E. coli and Klebsiella oxytoca '>**%, Theoretically, a cAMP-independent CRP variant
should activate the catabolic operons of secondary sugars even in the presence of glucose.
However, CRP globally regulates transcriptional expression of more than 180 genes and
such CRP mutants often have slow growth phenotypes because the CRP mutants might

alter the transcriptional control for other important genes ¢, thereby limiting wide

application of this approach and only yielding limited success.
1.5 Engineering Synthetic Microbial Communities

Despite extensive research efforts spanning decades developing monocultures for co-
utilization of lignocellulose-derived sugars, researchers are now investigating the use of
microbial consortia systems for enhanced sugar co-utilization. Design of synthetic
microbial communities by engineering microbial ‘specialists’ - having a specific function
and/or capability — has been explored. For example, Dr. Eiteman’s group engineered two
E. coli strains for selective-substrate uptake, one that can only metabolize glucose and the
other only xylose, by eliminating metabolic pathways for the non-selective substrate #’.
Coculturing the two ‘specialists’ together had a synergistic effect by consuming glucose
and xylose rapidly under both aerobic and anaerobic conditions and demonstrated by

aerobic fed-batch that the coculture system has the intrinsic ability to adapt to feed
7



fluctuations. With increased carbon uptake, the E. coli ‘specialists’ were further engineered
for parallel conversion of glucose and xylose to lactate and succinate production *%4°. These
results show high potential for engineering coculture systems. However, high sugar
concentrations need to be further investigated. An advantageous benefit of using microbial
consortia systems composed of the same species is the compatibility of cultivation
conditions (i.e., temperature, pH, oxygen demand and nutritional requirements)>°. This
approach has also been used to simultaneously metabolize glucose, xylose, arabinose and
acetate by increasing the number E. coli ‘specialists’ in microbial processes >32. Although
all the above-mentioned strategies have enhanced sugar co-utilization at different levels,
the effects of these engineering strategies remain to be validated under more industrially
relevant conditions (>100 total sugars g/L, cheap medium, low inoculum, oxygen-limiting
conditions, etc.).

Progress was made recently in an E. coli coculture system for the production of
large and complex molecules from lignocellulose-derived sugars, such as cis,cis-muconic
acid, flavonoids, perillyl acetate and 3-amino-benzoic acid °*%. In these studies,
biosynthetic pathways were segregated into one cell containing an upstream module and
the other containing the downstream module. Compartmentalizing pathway segments into
two microbial hosts offers a unique approach to (i) reduce metabolic stress in long and
complex pathways, (ii) easily manipulate the population of individual modules by adjusting
inoculum ratio and/or by the addition of a needed strain in the middle of a cultivation
process and (iii) provide an optimal intracellular environment for enzymatic activity that
would be difficult or incompatible in traditional metabolic engineering (engineering mono-

cultures) 7. Another successful example of engineering two E. coli ‘specialists’ was

8



demonstrated by Saini et al. for the production of n-butanol from glucose and renewable
cellulose hydrolysate %% Titers reached 5.5 g/L of n-butanol from glucose, which
correlated to 2-fold higher than the reference monoculture, and 0.163 g L' h'! from
cellulose hydrolysate. Expanding synthetic microbial communities to multi-species
‘specialists’ for lignocellulosic biomass conversion to valuable products has shown
promise. Isobutanol production by co-culturing two engineered ‘specialists’, a cellulolytic
fungus Trichoderma reeesei and E. coli, reached titers up to 1.8 g/L with yields up to 62%
of theoretical maximum ®'. Other notable coculture systems comprising of mixed species
are E. coli-P. putida for parathion degradation, E. coli-S. cerevisiae for oxygenated
isoprenoids and benzylisoquinolin alkaloids and G. oxydans-K. vulgare for 2-keto-L-

gulonic acid %263,

1.6 Outlook and Conclusion

Developing and engineering microbes to efficiently convert lignocellulosic-derived
sugars into target products at high titer, yield and productivity is a nontrivial undertaking
that continues to limit commercial developments. With these limitations and factors in
mind, this dissertation is focused on exploiting engineered synthetic microbial
communities for enhanced conversion of lignocellulose-derived sugars to bioproducts and
developing novel bioprocess applications to this end. Moreover, in addition to such applied
outcomes, this work further seeks to develop improved fundamental understandings of
molecular interactions occurring amongst synthetic microbial communities, the likes of

which will provide useful insight for developing more robust bioprocesses.
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CHAPTER 2
ENGINEERING A SYNTHETIC, CATABOLICALLY-ORTHOGONAL
COCULTURE SYSTEM FOR ENHANCED CONVERSION OF
LIGNOCELLULOSE-DERIVED SUGARS TO ETHANOL

Abstract

Fermentation of lignocellulosic sugar mixtures is often suboptimal due to inefficient xylose catabolism and
sequential sugar utilization caused by carbon catabolite repression. Unlike in conventional applications
employing a single engineered strain, the alternative development of synthetic microbial communities
facilitates the execution of complex metabolic tasks by exploiting the unique community features, including
modularity, division of labor and facile tunability. A series of synthetic, catabolically-orthogonal co-culture
systems were systematically engineered, as derived from either wild-type Escherichia coli W or
ethanologenic LY 180. Net catabolic activities were effectively balanced by simple tuning of the inoculum
ratio between specialist strains, which enabled co-utilization (98% of 100 g L™! total sugars) of glucose-xylose
mixtures (2:1 by mass) for both culture systems in simple batch fermentations. The engineered ethanologenic
co-cultures achieved ethanol titer (46 g L), productivity (488 mg L' h'!) and yield (~90% of theoretical

maximum), which were all significantly increased compared to LY 180 monocultures.

This chapter contains excerpts and reproductions with permission from:
Flores, A. D., Ayla, E. Z., Nielsen, D. R., & Wang, X. (2019). Engineering a synthetic,
catabolically-orthogonal coculture system for enhanced conversion of lignocellulose-
derived sugars to ethanol. ACS Synthetic Biology, 8(5), 1089-1099.

Copyright 2019 American Chemical Society
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2.1 Introduction

As discussed in chapter 1, plant-derived lignocellulose from agricultural residues and
energy crops (e.g., corn stover and switchgrass, respectively) are renewable carbon and
energy sources that can be converted by microbial biocatalysts to fuels and chemical
products.®® Lignocellulose, the major structural material of plant biomass, is comprised of
a complex matrix of mostly polysaccharides and phenolic polymers. Of particular utility
for microbial fermentative production are the carbohydrate components, which are
composed of both cellulose and hemicellulose fractions and account for approximately 60-
70% of total biomass dry weight.? The sole monomer of cellulose is glucose while the most
abundant monosaccharide in most hemicellulose fractions is xylose, a five-carbon aldose
(20-40% total dry weight).? Xylose is difficult or, in many cases impossible (e.g., in the
case of native Saccharomyces cerevisiae and Zymomonas mobilis), for many microbes to
metabolize.®*” Even microorganisms with the ability to natively catabolize xylose often do
so poorly in the presence of glucose as a result of carbon catabolite repression (CCR);!! a
complex, global regulatory mechanism that prevents simultaneous utilization of multiple
sugars such as glucose-xylose mixtures, resulting in diauxic growth.®!° CCR leads to much
of the available xylose in fermentation broth unused, especially under oxygen-limiting
fermentation conditions.*>%%% Previous efforts to improve sugar co-utilization in E. coli
monocultures have typically involved multiple genetic manipulations along with
experimental adaptation.*34%70 However, as such past efforts have repeatedly
demonstrated, optimal balancing of both glucose and xylose catabolic functions in the same
strain is particularly challenging, and suboptimal fermentative performance often arises as

a result.343>70
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Benefitting from unique features such as division of labor, cooperative interactions and
diversified metabolism, synthetic microbial communities represent a promising
engineering platform with the potential to address a diversity of important challenges in
synthetic biology and metabolic engineering.”!””* For instance, several engineered
microbial communities have to date been developed to facilitate the parallel catabolism of
substrate mixtures, such as sugars derived from lignocellulose. Wild-type Pichia stipitis
(capable of using both glucose and xylose) and S. cerevisiae (using glucose only), for
example, were combined to ferment glucose-xylose mixtures to ethanol.>® However,
suboptimal sugar co-utilization was ultimately observed because i) the two strains both
competed for available glucose, and ii) xylose metabolism in P. stipitis remained inhibited
by CCR. In contrast, a coculture composed of complementary biocatalysts with orthogonal
catabolic functions (i.e., each specialist strain engineered to use only one designated sugar)
offers the potential to achieve co-utilization of sugar mixtures without CCR through labor
division.

The Eiteman group first reported on the engineering of catabolically-orthogonal E. coli
cocultures to enhance co-utilization of sugar mixtures. Sets of E. coli specialist strains were

47,52 In

engineered and combined to enable the simultaneous catabolism of sugar mixtures.
contrast of other past efforts,*® coculture engineering using the same species (i.e., E. coli)
ensures compatibility of cultivation conditions (e.g., pH, temperature, nutrient
requirements) between the final strains. A similar strategy was also adopted to develop a
synthetic coculture composed of three distinct, hexose-specific E. coli strains to improve

the simultaneous consumption of a mixture of glucose, galactose, and mannose.”* In

addition to improving the catabolic performance of E. coli on sugar mixtures, this strategy

20



of utilizing community engineering has furthermore proven useful for enhancing the
production of various fermentation products, including lactate, succinate, and

484975 as well as in other biosynthesis applications.”®” However, in these

pyruvate,
reported E. coli coculture systems, orthogonal catabolic functions, especially for xylose,

were not further enhanced through rational genetic engineering or adaptation, thus leading

to low utilization rates for sugar mixtures and suboptimal production metrics.

In this chapter, we further explore and extend the concept of engineering synthetic,
catabolically-orthogonal cocultures, ultimately developing novel E. coli cocultures for
conversion of glucose-xylose mixtures to ethanol with high production metrics. A series of
genetic modifications were explored to confer and enhance either glucose or xylose
utilization abilities with minimal cross-catabolic activities. Moreover, a tuning strategy to
optimize the inoculum ratio between individual specialist strains significantly increased
both the rates and extent of total sugar consumption as well as ethanol production compared
to the corresponding monocultures. The strain and consortium engineering strategies
presented here provide useful insights into the optimal design of synthetic microbial

communities.
2.2 Results and Discussion

2.2.1 Carbon Catabolite Repression Limits Sugar Co-Utilization in Wild-Type and

Ethanologenic E. coli Fermentation Monocultures

E. coli W (ATCC 9637) was used as the host strain to develop a synthetic coculture
due to its faster anaerobic growth and catabolic rates compared to other E. coli strains

commonly used for bioproduction such as BL21, C, Crooks, DH5a, MG1655, and
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W3110.%° To demonstrate the extent by which CCR limits mixed sugar fermentation in E.
coli W, cells were fermented in a mineral salts medium containing 66 g L'! glucose and 34
g L! xylose; a glucose-xylose ratio representing the composition of these sugars in typical
lignocellulose.?! As shown in Table 2.1 and Figure 2.1a, glucose was completely utilized
within 48 h with maximum specific rate of 610 + 50 mg gDCW-! h'! (254 + 2 mg gDCW-
"'h! as the overall specific rate for 96 h). In contrast, only minor xylose utilization (< 6 g
L") occurred, representing an overall specific rate of just 23 + 4 mg gDCW-! h!. Thus, as
a consequence of CCR, total sugar utilization was merely 73% of provided sugar mixture,
resulting in the production of 2.7 + 0.1 gDCW L' biomass (Figure 2.1b). An

ethanologenic E. coli
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Figure 2.1. Fermentation of wild-type E. coli W and ethanologenic E. coli LY180 on
glucose-xylose mixtures.

a) Sugar utilization and b) fermentative growth of E. coli W were measured at different
time intervals in mineral salts medium containing the total 100 g L' glucose-xylose
mixtures (approximately 2:1 by mass). c¢) Sugar utilization, ethanol production, and d)
fermentative growth of LYI180 were measured under the same fermentation condition.
Symbols: glucose (round); xylose (square); ethanol (triangle); OD5s50um (diamond).

strain LY 180 (a derivative of KO11 strain based on E. coli W) was previously developed
to convert xylose into ethanol at a high efficiency (a titer at ~45 g L'! and a yield of 0.48 g
g xylose™! when fermenting 100 g L! xylose).32*> However, its ethanologenic fermentation
was similarly limited when fermenting glucose-xylose mixtures (Figure 2.1¢ and 2.1d).
Only 78% of total supplied sugars were used during 96 h fermentation, with overall specific

rates of glucose and xylose utilization reaching 280 + 30 and 44 + 3 mg gDCW! h!,

respectively (Table 2.1). Although glucose was completely consumed by 72 h, only 33%
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of supplied xylose was consumed after 96 h of fermentation. Ethanol production only
reached a final titer of 36 + 1 g L (75% of the maximum theoretical yield) at a volumetric
productivity of 378 + 9 mg L' h'!, whereas biomass production similarly reached 2.5 + 0.3
gDCW L-! (Table 2.1). This suboptimal fermentation performance suggests that CCR still
remains a significant bottleneck in LY 180 limiting ethanol production from sugar mixtures
despite extensive efforts to optimize its xylose fermentation through rational engineering

and adaptive laboratory evolution.5?34
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Table 2.1. Performance of wild-type and ethanologenic monoculture and coculture
fermentations using 100 g L! of Glucose-Xylose Mixtures (Ratio 2:1 by mass).

Summary of data showing the strain(s), percentage of sugar utilized, biomass, specific
substrate rate, volumetric productivity, ethanol yield and ethanol titer. * Sugar utilized per
sugar supplied. * Dry cell weight (DCW) values are calculated from maximum ODjssonm
(0.44 gDCW L' with an optical density of 1.0 at 550 nm). ¢ q (specific substrate rate) and
O (volumetric productivity) values are calculated using maximum biomass and 96 h. ¢ gram
ethanol per gram total sugar consumed. ¢ Maximum specific rates are calculated when the
slope is most linear during a 24 h period and using maximum biomass occurring within
the same time period. They are not distinguished from overall specific rates if sugar
utilization rates remain similar for the entire 96 h fermentation. Abbreviation: Glucose
(Glc); Xylose (Xyl); No Consumption (N.C.) < 1% sugar utilized; No Rate (N.R.) < I mg
gDCW !,

Sugar Utilized (%)* q (mg gDCW' by

Strains(s) Biomass® Qethano®  Yield” Titer
1 1 -1
Fermented G xvl Total %DICW Gle Gle Xyl Xyl hmfg L gg gL
y Overall Max*® Overall Max*®
. 100 18 = 73 254 610 + 23 +
E. coli W 10 3 i1 2.7+0.1 1o 50 23+4 4 - -
100 13 = 71 270 565 + 17 =+
WTgle 10 2 i1 26+0.2 130 9 17+4 4 - - -
12 + 89 + 37 50 50 =+ 460 +
WTxyl4 1 1 i1 1.6+0.1 12 2 178 =7 10 - - -
WTgle:WTxyl4 100 65 = 89 210 460 =+ 130 =
Ratio 1:1 £0 1 £1 0 BE02 90 643 - - -
WTglc:WTxyl4 99 + 96 + 98 23403 300 700 + 140 = 270 +
Ratio 1:5 1 1 +1 : . + 50 200 20 70 B B B
100 33 + 78 280 810 =+ 44 + 047 =+ 36 =
LY180 10 5 i1 25+03 130 30 44 +3 3 378+9 001 1
100 7.8+ 70 270 700 + 10 =+ 046 = 32
LYglel 10 4 i1 26+0.2 120 100 10+5 5 329+9 0.02 1
84 + 25 160 = 440 052 =+ 12 =
LYxyl3 N.C. 1 4 1.7+£0.2 N.R. N.R. 20 £30 132+4 0.09 1
LYglel:LYxyl3 100 26 + 75 288 800 38 =+ 044 =+ 33 +
Ratio 1:1 +0 6 +2 24%0.1 +6 +100 38+9 9 33+4 0.01 1
LYglel:LYxyl3 100 95 + 98 329 620 =+ 300 + 045 =+ 46 =+
Ratio 1:500 £0 1 £1 22201 1y 60 1322 6 486 401 1

2.2.2 Development of Catabolically-Orthogonal Specialist Strains from E. coli W

A pair of complementary, catabolically-orthogonal specialist strains were first
developed by targeting genes associated with glucose transport and/or xylose catabolic
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regulation in E. coli W. More specifically, a glucose specialist strain was engineered by
deleting xy/R (encoding xylose-specific transcriptional activator XylR) to disable xylose
catabolism, whereas a xylose specialist strain was engineered by deleting several
components of glucose transport systems (i.e., pts/, ptsG and galP) while also increasing
xylose utilization by introducing specific mutations to xylR.®® Details regarding the

construction of each strain are thoroughly explained below.

In past studies, engineering of glucose specialist strains has typically been achieved by
deleting xylA4 (encoding xylose isomerase) to prevent xylose utilization.*”*%>%7 In contrast,
deletion of xy/R does not only prevent transcriptional activation of catabolic genes (xy/4
and xylB), but also prevents xylose uptake by further disrupting transcriptional activation
of the genes responsible for xylose transport (xy/FGH). E. coli W with deletion of xy/R,
WTgle, completely fermented glucose within 48 h at the maximum specific glucose
utilization rate of 565 + 9 mg gDCW-! h'! in batch fermentations of a glucose-xylose
mixture while only 4.2 + 0.6 g L'! xylose was utilized over 96 h (Figure 2.2a and 2.2b).
The catabolic performance of WTglc was similar to that of its parent strain, E. coli W, as
was the maximum cell density (Table 2.1; Figure 2.1a, 2.1b and 2.4a). No significant
changes in the product profile (including lactate, succinate, acetate, pyruvate and ethanol)

were detected between these strains (results not shown).
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Figure 2.2. Fermentation of monocultures and cocultures of sugar specialist strains
engineered from E. coli W using glucose-xylose mixtures (total 100 g L! with 2:1 by
mass).

The concentrations of a) glucose and b) xylose in fermentation broths were measured in
batch monoculture fermentations of glucose specialist strain W1glc (solid symbols) and
xylose specialist strain WTxyl4 (open symbols). The concentrations of c) glucose and d)
xylose were measured for coculture fermentations of WTglc:WTxyl4 with a 1:1 inoculum
ratio (solid symbols) and a 1:5 inoculum ratio (open symbols).

To engineer a xylose specialist strain, wild-type xy/R was replaced with a mutant copy
(P363S and R121C; denoted as xy/R*) that was recently discovered and characterized by
our lab®® to enhance xylose fermentation and release the control of CCR. The XyIR* variant
has a higher DNA binding affinity than wild-type XyIR which leads to stronger activation

of xylose catabolic and transport genes (i.e., xy/4, xylB, and xyl[FFGH) and independency
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from the control of CCR.%® The ability of the resulting strain (LN06) to utilize glucose was
next eliminated by deleting key components of the phosphotransferase system (PTS), the
primary mechanism in E. coli to transport and subsequently phosphorylate glucose.
Enzyme I (encoded by ptsl) in the PTS initiates the transfer of phosphate from
phosphoenolpyruvate (PEP) through a cascade of enzymes to the final glucose-specific
transport components, Enzyme IIBCY* (encoded by ptsG). Accordingly, ptsI alone or both
ptsl and ptsG were deleted in LNO6, yielding the strains WTxyll and WTxyl2,
respectively. In past studies, PTS has typically been inactivated by deleting ptsG in xylose
specialists (or other non-glucose specialist strains described in Table 2.2).47-49-52.74.75
Deletion of manZ which encodes Enzyme IICDM®", another glucose non-specific PTS
membrane transporter, has also been employed to engineer a xylose specialist strain. %47
4975 Individual batch fermentations of WTxyll and WTxyl2 in a glucose-xylose mixture
revealed that both strains displayed only minimal ability to consume glucose (<3% utilized

after 96 h; Figure 2.3). Interestingly, the combined deletion of both p#s/ and ptsG in strain

WTxyl2 appeared to synergistically increase both the specific rate and extent
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Figure 2.3. Fermentation of xylose specialist strains engineered from E. coli W

Fermentation of E. coli strains with genetic modifications to inactivate glucose transport
and enhance xylose fermentation. Fermentations of E. coli strains WTxyll, WTxyl2,
WTxyl3, and WTxyl4 were performed in mineral salts medium containing glucose-xylose
mixtures, each 50 g L!. Sugars in fermentation broths were measured at approximately 24
h time intervals. Glucose and xylose concentrations are indicated in black and red,
respectively.

of xylose utilization relative to WTxyll (Figure 2.3). While the specific xylose utilization
rate for 96 h batch fermentation exhibited by WTxyll was 195 + 8 mg gDCW-! h'! with
80% total consumption of supplied xylose, WTxyl2 reached 260 + 1 mg gDCW-! h'! and

88%, respectively.

The galactose permease (GalP) encoded by gal/P has been shown to have the activity
of transporting glucose into the cell.**# To further reduce glucose consumption by WTxyll

and WTxyl2, galP was deleted in WTxyll and WTxyl2, resulting in strains WTxyl3 and
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WTxyl4, respectively. Under analogous fermentation conditions, while glucose utilization
by WTxyl3 and WTxyl4 remained minimal (< 2.5 g L' utilized after 96 h), overall rates
of xylose utilization were increased by galP deletion (Figure 2.3). Relative to WTxyll, the
overall specific rate of xylose utilization by WTxyl3 was slightly increased (250 £ 10 vs.
195 + 8 mg gDCW-! h'!) during 96 h of fermentation. WTxyl4 (E. coli W xyIR::xyIR* Apts]
AptsG AgalP) showed the highest volumetric xylose utilization rate and used most xylose
during the 96 h fermentation among these four xylose specialist strains (Figure 2.3), and
was accordingly selected for further study. In mineral salt media containing a mixture of
66 g L' glucose and 34 g L! xylose, WTxyl4 fermented xylose (~90% after 72 h; Figure
2.2b) at a maximum and overall specific rate of 460 + 10 and 178 + 7 mg gDCW! h-!,
respectively (Table 2.1), while producing 1.6 £ 0.1 gDCW L-! biomass much lower than
that produced by WTglc fermentation (Figure 2.4a). The mechanism responsible for the
improved xylose utilization caused by inactivation of both PTS and GalP is unclear
although it is possible that PTS components and GalP function directly as negative
regulators for xylose catabolism. Alternatively, deletion of PTS components and ga/P may
influence the function of CRP or other global transcriptional regulators, thus indirectly

affecting xylose catabolism. These possible mechanisms warrant future investigation.
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Figure 2.4. Fermentative growth of monocultures and cocultures of orthogonal sugar
specialist strains engineered from E. coli W on glucose-xylose mixtures.

Shows optical densities at 550 nm of a) batch monoculture fermentations of sugar specialist
strains WTglc (solid line with closed symbols) and WTxyl4 (dotted line with open symbols)
and b) coculture fermentations of WIglc:WTxyl4 in a 1:1 inoculum ratio (solid line with
closed symbols) and 1:5 inoculum ratio (dotted line with open symbols) were measured at
approximately 24 h time intervals.

2.2.3 Engineering and Optimizing a Synthetic Coculture of Wild-Type Derived,

Catabolically-Orthogonal Specialist Strains for Glucose-Xylose Co-Utilization

A synthetic coculture composed of WTglc and WTxyl4 was next developed to enable
co-utilization of a glucose-xylose mixture. In all coculture fermentations, the same total
initial cell concentration used in monocultures (ODssonm = 0.05) was likewise employed.
As shown in Figure 2.2¢ and 2.2d, when the two strains were first inoculated at an initial
population ratio of 1:1, glucose was completely consumed within 48 h (similar to WTglc
monocultures; Figure 2.2a) while, even after 96 h, 34% of xylose remained unused
(compared to just 11% in WTxyl4 monocultures; Figure 2.2b); collectively representing a
total sugar consumption of 89% (Table 2.1). To compensate for the reduced volumetric

rate of xylose utilization, the starting inoculum population ratio between WTglc and
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WTxyl4 was thus tuned to 1:5. Reduced abundance of WTglc in the inoculum population
led to an expected decrease in glucose consumption, as was most pronounced in the first
24 h (Figure 2.2¢). However, the overall specific rate of total sugar utilization (i.e., glucose
and xylose combined) for 96 h was 60% greater than that of monocultures of E. coli W
(440 + 70 vs. 276 + 3 mg gDCW-! h'!). 98% of total glucose-xylose mixtures were co-
utilized within 96 h without the observed CCR (Figure 2.2¢ and 2.2d). For comparison, a
coculture of wild-type MG1655 derived E. coli specialist strains developed by Eiteman et
al. achieved co-utilization of 14 g L! glucose-xylose mixture under a two-stage aerobic-
anaerobic process (Table 2.2).4” Fast maximum specific rates (1300 and 400 mg gDCW"!
h'! for glucose and xylose, respectively) of sugar utilization achieved in this coculture
system are likely due to the high amount of biomass accumulated at the first aerobic growth
phase and low sugar loading. Among reported metrics of E. coli cocultures with enhanced
catabolism for sugar mixtures (summarized in Table 2.2), the wild-type derived coculture
reported in this study, WTglc:WTxyl4 with 1:5 inoculum ratio, has the highest values for
the quantity of total sugars used by a simple batch fermentation. As is consistent with prior

works and proposed composition tunability of synthetic communities,?-88

optimization of
the inoculum ratio represents a simple, but effective community-level tuning strategy for
synthetic cocultures that enables successful titration of individual sugar catabolic rates,

leading to co-utilization of glucose-xylose mixtures (98% of 100 g L! total sugars through

batch fermentations).
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2.2.4 Development of Catabolically-Orthogonal Specialist Strains from Ethanologenic E.

coli

To test if the synthetic coculture engineering strategy developed from wild-type E. coli
can be effectively used in an extensively engineered bioproduction host, ethanologenic E.
coli LY 180 was selected since CCR remains a bottleneck limiting co-utilization of glucose-
xylose mixtures in this strain (Figure 2.1¢). The same sets of genetic manipulations
employed to generate WTglc and WTxyl4 were implemented in LY 180. First, to prevent
xylose utilization, the xy/R gene was deleted, yielding LYglc. Similar to WTglc, batch
fermentation of LYglc revealed no xylose utilization (Figure 2.2b and Figure 2.5b).
However, in this case after 48 h fermentation only 24 + 5 g L'! glucose was used by LYglc
whereas 65 + 3 g L'! for WTglc (Figure 2.5a and Figure 2.2a). In addition, the maximum
biomass of LYglc only reached to 1.0 £ 0.2 gDCW L!; a 1.5-fold decrease relative to
LY 180 when grown using the same sugar mixtures (Table 2.1). This unexpected outcome
likely resulted from the fact that LY 180 was previously extensively adapted solely using
xylose as carbon source.®*# Thus, adaptive laboratory evolution was next applied to
improve glucose utilization and fermentative growth of LY glc in the glucose-xylose media.
Following replacement of lacZ with a cat-sacB cassette (to facilitate later population
studies in coculture fermentations), the resulting strain (LYglcCm; chloramphenicol
resistant) was evolved in minimal media containing 66 g L' glucose and 34 g L'! xylose.
After just three transfers, evolved cultures showed improved rates of both cell growth
(Figure 2.5e) and glucose utilization (Figure 2.5f). Three independent clones were isolated
from the evolved population at the seventh transfer and batch fermentations revealed

essentially identical performance by all three mutants. One representative clone, LYglcl,
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was chosen for further study. LYglc1 reached the maximum ethanol titer at 48 h (Figure
2.5¢) and grew much faster than its precursor LYglc (Figure 2.5d), displaying a maximum
specific glucose utilization rate of 700 £ 100 mg gDCW-! h! (Table 2.1) and 100%
consumption of supplied glucose within 48 h (Figure 2.5a). Meanwhile, only minimal
xylose consumption (<2.5 g L'!) was observed over the course of 96 h and maximum
biomass production levels were restored to that of LY 180 (a 1.3-fold increase compared to

LYglc) (Table 2.1).
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Figure 2.5. Construction of the glucose and xylose specialist strains in LY 180 background.

The concentrations of a) glucose, b) xylose, c) ethanol in fermentation broth as well as d)
optical densities at 550 nm were measured for batch fermentations of glucose and xylose
specialist strains: LYglc (solid triangle), LYglcl (solid square), LYxyll (open triangle) and
LYxyl3 (open square). Batch fermentations were performed in mineral salts medium
containing the total 100 g L' glucose-xylose mixtures with the initial mass ratio at 2:1
except for LYxyll (1:1). The strain LYglcCm was sub-cultured once using 100 g L' glucose
(Initial culture; TF0) and subsequently sub-cultured 6 times (TF1 to TF6) using sugar
mixtures of 66 g L' glucose and 33 g L' xylose. e) Optical densities of the cultures
(ODss0um) and f) sugars (open and filled symbols for xylose and glucose, respectively) in
the fermentation broths were determined for this adaptive laboratory evolution process.
The final strain LYglcl was isolated from the final culture (TF6).
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Using the same engineering strategy implemented for WTxyl4, glucose transport
systems were disrupted (deleting pts/, ptsG and galP) to prevent glucose consumption by
LY180, yielding LYxyll, an ethanologenic xylose specialist strain. Unexpectedly, glucose
utilization was not halted in this case (Figure 2.5a). Instead, despite the lack of a functional
PTS and GalP, 53% of the initially supplied glucose was still consumed after 96 h at an
overall specific utilization rate of 117 + 6 mg gDCW-! hl. This difference suggests that
one or more alternative sugar transporters with activity towards glucose are present and/or
upregulated in LY 180 but not in the wild-type background. Since this putative transport
mechanism is currently unknown, to fully eliminate glucose catabolism, glucokinase was
inactivated (the coding gene glk replaced by a kanamycin resistance gene; note: glk
inactivation has previously been used to disrupt glucose utilization in other coculture
systems as summarized in Table 2.2). Inactivation of Glk disrupts phosphorylation of
glucose to glucose-6-phospate, which is a required step for glycolysis in the absence of
PTS. While the resulting strain, LYxyl2, could no longer use glucose, it only used 17 + 2
g L1 xylose (50% of provided xylose) throughout a 96 h fermentation. To improve xylose
catabolism in this strain, xy/R was replaced with the mutant copy xy/R* Subsequent
fermentation of the resulting strain LYxylI3 showed that 25 + 1 g L'! xylose was consumed
(or 84% of provided xylose) after 48 h fermentation with a maximum specific xylose
utilization rate reaching 440 + 30 mg gDCW-! h'! (Figure 2.5b and Table 2.1). LYxyl3 is
the best-performing ethanologenic xylose specialist strain developed in this work and thus
used for further coculture study. Similar to other xylose specialist strains such as WTxyl4
developed in this study, biomass accumulation by LYxyl3 was reduced following

disruption of glucose catabolism (Figure 2.5d, 2.5a and Table 2.1). This phenotypic
35



difference of xylose ‘specialists’ is likely due to the lower energy yield of xylose
fermentation compared to that of glucose fermentation (more energy is required to

transport and phosphorylate xylose than glucose).3!

2.2.5 Engineering and Optimizing a Synthetic Ethanologenic E. coli coculture

The engineered ethanologenic specialist strains LY glc1 and LYxyl3 were next used to
develop a synthetic coculture to convert glucose-xylose mixtures into ethanol. An
inoculum ratio of 1:1 was first employed. However, this initial coculture did not exhibit
increased sugar utilization (Figure 2.6a and 2..6b) and ethanol production (Figure 2.6¢)
compared to monocultures of the parent strain LY 180 (quantitative comparison in Table
2.1). More specifically, while all the glucose was consumed within 48 h (similarly to
LYglcl monocultures; Figure 2.5a), only 26% of initially supplied xylose was utilized
(versus 84% for LYxyl3 monocultures; Figure 2.5b). As proven effective in wild-type
derived cocultures, community-level tuning was next used to improve overall catabolic
functions and ethanol production by titrating the relative rates and extent of glucose and
xylose utilization in this coculture. The initial population ratio in the starting inoculum was
first adjusted to 1:5 (LYglcl:LYxyl3). However, unlike wild-type derived cocultures of
WTgle:WTxyl4 with 1:5 inoculum ratio, only a minor increase in xylose utilization was
realized (38% of initially supplied xylose) along with just 79% consumption of total sugars

after 96 h (Figure 2.6a and 2.6b).

The further increased relative initial abundance of LYxyl3 at an inoculum ratio of 1:10
resulted in a slightly improved xylose utilization close to 50% of supplied xylose while still

also supporting complete glucose consumption within 48 h (Figure 2.6a and 2.6b). With
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an additional increase in xylose utilization, this resulted in the ability to consume 83% of
total sugars (versus 78%, 75%, and 79% for LY 180 monocultures, 1:1 co- culture, and 1:5
coculture, respectively). To further enhance xylose catabolic rates in cocultures, cocultures
were next investigated using initial inoculum ratios of 1:100, 1:500, and 1:1000 between
LYglcl:LYxyl3. At 1:100, total sugar utilization was further increased to 86% without loss
in glucose utilization performance (Figure 2.6a and 2.6b), leading to an overall specific
utilization rate of total sugars greater than LY 180 (430 + 10 vs. 320 + 30 mg gDCW-! h*!).
A 1:500 initial inoculum ratio supported a two-fold increase in xylose utilization, leading
to co-utilization of both glucose and xylose (94% total sugars by 72 h and > 98% by 96 h;
Figure 2.6a and 2.6b). At this output, the overall utilization rate of total sugars was 50%
greater than that LY 180 monocultures (480 + 10 vs. 320 + 30 mg gDCW-! h'!). Meanwhile,
the final ethanol titer reached 46 + 1 g L whereas just 36 + 1 g L*! was achieved in LY 180
monocultures representing 90% vs. 73% of the maximum theoretical yield, respectively
(Figure 2.6¢ and 2.1¢). Finally, extending the initial inoculum ratio of 1:1000 offered the
similar performance in terms of sugar co-utilization and ethanol production compared to
the coculture with an inoculum ratio of 1:500 (Figure 2.6a, 2.6b and 2.6¢). Similar to wild-
type cocultures (Figure 2.4b), with the increased xylose specialist LYxyl3 ratio in the
initial inoculum, the total cell growth rates reduced in the initial 24 h for the cocultures of
LYglcl:LYxyl3 with the inoculum ratio of 1:500 and 1:1000 (Figure 2.6d), consistent
with the observation that xylose specialist strains have slower growth rates than glucose
specialist strains (Figure 2.5d and 2.4a). Despite an improved overall rate of total sugar
co-utilization, one caveat of increasing the abundance of xylose specialist cells during

inoculation, however, is that consumption rates of glucose were expectedly reduced and
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complete glucose consumption for the inoculum ratios 1:500 and 1:1000 (LY glc1:LYxyl3)
required at least 72 h versus just 48 h for initial inoculum ratios of 1:1 through 1:100
(Figure 2.6a). Still, even in spite of this trade-off, these findings support that community-
level tuning is an effective strategy to optimize composite catabolic functions and thus

overall fermentation performance.
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Figure 2.6. Fermentation of cocultures of ethanologenic sugar specialist strains using
glucose-xylose mixtures.

The concentrations of a) glucose, b) xylose, c) ethanol in fermentation broth as well as d)
optical densities at 550 nm were measured for coculture batch fermentations of
LYglcl:LYxyl3 with the inoculum ratios of 1:1 (solid circle), 1:5 (solid triangle), 1:10
(solid square), 1:100 (solid diamond), 1:500 (open square), and 1:1000 (open circle). All
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fermentations were performed in mineral salts medium containing the total 100 g L'
glucose-xylose mixtures (approximately 2:1 by mass).

Although fermentative products such as lactate (titer 37 g L), succinate (titer 40 g L
" and pyruvate (titer 39 g L") have been produced in E. coli cocultures,*®**7> to our
knowledge this is the first report of an E. coli coculture system that successfully converts
a glucose-xylose mixture to ethanol with high production metrics (titer 46 g L''; 90% of
theoretical maximum yield; Table 2.1 and 2). Additionally, unlike many previous reports
for ethanol production by microbial cocultures,’®! this study operates fermentation in
mineral salts media under simple batch and high substrate loading conditions (100 g L'!
total sugar; 50 g L'! or more total sugar compared to previous systems; Table 2.2). While
multiple previous studies take a bioprocess engineering approach (e.g., two-stage processes
or sequential co-culturing) to balance differences in strain fitness and catabolic functions
of individual specialist,®>! this study demonstrates that simple titration of the initial
inoculum ratio can lead to optimal performance metrics. Although additional strain
engineering efforts are needed to engineer sugar specialist strains in LY 180 background
compared to wild-type background (Figure 2), this community-level tuning strategy is
effective for both wild-type and LY 180-derived cocultures to achieve successful labor
division and co-utilization of glucose-xylose mixtures (98% of 100 g L total sugars).
Lastly, in this study xylose specialist strains WTxyl4 and LYxyl3 were engineered with
enhanced xylose catabolism, which improves the overall performance compared to

previously reported E. coli cocultures (Table 2.2).
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Table 2.2. E. coli consortia for the co-utilization of lignocellulose-derived sugar mixtures.

Summary of selected E. coli coculture systems. Shows number of members, media and
fermentation condition(s), base strain and key mutations, products, and performance
metrics. * Gene deletion, disruption or modification. " qaic specific glucose rate; qxyi
specific xylose rate; qca specific galactose rate; quan Specific mannose rate; qira Specific
arabinose rate; Dry cell weight (DCW) calculated from maximum ODss0um (0.44 gDCW L
T'with an optical density of 1.0 at 550 nm). ¢ Fermentation consisted of two process phases:
initial aerobic growth followed by an anaerobic phase. ? OD reported to be 9.0 and 13 for

glucose and xylose specialists, respectively, at onset of anaerobic growth.

E. coli Media and Base Strain & Product(s)  Performance Metric(s)” References
Cocultures Fermentation  Key Mutations’
Condition(s)
Modified AM1 Gi Lactat
; ucose: actate, - el
ﬁgr(lleilrﬁ;salts E. coli W AxylR succinate, qG]C’Ovmil ;03000 m]g)DC\_’lv ?
Two o Xylose: ethanol qle-Max = mg DCW"' bl qxyi- .
6.6% Glucose 2£Y708¢: ’ overal = 140 mg DCW-1 h™! qxy1- This Study
3.4% Xylose E. coli W Apts] acetate, ~270 me DCW-1 h-! Total
AptsG AgalP pyruvate, & Max e 4
Batch VIR:xyIR* formate Sugar Utilized ~98 g L
Microaerobic
Glucose:
E. coli MG1655
Basal xylA::Tet Lactate
0.9% Glucose >)2 l;).se' succina’te qGle-Max = 1300 mg DCW-! h-' 4
Two 0.5% Xylose ELcoli 7SC113 cthanol. qXyl-Max = 475 mg DCW-! }}'1 dl ., 17
lacZ827(UGA) acetate, & dxyt-ovenatl = 160 mg DEW™ h™
Fed-batch Total Sugar Utilized~ 14 gL
aerobic-anaerobict ptsG22 manZ12 glk-  formate
7 relAl
rpsL223(strR) rha-4
Glucose:
E. coli C xyl4::FRT
araA::Kan®
Xylose:
E. coli C
ptsG763::FRT glk-
726::FRT
manZ743::FRT crr-
Basal 746::FRT
1.5% Glucose “Arr‘;’gfol:g
1.1% Xylose m qaGle = 140 mg DCW-! h!
Four 0.7% Arabinose pévG763"FRT glk- Not reported qxyt = 100 mg DCW-! h-! 18
0.3% Acetate 72A6"FR"-F. qara = 70 mg DCW-! h!

Batch
Aerobic

manZ743::FRT crr-
746::FRT
xylA748::FRT
Acetate:

E. coli C
ptsG763::FRT glk-
726::FRT
manZ743::FRT crr-
746::FRT
xylA748::Kan®
ara4::FRT

Total Sugar Utilized =33 g L!
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Glucose:
E. coli MG1655

AmanZ AgalP
AmgIC attBaso: :tetA
AgalK
Galactose:
2X M9 E. coli MG1655
AptsG Acrr Aglk
0.28% Glucose AmanZ oalR:-Kan®
0.1% Galactose s dgm Mo qoic = 117 mg DCW-' h!
Three 0.37% Mannose P Not reported qGal = 4.2 mg DCW-! h!
galactose ~ 150 me DCW-! h! 19
Mannose: IMan i
Batch e p—— Total Sugar Utilized =7 g L'!
. E. coli MG1655
Aerobic (Shake
flask) AptsG Acrr Aglk
AgalP AmgIC Apgi
manXYZpro::Arep
zwfiicat
adapted in dextrose-
mannose and
dextrose-galactose-
mannose
Glucose:
EY.ISO.(E‘H E. coli W qaie-Overall = 329 mg DCW-! !
erivative ~ 620 mg DCW-! h-!
Modified AM1 engineered for qGleMax = B9 ME B
o : qxyl-Overall = 152 mg DCW-1 h
6.6% Glucose ethanol production) " 1
Two 3.4% Xylose AxyiR adapted in Ethanol Gaies = 300 mg DEW-1 h
A8y Y P Total Sugar Utilized = 98 g L! This Study
glucose-xylose Titer ~ 46 g L'
I}\g/[aitci'}(])aerobic Xylose: Productivity ~ 488 mg L' b
: % of Theoretical Maximum
LY180 AptsI AptsG Yield = 90%
AgalP glk:: Kan® TR
XyIR::xyIR*
Terrific Broth 71;:;1:61:;111113%
0, 3 e
1% (w/v) Birch E. coli E609 Allp N N
Wood Xylan . . Titer~3.7gL
Two containing plasmid Ethanol . .
% of Theoretical Maximum 26
pCRAXEXYL ey
Batch Yield = 71%
. Ethanol Producer
Aerobic (Shake P~
flask) KO11 containing
pBBKXYN
Amino Acid utilizer:
E. coli BW25113
AglnA, AgdhA,
. s . AlsrA
Distillers” grains Carbohvdrate
Two with solubles Q;U tilizer- Titer= 10 g L!
0.6% Glucose - n Fusel alcohols  Total Sugar Utilized =21 g L'! 36

1% Xylose
0.7% Arabinose

E. coli B Aldh::cam’
Both strains contain
plasmids encoding
keto acid pathway
for fusel alcohol
production

Total Protein Utilized = 31%

2.2.6 Population Dynamics of Ethanologenic Coculture Systems During the Fermentation

of Glucose-Xvlose Mixtures

To understand how community-level tuning led to the significant enhancement of
catabolic performance and production in synthetic ethanologenic cocultures, we further

investigated the growth phenotypes of individual ethanologenic specialist strains in both
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monoculture and coculture fermentations. In the latter case, inoculum ratios of 1:1 and
1:500 were chosen as representative conditions for both suboptimal and optimal sugar co-
utilization, respectively. When cultured alone, the tested strains LYglc1 (chloramphenicol
resistant) and LYxyl3 (kanamycin resistant) showed essentially the same CFUs on LB
plates with and without appropriate antibiotics, thus excluding the potential influence of
antibiotics on cell viability count (Figure 2.7a). In a monoculture fermentation, LYglc1
reached a maximum population density of 1.2 + 0.2 x 10° CFU mL"! by 24 h before then
rapidly decreasing to 1.2 + 0.2 x 10* CFU mL"! by the end of the 96 h fermentation (Figure
2.7a). Monocultures of LYxyl3 also peaked by 24 h, in this case reaching 2.2 + 0.4 x 10®
CFU mL"!' (Figure 2.7a). However, unlike LYglcl, the viable population density of
LYxyl3 was sustained at ~108 CFU mL"! for the next 72 h before decreasing, although only

by about one order of magnitude (to 1.2 + 0.4 x 10’ CFU mL™") over the final 24 h.
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Figure 2.7. Population dynamics of the viable ethanologenic specialist strains during

coculture fermentations using glucose-xylose mixtures.

Shows a) colony forming units (CFUs) of LYglcl (Cm®; circles) and LYxyl3 (Kan®;
triangles) were measured using LB plates (dotted lines) and LB plates containing
appropriate antibiotics (solid lines). Coculture batch fermentations of LYglc1:LYxyl3 with
the inoculum ratios of b) 1:1 and c) 1:500 were performed in mineral salts medium
containing the total 100 g L' glucose-xylose mixtures (approximately 2:1 by mass). CFUs
mL" were measured at different time intervals using agar plates containing LB only (dotted
lines with open squares), LB with chloramphenicol (black solid lines with solid circles),
LB with kanamycin (red solid lines with triangles), and the added numbers (blue solid lines
with solid square) obtained from the latter two agar plates. d)The ratio of LYglcl over
LYxyl3 was plotted for coculture fermentations of LYglc1:LYxyl3 with the inoculum ratios
of 1:1 (open diamond) and 1:500 (solid diamond).

Population dynamics were next investigated in cocultures with an inoculum ratio of 1:1
between LYglcl and LYxyl3 (Figure 2.7b). In this case, LYglc1l was found to dominate

the population throughout the majority of the fermentation. For example, by 24 h, LYglc1
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reached a viable cell density on the order of 10° CFU mL™! (approximately a 100-fold
increase from inoculation and similar to the maximum level achieved during its
monoculture fermentation; Figure 2.7a), whereas that of LYxyl3 still remained on the
order of just about 107 CFU mL™! (at least a 10-fold decrease relative to the level achieved
during its monoculture fermentation over the same time; Figure 2.7a and 2.7b). By 48 h,
viable populations of both strains had severely declined, continuing for the remainder of
the fermentation. The observation that, relative to growth in monocultures, LYxyl3
struggled to grow in the presence of LYglcl suggests that inter-strain interactions might
exist within the coculture system. Major fermentation pathways to produce organic acids
such as succinate, lactate, and acetate were inactivated in LY 180.3° Therefore, it is unlikely
that the decreased fitness of LYxyl3 was caused by these fermentation acidic byproducts
due to their limited amount. These undefined metabolic interactions warrant future
investigation. Population dynamics were next investigated using an initial inoculum ratio
of 1:500 (LYglc1:LYxyl3). Despite of the difference in their initial relative abundance (1.4
+0.1x 10*vs. 1.4+ 0.2 x 10’ CFU mL"! for LYglc1 and to LYxyl3, respectively), however,
by 24 h the relative population of LYglcl actually surpassed that of LYxyl3 (reaching
about 10° vs. 103 CFU mL"!, respectively; Figure 2.7¢). Following this peak, both
populations declined over the next 72 h, with the biggest decrease again occurring in the
case of LYglcl. Notably, compared with the 1:1 initial inoculum ratio, reduction in
population of LYxyl3 was less rapid and less severe when using an initial inoculum ratio
of 1:500 (Figure 2.7¢). Thus, by significantly increasing the relative abundance of LYxyl3
in the starting inoculum, more xylose specialists were capable of persisting throughout the

duration of the fermentation, leading to improved overall xylose utilization (Figure 2.7d).
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Therefore, in addition to balancing relative catabolic activities, this community-level
tuning strategy furthermore enables compensation for fitness differences between

community members, which likewise aids in improving overall performance of cocultures.
2.3 Conclusions

To conclude, we successfully engineered a series of catabolically-orthogonal coculture
systems derived from wild-type and ethanologenic E. coli strains for co-utilization of
glucose-xylose mixtures (>98% of 100 g L' total sugar utilized for both cases). A
community-level tuning strategy proved effective for balancing relative catabolic rates and
differences in strain fitness. Optimal tuning of the ethanologenic coculture system led to
an overall specific rate of total sugar utilization 50% faster (480 mg gDCW-! h!) than
LY 180 monoculture fermentations (320 mg gDCW-! h'!). Final ethanol titers achieved 46
+ 1 g L' (90% of maximum theoretical yield), a 28% improvement over LY 180
monocultures. With continued development, this engineering strategy of synthetic
cocultures could be further expanded to include more specialist strains with unique and
complementary metabolic activities, which will enable optimal co-utilization of complex

lignocellulose-derived substrates to produce diverse chemicals.
2.4 Methods

2.4.1 Strain Construction

All strains and plasmids used in chapter 2 are listed in Table 2.3. The primers used in

this study are listed in Table 2.4. All chromosomal modifications were conducted using a

d 68,92,93

A-red recombinase-mediated method as previously describe Positive clones with

the primary integration of the cat-sacB cassette into the target chromosomal region were
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selected for conferred chloramphenicol resistance and subsequently verified by colony
PCR and Sanger sequencing. The positive clones with the secondary integration to
eliminate the cat-sacB cassette were identified by screening for insensitivity to sucrose

(10% w/v), and loss of the cat-sacB cassette by colony PCR and Sanger sequencing.

Table 2.3 List of strains and plasmids used to construct wild-type and ethanologenic

derived sugar specialist in Chapter 2.

Strains and Plasmids Relevant Characteristics Source
Strains
E. coliW wild-type ATCC
LNO6 E. coli W xyIR::xyIR* 71
WTglc E. coli W AxylR This Study
WTxyll LNO6 Aptsi This Study
WTxyl2 WTxyll AptsG This Study
WTxyl3 WTxyll AgalP This Study
WTxyl4 WTxyl2 AgalP This Study
LY180 JrdBC::(Zm frg celYE:) AldhA::(Zm frg casABko) adhE::(Zm frg 86
estZpy FRT) AackA::FRT rrlE::(pdc adhA adhB FRT)
AmgsA::FRT
LYgle LY 180 AxyIR This Study
LYgleCm LYglc lacZ::cat-sacB (Cm®) This Study
LYglcl LYglcCm adapted in This Study
glucose-xylose mixtures (Cm®)
LYxyll LY 180 AptsI AptsG AgalP This Study
LYxyl2 LYxyll glk::kan® (Kan®) This Study
LYxyl3 LYxyl2 xyIR: :xyIR* (Kan®) This Study
Plasmids
The cat-sacB cassette with the sacB native terminator cloned
XWool into a modified vector pLOI4162 71
pKD46 Red recombinase, temperature-conditional, bla 92
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Table 2.4 List of primers used to construct wild-type and ethanologenic derived sugar
specialist in Chapter 2.

F denotes, forward primer, R denotes, reverse primer, HI corresponds to 500 bp
upstream of the gene of interests, H2 corresponds to 500 bp downstream of the gene of

interests.
ptsl deletion
cat-sac B F gAGTAATTTCCCGGGTTCTTTTAAAAATCAGTCACAAGTAAGGTAGGGTTTCGAGTGTGACGGAAGATC
cat-sac B ACAAACCCATGATCTTCTCCTAAGCAGTAAATTGGGCCGCATCTCGTGGATTAGCCATTTGCCTGCTTTT
R
pts I H ] F AATCAGTCACAAGTAAGGTAGGGTTTCCACGAGATGCGGCCCAAT T
ptSI H] R CCGGAGTCAGGGTAGACTTG
pts I H2 F AATTGGGCCGCATCTCGTGGAAACCCTACCTTACTTGTGACTGAT
ptsl H2 R ACTGTATTGCGCTCTTCGTG
ptsG deletion
cat-sac B F iACGCGTGAGAACGTAAAAAAAGCACCCATACTCAGGAGCACTCTCAATTTCGAGTGTGACGGAAGATC
cat-sac B GTAAAAAAGGCAGCCATCTGGCTGCCTTAGTCTCCCCAACGTCTTACGGATTAGCCATTTGCCTGCTTTT
R
ptSG H]F CGGTTACTGGTGGAAACTGACTCAC
ptSG HI R CTTAGTCTCCCCAACGTCTTACGGAAATTGAGAGTGCTCCTGAGTATGGGT
ptSG H 2 F ACCCATACTCAGGAGCACTCTCAATTTCCGTAAGACGTTGGGGAGACTAAG
ptSG H 2 R GACAGTCAGTAAAGGGGTGGAATTTGAAC
galP deletion
cat-sac B F KACTCACCTATCTTAATTCACAATAAAAAATAACCATATTGGAGGGCATCTCGAGTGTGACGGAAGATC
cat-sac B GATGACTGCAAGAGGTGGCTTCCTCCGCGATGGGAGGAAGCTTGGGGAGATTAGCCATTTGCCTGCTTTT
R
galP H]F GGTCGTGAACATTTCCCGTGG
ga l P H ] R TGGGAGGAAGCTTGGGGAGAGATGCCCTCCAATATGGTTATTTTTTATTGTGAAT
ga l P H 2 F ATTCACAATAAAAAATAACCATATTGGAGGGCATCTCTCCCCAAGCTTCCTCCCA
ga[P H2 R CGGTAAGCTGATGCTCCTGG
xylR deletion
cat-sac B F TCTCAAAGCCGGTTACGTATTACCGGTTTTGAGTTTTTGCATGATTCAGCTCGAGTGTGACGGAAGATCA
cat-sac B GATAAGGCTTTTGCTCGCATCAGGTGGCTGTGCTGAGTTCCCTGATGTGACCTTAGCCATTTGCCTGCT
R
xy l R H ]F CTGTTACTCGGCGGAATGTT
xyl R H ] R GACGCCGACAATTCTCATCATCGGGTTCCTTTTCCTGCTGAATCATGC
xyl R H2 F GCATGATTCAGCAGGAAAAGAACCCGATGATGAGAATTGTCGGCGTC
xy l R H 2 R CTTGCTTGAACGCGTAGACA
lacZ replacement
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cat-sa CB F TCACACAGGAAACAGCTATGACCATGATTACGGATTCACTGGCCGTCGTTTCGAGTGTGACGGAAGATC
A

cat-sacB CATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCCTTAGCCATTTGCCTGCT

R

glk replacement

kan F ATTTACAGTGTGAGAAAGAATTATTTTGACTTTAGCGGAGCAGTTGAAGAGTGTAGGCTGGAGCTGCTTC

kan R TGATTTAAAAGATTATCGGGAGAGTTACCTCCCGATATAACAGGAAGGATCATATGAATATCCTCCTTAG
T

2.4.2 Fermentation Condition and Media

All strains were fermented in a modified version of AM1 minimal salt medium”*
prepared as follows: 38.8 mM (NH4),H2PO4, 15.1 mM (NH4)H2PO4, 4.00 mM KCI, 3.00
mM MgSO4-7H20, 2.00 mM Betaine, 17.8 uM FeCls;-6H>0, 2.52 uM CoCl,-6H-0, 1.76
uM CuClz-2H20, 4.40 uM ZnClp, 2.48 uM Na;MO4-2H0, 2.42 uM H3BO3, and 5.00 uM
MnCl,-4H>0. The coculture batch fermentations were typically performed three times
independently similarly as previously described for monoculture fermentation.®®%2 A
glucose-xylose mixture with a total sugar concentration of 100 g L' was used for all
fermentations. During strain construction, a glucose:xylose mass ratio of 1:1 was
employed. However, this ratio was later switched to 2:1 to better represent the relative
abundance of each sugar in a typical biomass sample.>*! All monoculture and coculture
batch fermentations were inoculated using a total initial ODssonm of 0.05 (approximately
0.022 g dry cell weight (DCW) L!) and cells were grown at 37 °C in a fermentation vessel
with pH maintained at 7.0 by automatic addition of base (2.0 M and 6.0 M KOH for LY 180

and W derived strains, respectively).

2.4.3 Analytical Methods and Data Analysis

Cell growth was monitored by measuring ODssonm using a UV/Vis spectrophotometer

(Beckman Coulter DU-730; Indianapolis, IN). Substrate and product levels were analyzed
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using HPLC (Thermo Fisher Scientific UltiMate 3000, Waltham, MA) as previously
described.®®3* Experimental data represent an average of three or more measurements with

standard deviations.

2.4.4 Adaptive Laboratory Evolution to Improve Glucose Catabolism

The strain LYglecCm was repeatedly sub-cultured in media containing glucose to
enhance glucose catabolism; once in 100 g L'! glucose, then six additional times in glucose-
xylose mixtures (66 g L' glucose and 34 g L! xylose). Sub-cultures were transferred to
fresh media at approximately 24 h intervals with an initial ODssonm 0of 0.05. After seven

transfers, one evolved clone, designated as LYglc1, was chosen for further study.

2.4.5 Quantification of Viable Cells of Individual Specialist Strains in Cocultures

Each ethanologenic specialist strain was engineered with resistance to either
kanamycin or chloramphenicol. Samples were removed from fermentation cultures and
colony forming units (CFUs) were manually counted after cells with serial dilutions were

plated on LB only plates and LB plates containing appropriate antibiotics.
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CHAPTER 3
CATABOLIC DIVISION OF LABOR ENHANCES PRODUCTION OF D-
LACTATE AND SUCCINATE FROM GLUCOSE-XYLOSE MIXTURES IN

ENGINEERED ESCHERICHIA COLI COCULTURE SYSTEMS

Abstract

Although biological upgrading of lignocellulosic sugars represents a promising and sustainable route to
bioplastics, diverse and variable feedstock compositions (e.g. glucose from the cellulose fraction and xylose
from the hemicellulose fraction) present several complex challenges. Specifically, sugar mixtures are often
incompletely metabolized due to carbon catabolite repression while composition variability further
complicates the optimization of co-utilization rates. Benefiting from several unique features including
division labor, increased metabolic diversity, and modularity, synthetic microbial communities represent a
promising platform with the potential to address persistent bioconversion challenges. In this work, two unique
and catabolically-orthogonal E. coli cocultures systems were developed and used to enhance the production
of D-lactate and succinate (two bioplastic monomers) from glucose-xylose mixtures (100 g L™! total sugars,
2:1 by mass). In both cases, glucose specialist strains were engineered by deleting xyIR (encoding the xylose-
specific transcriptional activator, XyIR) to disable xylose catabolism, whereas xylose specialist strains were
engineered by deleting several key components involved with glucose transport and phosphorylation systems
(i.e., ptsl, ptsG, galP, glk) while also increasing xylose utilization by introducing specific xy/R mutations.
Optimization of initial population ratios between complementary sugar specialists proved a key design
variable for each pair of strains. In both cases, ~91% utilization of total sugars was achieved in mineral salt
media by simple batch fermentation. High product titer (88 g L! D-lactate, 84 g L' succinate), maximum
productivity (2.5 g L' h! D-lactate, 1.3 g L' h! succinate) and product yield (0.97 g g-total sugar™ for D-

lactate, 0.95 g g-total sugar! for succinate) were also achieved.

This chapter contains excerpts and reproductions from:
Flores, A. D., Choi, H. G., Martinez, R., Onyeabor, M., Ayla, E. Z., Godar, A., Nielsen,
D. R., & Wang, X. (2020). Catabolic Division of Labor Enhances Production of D-
Lactate and Succinate From Glucose-Xylose Mixtures in Engineered Escherichia coli

Coculture Systems. Frontiers in Bioengineering and Biotechnology, 8, 329.
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3.1 Introduction

As demonstrated in Chapter 2, division of labor can overcome paramount hurdles
related to the biological upgrading of lignocellulosic sugars, and even, outperform
monocultures. In this chapter we extend this strategy by applying analogous principles to
engineer two unique coculture systems composed of catabolically-orthogonal E. coli

strains for the production of LA and SA from glucose-xylose mixtures

Production of D-lactate (LA) and succinate (SA) from renewable carbohydrate
feedstocks provides a sustainable and greener alternative to their petroleum-based

production.?>-7

LA and SA serve as two important monomers in the production of
biodegradable plastics, including poly(butylene succinate) (PBS) and poly(lactic acid)
(PLA), respectively. SA is largely produced via petroleum-derived maleic anhydride and
only a handful of plants producing bio-based SA currently exist.”® Meanwhile, ~95% of
global LA production occurs via fermentation, being derived almost entirely from costly
raw materials such as grain starch or sucrose from sugar cane; feedstocks that compete with
the food chain.”>!% Alternatively, lignocellulose-derived sugars from non-food
carbohydrates such as agricultural resides, forest products or energy crops represent an
attractive feedstock for producing bio-based plastics due to their increased abundance and
sustainability, as well as lower cost. ' The two most abundant sugars in most
lignocellulosics are glucose (a hexose, accounting for ~30-50% dry wt.) from the cellulose
fraction and xylose (a pentose, constituting ~20-35% dry wt.) from the hemicellulose

fraction.!”” Minute quantities of other fermentable sugars (i.e., arabinose, galactose,

mannose) are additionally found in lignocellulosic biomass.!??
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For many native and engineered bacteria, the inability to efficiently co-utilize sugar
mixtures in mineral salts medium at high catabolic rates (e.g., > 2 g L' h*! for each sugar)
is due to a complex, global regulatory phenomenon known as carbon catabolite repression
(CCR), which often results in incomplete and/or sequential sugar utilization. For instance,
in Escherichia coli, this sequential sugar preference is controlled via the coordinated action
of the global transcriptional regulator cyclic AMP (cAMP) receptor protein (CRP) along
with a second regulator specific to the secondary sugars of interest, such as xylose. For
example, activation of the requisite xylose catabolism operons (i.e., xy/[FFGH and xylAB)
requires both activated CRP (active when bound by cAMP) and XylIR (regulator specific
for xylose catabolism, active when bound by xylose)'®® (Figure 3.1). When wild-type E.
coli ferments glucose-xylose mixtures, for example, cAMP levels are low because
abundant extracellular glucose leads to the active mode of the phosphotransferase system
(PTS), increasing the abundance of unphosphorylated PTS components (ITA protein) and
inhibiting the activity of adenylyl cyclase (AC; catalyzing cAMP synthesis). Xylose
catabolism thus does not occur due to the lack of activated CRP and, as a result, initiates
only after glucose is mostly utilized and phosphorylated IIA protein activates AC, leading

to high cAMP levels (Figure 3.1).
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Figure 3.1 Regulatory and catabolic pathways for glucose and xylose metabolism in E.
coli.

The primary mechanism for glucose transport in E. coli is through the
phosphoenolpyruvate: sugar phosphotransferase system (PTS), including components
EIIBCC", EIIA°"*, Hpr, and EI (encoded by ptsG, crr, ptsH and ptsl, respectively). Under
high glucose concentrations, glucose is transported via EIICB%* leading to more abundant
unphosphorylated EIICA%* that inhibits adenylate cyclase (AC) and lowers cAMP levels.
Glucose-induced catabolite repression is mainly caused by low levels of cAMP which leads
to nonfunctional CRP. Without CRP activation, the transcriptional activation of xylose
catabolism pathways cannot be achieved. Under low glucose concentrations, AC is active
due to the decreased amount of unphosphorylated EIICAS“, thus leading to increased
cAMP levels and activated CRP. Both activated CRP and XyIR (activated when bound by
xylose) are required to activate the xylose catabolic operons, xylAB and xylFGH.
Phosphorylated sugar intermediates enter glycolysis or PPP pathways for full
degradation. GalP functions as an alternative non-PTS glucose transporter and glk
encodes cytoplasmic glucokinase to phosphorylate glucose for further glycolysis. Glucose
uptake systems including both PTS components and GalP as well as Glk and XylR
indicated in red ovals are genetic engineering targets to construct sugar specialists.
Abbreviation: AC, adenylate cyclase; CRP, cAMP receptor protein;, PPP, the pentose
phosphate pathway, Glc, glucose; Glc-6P, Glucose 6-phosphate; Xyl; xylose.

To date, several engineered microorganisms producing LA (e.g., lactic-acid bacteria
(LAB), Saccharomyces cerevisiae, E. coli) and SA (e.g., Mannheimia succiniciproducens,

Corynebacterium glutamicum, Bacillus strains) have been reported using various
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substrates.!%+19% While different strains have their own unique advantages/disadvantages
(e.g., ease of genetic manipulation, product tolerance, and other physiological benefits),
from a bioprocessing perspective it is desirable that it should also be capable of rapidly and
simultaneously utilizing the substrate at high initial loadings (e.g., > 100 g L™! total sugar).
Under such conditions, E. coli has proven to be a particularly promising biocatalyst for the
production of both LA and SA. In particular, via a combination of engineering strategies,
E. coli strains have been developed to produce both LA and SA at high yields (>90%),
titers (>90 g L") and maximum productivities (>1.0 g L' h!). 68109110 Degpite these
achievements, however, challenges still remain with respect to the efficient conversion of

glucose-xylose mixtures.

Owing to unique features such as strain-specific specialization and metabolic
modularity, the engineering and use of synthetic microbial communities represents a

promising bioprocessing strategy’6!!1-113

, with the potential to surmount many limitations
faced by traditional monocultures. !'*!!> Through catabolic division of labor, for example,
engineered cocultures have specifically emerged as an effective strategy for achieving
efficient co-utilization of different mixtures of lignocellulose-derived sugars.*7-74.76.116
Eiteman and co-workers first demonstrated the utility of this approach, engineering a
coculture composed of E. coli sugar specialist strains to co-utilize glucose-xylose mixtures
(~14 g L! total sugars).*’ This general strategy was later expanded upon by others to
develop a three-member community of E. coli specialists to co-utilize a mixture of glucose,
galactose, and mannose (~7.5 g L™! total sugars).”* Most recently, meanwhile, our group

engineered two different, catabolically-orthogonal coculture systems (derived from wild-

type E. coli W or ethanologenic E. coli LY 180), each capable of co-utilizing 100 g L! of
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a glucose-xylose mixture (2:1 by wt.) in mineral salt media by simple batch
fermentation.!!” In this work, we further explore the utility of this strategy by applying
analogous principles to engineer two unique coculture systems composed of catabolically-
orthogonal E. coli strains for the production of LA and SA from glucose-xylose mixtures.
In both cases, optimization of initial population ratios between each strain pair proved a
key design variable towards achieving efficient conversion of the feedstock mixture along
with high production metrics. This strategy of ‘population-level’ tuning helps to alleviate
biosynthetic burden while circumventing technical difficulties that would otherwise
accompany the more traditional optimization of multiple catabolic pathways in a single

strain.
3.2 Results and Discussion

3.2.1 Construction of Catabolically-Orthogonal Sugar Specialist for D-Lactate Production

TG114 (a derivative of E. coli KO11 and based on E. coli W) has previously been
shown to produce LA at maximum volumetric productivity (2.88 g L' h!), titer (118 g L-
1, yield (98%) and chiral purity (>99.9%) in mineral salts medium containing 120 g L"!
glucose.!% In spite of this, however, poor performance is apparent in sugar-mixtures as a
result of CCR (Figure 3.2 A-D). Specifically, when cultured using a 100 g L' glucose-
xylose mixture (2:1 by mass), TG114 utilized 88% of the provided glucose within the first
24 h and 100% by 48 h, but only 38% of the supplied xylose by 96 h; corresponding to
only ~80% total sugar utilization. LA was produced, meanwhile, at overall and maximum
volumetric productivities (Qr4) of 0.80 +0.01 and 2.6 += 0.4 g L*! h'!, a final titer of 77 + 1

g L', and yield (Y,5) 0f 0.96 + 0.02 g g-total sugars™'. To overcome the sugar co-utilization
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bottleneck experienced by TG114, a division of labor approach was used to construct a pair
of complementary, catabolically-orthogonal specialist strains, each capable of catabolizing
either glucose or xylose but not both sugars (Figure 3.3). Specifically, a glucose specialist
strain, TGgle, was constructed by deleting the xylose-specific transcriptional activator
XyIR (encoded by xy/R) to inactivate xylose catabolism. A xylose specialist strain, TGxyl,
was constructed by deleting the major components of glucose transport and its initial
catabolism (i.e. ptsl, ptsG, galP, glk) (Figure 3.1 and Table 3.5). To further enhance xylose
utilization of this specialist strain, wild-type XyIR was also replaced with a mutant copy
(P363S and R121C; denoted as XylR* and reported to enable a stronger activation of the

D-xylose catabolic genes.®®
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Figure 3.2 Fermentation of glucose-xylose mixtures by lactic acid-producing E. coli
TG144 and succinogenic E. coli KJ122.

Concentrations of (4) glucose, (B) xylose, (C) succinate and (D) ODsso,m measured in the
fermentation broth for TG114 (close circles), KJ122 (open squares). All fermentations
were performed in batch mode and in mineral salts media. Data points represent the
arithmetic mean of three replicates and error bars represent one standard deviation

Consistent with their respective genotypes, TGglc and TGxyl each preferentially
utilized only one sugar when fermented in mineral salt media supplemented with 66 g L™!
glucose and 33 g L! xylose (Figure 3.4A, 4B and Table 3.1). TGglc utilized 100% of the
supplied glucose within 48 h (77% within the first 24 h, similar to TG114) and virtually no
xylose. This resulted in a maximum Q4 0f 2.0 = 0.1 g L' h'! (overall Or4 was 0.68 + .01

g L' hl), final LA titer of 66 + 1 g L!, and Y, of 0.96 g g-total sugars ! (Figure 3.4C,
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3.4D and Table 3.1). In contrast, under the same conditions, TGxyl consumed just ~80%
of supplied xylose by 96 h and no glucose (Figure 3.4A, 4B). Growth of TGxyl,
meanwhile, was significantly less than that of TGglc and TG114 (1.1 £ 0.1 g-dry cell
weight (DCW) L', compared to 2.7 = 0.1 and 2.9 + 0.2 gDCW L, respectively). While
this difference is at least in part due to the lower energy yield of xylose relative to glucose,
it is also possible that, since TG114 was originally engineered for and adapted in mineral

salt media containing only glucose as carbon source,!%

it may have only gained mutations
specifically tailored for glucose catabolism. Despite its slower growth rate and reduced

biomass accumulation, TGxyl still produced LA at a final titer of 25+ 1 g L'}, ¥, 0f~0.99

g g-total sugars ! and maximum Q4 of 0.50 + 0.08 g L! h'! (Figure 3.4C, 4D and Table

3.1).
A Escherichia coli W (ATCC9637) B Escherichia coli C (ATCC8739)
) AldhA::FRT AadhE::FRT AackA::FRT
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v v
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wyiIR::xyIR*> " (:)uickl:\' adapted in v
TGxyl glucose-xylose mixture. IKJxyl

Figure 3.3 Strain lineage for the lactate-producing and succinate-producing sugar
specialists.

(A) Strain lineage for lactic acid sugar specialists. (B) Strain lineage for succinic acid
sugar specialists. Previously engineered strains are indicated by blue font. And solid
arrows Glucose specialists are indicated by black font and dashed arrows. Xylose
specialists are indicated by red font and dashed arrows.
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Figure 3.4 Fermentation of glucose-xylose mixtures (2:1 by mass) by lactate-producing
sugar specialist strains.

Concentrations of (4) glucose, (B) xylose, (C) D-lactate and (D) ODsso,m measured in the
fermentation broth for TGglc (closed circles) and TGxyl (open squares). All fermentations
were performed in batch mode and in mineral salts media. Data points represent the
arithmetic mean of three replicates and the error bars represent one standard deviation.

3.2.2 Engineering and Optimizing a Synthetic Coculture for Efficient Conversion of

Glucose-Xylose Mixtures to D-Lactate

Given their promising performance metrics with respect to LA production and minimal
cross-catabolic activities, TGglc and TGxyl were next used as complementary specialist

strains with which to engineer a synthetic coculture. To balance catabolic rates, simple
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titration of the initial inoculum ratio between TGglc and TGxyl (e.g. 1:1, 1:50, 1:100) while
maintaining a constant total initial ODssonm of 0.05 (the same initial ODssonm as in
monoculture fermentations) was performed. As shown in Figure 3.5A and Table 3.1,
glucose was completely utilized within 48 h for all ratios (similar to TG144 and TGglc
monocultures). However, as a result of tuning the initial population, initial volumetric rates
of glucose utilization (Qgic) were subsequently reduced over the first 24 h in a manner
proportional to the relative abundance of TGglc (2.4 + 0.1, 0.82 +£ 0.40, and 0.13 £ 0.02 g
L' h'! for ratios 1:1, 1:50, and 1:100, respectively), along with initial rates of biomass
accumulation (Figure 3.5D and Table 3.1). The corresponding profiles of xylose
fermentation (Figure 3.5B), meanwhile, revealed the opposite and expected effect with
respect to xylose catabolism; increasing abundance of TGxyl in the initial inoculum
improves xylose utilization. More specifically, at equal abundance (i.e., 1:1), total xylose
utilization reached merely 22% by 96 h. This corresponded to 5% less total sugar utilization
than by TG114 monocultures (75% vs. 80% total sugar utilization, respectively; Table
3.1). However, by tuning the initial inoculum ratio to 1:50, 2.6- and 1.5-fold increases in
xylose utilization (58% total xylose used) were realized relative to cocultures with a 1:1
initial inoculum ratio and TG114 monocultures, respectively (Table 3.1). Owing to this
significant increase in xylose co-utilization, final LA titers achieved by 1:50 cocultures
reached 84 + 2 g L'! (~11% higher than the 1:1 coculture; Figure 3.5C), while still
maintaining high overall performance metrics (Y5 of 0.96 g g*!, maximum Q4 of 3.7 +
1.1 g L' h'l; Table 3.1). Further increasing the relative initial abundance of TGxyl, 1:100
cocultures then enabled further increased utilization of supplied xylose, in this case
reaching ~71% (Figure 3.5B). Moreover, total sugar utilized reached 91% by the end of
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the 96 h fermentation, achieving a final LA titer of 88 £ 1 g L'}, ¥4 of ~0.97 g g-total
sugars™', and maximum Q4 of 2.5 + 0.2 g L'! h'! (Table 3.1). Based on the promising
trends observed with 1:50 and 1:100 cocultures, additional tuning of the inoculum ratio to
further increase the initial abundance of TGxyl was subsequently performed, in this case
at both 1:500 and 1:1000 (data not shown). However, no further performance
enhancements were realized in terms of either total sugar utilization or LA production in
such cocultures, suggesting that the optimal initial inoculum ratio for TGglc:TGxyl exists
at least close to 1:100. Thus, further improvement of this coculture should next focus on
enhancing the inherent properties of each individual strain; for example, increasing rates
of xylose catabolism in sugar mixtures by TGxyl through adaptation and/or genetic

engineering.
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Table 3.1 Comparing the performance of individual E. coli sugar specialists and
cocultures during LA and SA fermentation.

All cultures were initially supplied with ~100 g L™ of glucose-xylose mixtures (ratio 2.1
by mass). Abbreviation: No Consumption (N.C.) < 1% sugar utilized; No Rate (N.R.) <
0.1 g L'" h'! A Total sugar utilized per sugar supplied. 8 Dry cell weight (DCW) values are
calculated from maximum ODssgwm (0.44 gDCW L with an optical density of 1.0 at 550
nm). ¢ Maximum volumetric rates (Q) are calculated when the slope of substrate
utilization or product formation is most linear. ° Y, denotes the product yield coefficient
and is calculated as gram product per gram total sugar utilized

Biomass
Strains(s) Sugar Utilized (%) B Q(gL'hH° Yo Titer
Fermented  Glucose Xylose Total* gDCW Glucose Xylose Product gg!? gLt
L-l
Lactate
0.96 65
TGglc 1000 N.C. 68+1 27+0.1 22+0.1 NR. 2.0+0.1 +0.01 41
0.44 0.99 25
TGxyl N.C. 80+2 25+1 1.1+0.1 N.R. +0.01 0.50 £0.08 +0.1 11
TGgle:TGxyl 0.35 0.99 73
Ratio 1:1 1000 22+1 751 28+£0.1 55+04 =£0.04 5.8+0.5 +0.04 49
TGgle:TGxyl 0.44 0.95 84
Ratio 1:50 1000 58+2 861 27+£0.1 32+0.6 +0.04 3.7+1.1 £0.02 42
TGele:TGxyl 0.52 0.97 88
Ratio 1:100 100£0 71+£3 91«1 27+03 24+02 +0.05 25+0.2 +001 4]
Succinate
0.88 65
Klgle 1000 N.C. 71+1 29+0.1 2.1+0.1 NR. 1.9+0.1 +001 4]
0.60 1.21 33
Klxyl N.C. 87+2 28+2 2.7+02 N.R. +0.06 0.69+0.20 +0.05 i1
KJgle:KJxyl 0.72 0.95 84
Ratio 1-1 93+5 89+2 91+4 3.1+02 0.84+0.1 +0.04 1.3£0.1 +001 4]
Klgle:KJxyl 0.73 0.97 37
Ratio 1:50 19+14 86+2 39+9 28+£02 049+0.2 +0.1 0.82+0.1 +0.1 14
KJgle:KJxyl 0.66 0.94 29
Ratio 1:100 6+4 88+1 313 29+0.1 02=£0.1 +0.06 0.69 £ 0.02 +0.1 4]
KJgle:KJxyl 0.30 0.84 76
Ratio 2:1 1000 46+4 83+1 34+£01 14+0.1 +0.09 2.1+0.1 £0.08 16

LA production performance demonstrated by the 1:100 coculture compares well to that
of other cocultures previously-engineered for the same purpose, as well as those developed

to produce other related fermentation products (Table 3.2). In particular, Eiteman et al.
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developed an E. coli coculture composed of glucose and xylose specialists capable of co-
utilizing and converting a sugar mixture (~47 g L™! total sugar, ratio of glucose to xylose is
1.5:1 by mass) to LA (final titer of 32 g L'}, ¥, 0f 0.68 g g-total sugars ') in a two-stage,
aerobic-anaerobic process (Table 3.2).*® In this case, rather than tuning the initial
population ratio, a sequential inoculation strategy was instead employed to balance the
contribution of each specialist to the net catabolic activity, allowing more time initially for
the xylose specialist strain to accumulate under aerobic conditions. Upon reaching the
anaerobic phase, the population ratio in their coculture was estimated as 2:3 glucose:xylose
specialists, which similarly illustrates a need for increased abundance of the xylose
specialist in this fermentation. In comparison to LA producing monocultures, Sievert et al.
demonstrated that substituting wild-type xy/R with xy/R* (R121C and P363S; the same
mutations used to develop TGxyl in this study) in TG114 enabled co-utilization of 50 g L°
glucose and 43 g L! xylose (from 100 g L'! glucose-xylose mixture, initially 1:1 by mass)
to 86 g L'! LA in mineral salt medium.®® While minor improvement in terms of sugar
utilization was achieved using the present coculture system, a unique advantage of this
approach is the facile tunability that it provides. In this case, catabolic rates can be titrated
to achieve optimal fermentation performance by altering initial inoculum ratios between
the two specialists. This ability will likely be beneficial when utilizing feedstocks of

varying compositions, and can be extended beyond simply binary sugar mixtures.
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Table 3.2 Comparing the performance of different E. coli cocultures engineered to
convert glucose and xylose to fermentative products.

A summary of selected E. coli coculture systems comparing media and fermentation
condition(s), base strain and key mutations, product(s) and performance metric(s). * Gene
deletion, disruption or modification. 8 qgic specific rate of glucose utilization ; Qgic volumetric
rate of glucose utilization; qx;i specific rate of xylose utilization; Qxy volumetric rate of xylose
utilization (each calculated when the rate of utilization was approximately constant),; Dry cell
weight (DCW) calculated from maximum ODjssonm (0.44 gDCW L with an optical density of
1.0 at 550 nm). € Fermentation consisted of two stages: initial aerobic growth followed by an

anaerobic phase. P Minor amounts of succinate, acetate and ethanol were also detected.

Media and

Fermentation Base S.t ralg & Key Product(s)  Performance Metric(s)® References
Condition(s) Mutations
Modified AM1 Glucose: Qi =24 gL' h'!
6.6% Glucose TG114 (an E. coli W qaic ~ 886 mg gDCW! h!
3.4% Xylose derivative engineered for Oxi=05gL'h!
lactate production) AxyIR Gx1 =223 mg gDCW-! h! .
Batch Xylose: D-Lactate T(ftal Sugar Utilized = 91g L"! This Study
Microaerobic TG114 AptsI AptsG Titer = 88g L!
AgalP Aglk xylR::xylR* Productivity = 2.5 g L' h'!
Y, pls ~ 0.97
Basal Glucose:
3.1% Glucose E. coli MG1655 - el
2.0% Xylose xylA748::FRT pfIB::Cam 6l 540 mg gDCW}l h_l .
Xylose: qxy1 =325 mg gI?CW h (Eiteman,
£Y°088. D-Lactate Total Sugar Utilized ~ 47 g L*! Lee et al.
Batch E. coli MG1655 Titer =32 g L1 2009)
Aerobic- pfiB::Cam ptsG763::FRT Yo~ 068
anaerobic® manZ743::FRT glk- ph =
726::FRT
Modified AM1 Glucose: Q6 =0.84 g L' h!
6.6% Glucose KJ122 (an E. coli C qaic = 188 mg gDCW-! h!
3.4% Xylose derivative engineered for Oxi =072 gL' h'!
succinate production) . Gxy =276 mg gDCW-! h! .
Batch xylR::tetA-sacB Succinate T(ftal Sugar Utilized =91 g L'! This Study
Microaerobic Xylose: Titer= 84 g L™!
KJ122 AgalP Aptsl Productivity = 1.3 g L' h'!
glk::Kan® xyIR. :xyIR* Y,s~095gg!
Basal Glucose:
Initial Sugar E. coli ATCC8739
3% Glucose ptsG::FRT xylA::FRT
1% Xylose pfIB::FRT IdhA::Kan®
Fed Xylose: Titer= 45 g L*! (Xia,
1.5% Glucose E. coli ATCC8739 Succinate Productivity = 1.7 g L' h'! Altman et
0.5% Xylose ptsG::FRT glk::FRT Y,s~097 gg! al. 2015)
manZ::FRT crri:FRT
Fed-Batch ldhA::FRT pfiB::FRT
Aerobic- ppc::Kan®
Anaerobic?
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Basal Glucose:
1.5% Glucose E. coli C xylA748::FRT
1.5% Xylose ace732::FRT
0.2% Acetate ldhA744:: FRT Batch:
poxB772::FRT pps-776:: Titer= 19 g L*!
Batch & Fed- Kan® Yield = 61% (Maleki
Batch Aerobic Xylose: Productivity = 1.44 g L' h! L
E. coli C ptsG763::FRT Pyruvate Sagaéll gt al.
glk-726::FRT Fed-Batch: )
manZ743::FRT Titer=39 g L*!
aceE732::FRT Productivity = 1.65 g L' h!
ldhA744::FRT
poxB772::FRT pps-776::
Kan®
Modified AM1 Glucose:
6.6% Glucose LY180 (an E. coli W
3.4% Xylose derivative engineered for qGie-Max = 620 mg DCW-! h'!
ethanol production) Gxvi-max = 300 mg DCW-1 h! Fl
Batch AxylR adapted in Ethanol Total Sugar Utilized =~ 98 g L*! A( lores,l
microaerobic glucose-xylose Titer <46 g L"! }; 8 legt ak
Xylose: Productivity = 488 mg L' h! )
LY 180 AptsI AptsG Y,s=045gg!
AgalP glk::Kan®
xylR::xyIR*

Finally, one intriguing observation associated with the developed LA coculture system
was that the volumetric rate of xylose utilization (Qx;;) was found to consistently and
abruptly decrease in all cocultures upon exhaustion of available glucose. For instance, as
seen in Figures 3.5A and 3.5B, prior to glucose exhaustion, maximum Qx; were
approximately 0.35 + 0.04, 0.44 + 0.04 and 0.52 + 0.05 g L' h'! for 1:1, 1:50 and 1:100
cocultures, respectively. However, following glucose exhaustion, Qx; in the same
cocultures then dropped to just 0.034 + 0.009, 0.062 + 0.004 and 0.12 +0.02 g L' h'!. It is
unlikely that LA or byproduct toxicity is responsible for this behavior since the parent
strain (TG114) has been shown to achieve LA titers up to 120 g L! and almost no other
side products are detected during its fermentation.!% This observation possibly suggests
that, although the two strains were engineered to be catabolically-orthogonality, inter-strain

interactions certainly do occur throughout these synthetic cocultures. While the exact
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nature and extent of this behavior remains unknown, however, and warrants further

investigation.
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Figure 3.5 Fermentation of glucose-xylose mixtures (2:1 by mass) cocultures composed
of catabolically-orthogonal lactate-producing specialist strains.

Concentrations of (4) glucose, (B) xylose, (C) D-lactate and (D) ODsso,m measured in the
fermentation broth for TGglc:TGxyl cocultures using an initial inoculum ratio of 1:1 (close
circles), 1:50 (open squares,) and 1:100 (open triangles). All fermentations were
performed in batch mode and in mineral salts media. Data points represent the arithmetic
mean of three replicates and the error bars represent one standard deviation.

3.2.3 Construction of Catabolically-Orthogonal Sugar Specialist for Succinic Acid

Production
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To further investigate the generalizable nature of this coculture strategy along with sets
of specific genetic modifications used to create each sugar specialist, the same
methodologies were next analogously applied to SA production from glucose-xylose
mixtures. In this case, the succinogenic strain KJ122 (a derivative of E. coli ATCC 8739)
was used as the common parent for constructing the two sugar specialist strains: KJglc and
KJxyl (Figure 3.3 and Table 3.5). KJ122 was previously engineered and shown to ferment
100 g L glucose to SA (final titer of 82 g L', overall Qz4 0of 0.88 g L' h'!, ¥,5 0 0.90 g
g-total sugars™!) in mineral salts media.”* Similar to TGglc, batch fermentation of KJglc
also revealed virtually no xylose utilization (Figure 3.6B). In this case, glucose was
completely utilized within 42 h at a maximum Qg of 2.1 + 0.1 g L'! h'! while SA was
produced at a maximum Qs of 1.9+ 0.1 g L' h'l. At this output, the performance of KJglc
was similar to that of its parent strain, KJ122 (Figure 3.6A; Table 3.1; Figure 3.2A-D).
Likewise, and as expected, KJxyl was unable to utilize glucose throughout the 120 h
fermentation (Figure 3.6A), but utilized 87% of supplied xylose, leaving just 5 g L!
unused (Figure 3.6B and Table 3.1). With a maximum Qyx;; and Os4 of 0.60 + 0.06 and
0.69 +0.20 g L'! h'!, respectively, overall performance of KJxyl was also similar to that of

KJ122 (Figure 3.2A).
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Figure 3.6 Fermentation of glucose-xylose mixtures (2:1 by mass) by succinogenic sugar
specialist strains.

Concentrations of (4) glucose, (B) xylose, (C) succinate and (D) ODsso,m measured in the
fermentation broth for KJglc (closed circles) and KJxyl (open squares). All fermentations

were performed in batch mode and in mineral salts media. Data points represent the
arithmetic mean of three replicates and the error bars represent one standard deviation.

3.2.4 Engineering and Optimizing a Synthetic Coculture for Efficient Conversion of

Glucose-Xylose Mixtures to Succinic Acid
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KlJglc and KJxyl were next combined to develop a synthetic coculture for producing
SA from glucose-xylose mixtures, again employing the same population-level tuning
strategy in order to optimize sugar co-utilization. Based on the outcomes revealed for LA
production, initial inoculation ratios of 1:1, 1:50 and 1:100 Klglc:KJxyl were first
explored. As shown in Figure 3.7B and Table 3.1, total xylose utilization and Qx,; were
similar for each of the 1:1, 1:50 and 1:100 cocultures (each ~87% and ~0.67 g L' h!,
respectively) and close to that of the KJxyl monocultu