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Foreword

The outlook for affordable next-generation or advanced fuels from biomass is as complex
and multidimensional as are the possible routes for its attainment. Advanced biofuel is
defined as follows by the Cornell University Law School’s Legal Information Institute: “The
term ‘advanced biofuel’ means fuel derived from renewable biomass other than corn kernel
starch.” Direct microbial conversion (DMC), also referred to as consolidated bioprocessing,
is a promising biomass processing strategy originally introduced by Professor L. Lynd
(Dartmouth College) because it reduces process complexity and energy input requirements
compared with classical simultaneous saccharification and fermentation. Although a powerful
strategy, DMC is currently limited by three key process engineering and scientific considerations:
(1) the titers of biomass-degrading enzymes produced by aerobic, non-naturally cellulolytic
DMC microorganisms have not yet reached that of dedicated enzyme production hosts; (2)
aerobic DMC production pathways, required primarily for high-yield biosynthesis of
hydrocarbons and lipids, may be difficult to economically scale up to large volumes

(e.g., >1 ML aerobic bioreactors) because of challenging gas—liquid mass transfer requirements
at such scales; and (3) metabolic pathways in anaerobic, naturally cellulolytic DMC
microbes are not optimized for fuel production. For example, it is not known if for DMC
processes cellulase titers must rival the ultra-high levels obtainable by dedicated enzyme
production strains. One envisioned process scheme for a DMC-capable fungus or yeast
would be a high volumetric inoculation into an aerobic culture containing biomass slurry to
produce sufficient hydrolytic enzymes, followed by forced anaerobiosis for fermentation of
the biomass sugars to ethanol or related products. Another DMC process scheme envisions
large-scale anaerobic cultures of primarily cellulolytic thermophiles engineered to produce
ethanol or butanol at economically relevant titers. Moreover, to date, highly reduced,
deoxygenated products requiring cellular respiration (Krebs cycle) for their production have
been produced only in modest titers and scales; challenges also remain in economically
recovering such products.

To outline the current state of the art, this book is composed of three sections. First, over-
views of the benefits from consolidated fermentations are discussed in the context of green
processes (Wei et al., Chapter 1), followed by a detailed review of microbial hydrocarbon
production (Wackett et al., Chapter 2) and then by a technoeconomic analysis of advanced
biofuels production (Scarlata et al., Chapter 3). In the second section, Biomass Structure

xvii
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and Recalcitrance, the outlook for engineering biomass for advanced fuels production is
presented (McCann et al., Chapter 4), which sets the stage for four reviews highlighting
recent advances in understanding and engineering improved cellulase enzymes (Wilson,
Kruer-Zerhusen, and Wilson; Hobdey et al., and Morais et al., Chapters 5-8, respectively).

In the third section, Fuels from Fungi and Yeast, van Zyl et al. review advances in engineering
cellulase production in yeast (Chapter 9), followed by Chapters by Yang et al. and Xu et al.,
Chapters 10 and 11, respectively, discussing the suitability of the cellulolytic fungus, Tricho-
derma reesei, as a DMC host. In Chapter 12 by Lee et al., metabolic engineering challenges
for yeasts are presented. In the final section, Fuels from Bacteria, Schwarz et al. (Chapter 13)
discuss in considerable detail the recent development and outlook for new tools for
genetic manipulation of Clostridia. On a related topic, Takasumi and Liao present the outlook
specifically for butanol production from cellulolytic Clostridia in Chapter 14. Yarbrough et al.
(Chapter 15) next report the effects of particle size on DMC of poplar wood by Clostridium
thermocellum, followed by a review from Brown et al. regarding the metabolic pathway
engineering required for DMC to ethanol by C. thermocellum (Chapter 16). The next two
chapters describe the challenges and potential solutions for advanced fuels production using
co-cultures, first from an “omics” perspective (Levin et al., Chapter 17) and then from a
pathway engineering and fermentation model point of view (Minty et al., Chapter 18).

A novel route to hydrocarbons via chemical synthesis from microbially produced
polyhydroxybutyrate closes the book (Chapter 19).

The editor thanks the authors for their contributions, as well as the Department of Energy
(DOE) Bioenergy Technologies Office and the DOE Office of Biological and Environmental
Research through the BioEnergy Science Center for research support. I also acknowledge
Peter Ciesielski (National Renewable Energy Laboratory) for the original art used for the
cover of this book.

Michael E. Himmel
Biosciences Center, National Renewable Energy
Laboratory (NREL), Golden, CO, USA



Direct Microbial Conversion of
Biomass to Advanced Biofuels



This page intentionally left blank



Feedstock Engineering and Biomass
Pretreatments: New Views for a Greener
Biofuels Process

Hui Wei', Wei Wang', Melvin P. Tucker?, Michael E. Himmel', Roman Brunecky'
'Biosciences Center, National Renewable Energy Laboratory (NREL), Golden, CO, USA;
2National Bioenergy Center, National Renewable Energy Laboratory (NREL), Golden, CO, USA

Feedstock Engineering Aiming to Provide More Pretreatable
and Digestable Biomass

Throughout this book, authors discuss microbial processing technologies for biomass conversion
to fuels and chemicals as well as challenges and opportunities for biomass production. Concepts
regarding green technologies have not been emphasized. In general, a green process is defined
as a production process with the lowest consumption of resources while also avoiding or
minimizing the use and generation of chemicals hazardous to the environment.'-?

Note that the use of colors to describe this terminology is not restricted to the case of biomass
conversion. In fact, because of today’s communication needs with the media, government, and
the public, color-coding has been used to distinguish different topics in biotechnology.
Whereas green biotechnology refers to technologies applied to Agri-food processes, other
colors are used to describe the application to marine and aquatic processes (blue
biotechnology), medical processes (red biotechnology), and general industrial processes
(white biotechnology), respectively.’— Of note, the principles of the above-mentioned green
process and green chemistry are important for effective, “sound-bite” style communication to
the public and the government necessary for raising their awareness and rallying their support.

The aforementioned definition of green processes prompts us to propose that the green
biofuels process should include at least the following components:

1. “Green production” of feedstocks, with low consumption of water, fertilizer, and energy
and yet generating biomass with maximal pretreatability and digestibility.

2. “Green pretreatment” of biomass, with low energy consumption, little or no use of
hazardous chemicals, and no generation of hazardous waste.

Direct Microbial Conversion of Biomass to Advanced Biofuels. http://dx.doi.org/10.1016/B978-0-444-59592-8.00001-4
Copyright © 2015 Elsevier B.V. All rights reserved. 3
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Tailored chemoprocessing
Feedstock engineering (TCP)
- Reducing biomass recalcitrance — - Better matching pretreatments with
- Enhancing biomass pretreatability individual microorganisms:
& digestibility « for utilization of simple sugars
« for tolerance of inhibitory compounds

Microbial processing and
conversion of biomass

Biofuels

Figure 1
Scheme of project flow for integrating feedstock engineering and chemical/microbial processes that
enable more efficient biomass conversion to biofuels.

Feedstock engineering is an integral part of the green biofuels process. The goal of feedstock
engineering is to generate novel bioenergy crops to produce biomass with traits designed for easier
downstream processing of biomass during pretreatment and/or digestion steps in a bioconversion
process (Figure 1). Traditional methods for introducing exogenous enzymes to biomass particles,
as used today in simultaneous saccharification and fermentation (SSF) processes are limited by
multilength scale diffusion barriers, from the level of the biomass chip to the cellular structure of
the plant cell wall. There are multiple macroscale and microscale factors believed to contribute to
the recalcitrance of lignocellulosic feedstocks to thermochemical pretreatment and subsequent
enzymatic saccharification. On the gross anatomical level, macroscale factors include plant
structural effects, such as the epidermal tissue protecting the plant stem, the arrangement and
density of the vascular bundles in cell walls, and the relative amount of sclerenchymatous (thick
wall) plant tissues. On a microscale, important factors include the degree of lignification as well as
the structural heterogeneity and complexity of cell-wall constituents, such as cellulose microfibrils
and matrixing polymers, including the hemicelluloses and pectins. In the context of the
biorefinery, these chemical and structural features of biomass affect liquid penetration and/or
enzyme accessibility and activity and ultimately, conversion costs.°

The current state of the art for the biofuels industry relies on multiple processing steps to
achieve the conversion of lignocellulosic biomass to a liquid fuel, such as but not limited to
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ethanol. Each processing step also has a cost-per-gallon fuel cost associated with it. The two
primary processing steps under consideration today—thermochemical pretreatment and the
enzymatic conversion—are significant contributors to the overall minimum selling price of
biofuels and can be affected by reduced recalcitrance plant technology.””

These two bottlenecks for cost-effective conversion are detailed in a 2009 report that states,
“In order to further reduce costs, process improvements must be made in several areas,
including pretreatment, enzymatic hydrolysis, and fermentation.”” Furthermore, in their very
recent article, Klein-Marcuschamer et al. stated, “Analysis shows that, in general, the vast
majority of the literature to date has significantly underestimated the contribution of enzyme
costs to biofuel production.” This highlights the sensitivity of the current industry to enzyme
and pretreatment costs, and although there have been significant advances in enzyme
technology over the years, the cost of enzymes remains a key issue and the cost of
pretreatment remains high.

In Planta Engineering for Reduced Recalcitrance Traits

To date, no recombinant plant technology with reduced recalcitrance traits is utilized by
the biofuels industry on a commercial scale. However, there have been early attempts to
reduce the enzyme costs associated with a biorefinery. The primary idea has been to
express large amounts of glycoside hydrolase (GH) enzymes in planta, thus shifting the
cost of enzyme production from expensive fungal sources, which is the current method of
production, to a cheaper, plant biofactory model in which the enzymes necessary for
enzymatic deconstruction are expressed within the plants themselves.!%!> Although an
interesting approach thus far, it has not met with commercial success and remains
problematic in several senses. For example, the large amounts of enzymes required place
metabolic burdens on the plant and require additional inputs of nitrogenous fertilizers.
Furthermore, it is logical that expression of large amounts of highly active plant
deconstructing enzymes is deleterious to plant health and is a critical consideration when
expressing active GHs in planta. In addition, from a process prospective, this approach
incurs additional capital and operating costs by adding the very expensive extra processing
steps of having to first extract the GH enzymes from the “plant factories” intact and active
and then add them back in at a later step.

A recent workaround to the problems of expressing large amounts of GH enzymes is to use
GH enzymes that are expressed in planta in an inactive form using intein self-excising
elements in an attempt to avoid negative effects from the heterologous GH enzymes. In this
case, enzymes are not extracted from the plant tissue, as in the previous approach. Rather,
after the plant is fully grown and senesced, a low-temperature and low-pressure pretreatment
from which the enzymes can survive is used. Pretreatment then “activates” the enzymes
utilizing various “intein-trigger” mechanisms, which then deconstruct the plant.'’
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6 Chapter 1

Another promising example of reduced recalcitrance technology is to utilize plants that express
low levels of GH enzymes that are expressed and targeted to cell walls during plant growth and
development. Brunecky et al. demonstrated a 15% reduction in the recalcitrance of corn stover
and tobacco plants by expressing the thermostable endoglucanse E1 in planta at very low
enzyme titers (ng cellulase/mg tissue) in the wall.'* This approach provided significant
improvements in the digestibility of the engineered plants, and by utilizing very low levels of
expressed cellulase, no negative phenotypes were observed in the growing plants.

Another recent direction in feedstock research is the demonstration that modifying or reducing
the level of lignin in the plant also reduces pretreatment requirements. By altering the lignin
content and composition by independently targeting multiple steps of the lignin pathway, it was
shown that lignin content in alfalfa is inversely related to recalcitrance.!> By targeting caffeic acid
O-methyltransferase (COMT), it was possible to improve cell-wall enzymatic saccharification
efficiency without a reduction in postharvest biomass yield in switchgrass,'® and this technology
has been extended to target transcriptional regulators of the lignin pathway (PvMYB4, Panicum
virgatum MYB4) with even greater reductions in recalcitrance.'” The COMT lines are already in
commercial field trials, and both the COMT and MYB4 lines have been shown to possess
reduced recalcitrance and support enhanced ethanol yields at reduced enzyme loadings. Note that
in general, ‘classical’ MYB (myeloblastosis) transcription factors are involved in the control of
the cell cycle in higher eukaryotes, whereas plant MYB transcription factors can be involved in
many aspects of plant secondary metabolism, as well as cell morphogenesis or cell fate.

Chen et al. have reported that various modifications to the lignin biosynthesis pathway in the
model crop alfalfa yielded on the order of 20-40% improvements in enzymatic hydrolysis
efficiency after a mild acid pretreatment, and perhaps a 5% improvement in sugar release
improvement using only a mild acid pretreatment.'> Some of these lignin modifications have
also been reported in bioenergy crops; in their recent paper, Fu et al. showed that compared
with control plants, transgenic switchgrass with COMT downregulation showed significant
increases in saccharification efficiency with or without mild acid pretreatment.'® They showed
that the transgenic plants had a 16.5-21.5% increase in saccharification efficiency with mild
pretreatment and a 29.2-38.3% increase without any pretreatment.

Furthermore, in a traditional SSF fermentation scheme, these plants yielded 30-38% more
ethanol by SSF compared with control plants. Overexpression of the MYB4 lignin repressor in
switchgrass gives even greater reductions in recalcitrance.!” Given that the approaches utilize
unique and distinct mechanisms of action, we believe that in the future expressing GHs in a
COMT-switchgrass-deficient plant should result in a significant improvement in saccharification
efficiency, even when assuming that these effects are nonsynergistic. However, it is well known
that delignification of biomass is highly synergistic with our proposed combination of GH
expression and lignin modification; thus, the actual improvement may be higher.'®

Therefore, we support the notion that the introduction of reduced recalcitrance feedstocks
would have a transformational, not incremental, effect on reducing the overall costs of the
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bioconversion of lignocellulosic feedstocks. A key advantage of this solution is that it is a
downstream drop-in fit for current and proposed future bio-based fuel production processes,
requiring only minimal changes to plant design and operating procedures.

Mild and Green Pretreatments of Biomass for Lower Toxicity
in Lignocellulosic Hydrolysates and Solid Residues

Current pretreatment technologies are designed to achieve the highest yield of fermentable
substrates (including simple sugars) from biomass. To achieve this goal, the so-called
pretreatment severity factor, based on treatment pH, temperature, and reaction time, is tailored
to the process objectives.!?2Y For example, most pretreatment schemes strive to improve
substrate “accessibility,” now known to be a key factor affecting substrate—enzyme
interactions.?'~2% Going forward, another goal of pretreatment technology will be to improve
substrate fractionation, depending upon the needs of new process designs. In addition to
producing fermentable substrates, most pretreatment processes today also generate
compounds inhibitory or toxic to fermentative organisms. These compounds are generally the
products of sugar and lignin degradation that include furfural, hydroxymethyl furfural, soluble
phenolics, and a host of sugar-lignin condensation products that are not fully characterized.?’

Another dilemma is that the higher severity of pretreatments will also result in a higher extent
of degradation of sugars that inhibit the downstream enzymatic hydrolysis and fermentation
steps. Therefore, there is a delicate balance in controlling the pretreatment conditions between
maximizing the sugar yield and minimizing the sugar degradation and inhibitory compound
formation. Therefore, from the standpoint of toxicity mitigation and cost, a mild and
environmentally benign pretreatment process would be a promising future improvement.

One approach to developing a mild, yet effective pretreatment technology is by designing the
optimized pretreatment reactor vessels for this goal. From recent work, it is clear that more
insights into the effects of reactor design related to biomass digestibility are needed.?® For
example, we reported that corn stover, acid-pretreated under the same severity but in three
different types of reactors (i.e., ZipperClave, Steam gun, and Horizontal reactor), exhibited
different enzymatic digestibility. The corn stover pretreated in the Horizontal reactor and Steam
gun achieved much higher enzymatic digestions, 95% and 88% cellulose converted to glucose,
respectively, after 96h, compared with 69% for the ZipperClave pretreated sample. Among the
chemical and physical characteristics examined, particle size varied the most among the three
treated samples. The Horizontal reactor treated sample produced the smallest particle size
distribution, which is directly related to cellulose conversion. Microscopic analysis showed a
more delaminated and defibrillated structure for pretreated samples from the Horizontal
reactor, which was likely due to the shearing effect of the reactor’s internal screws. This study
indicates that reactor designs that augment the thermal and chemical energy applied to the
pretreatment of biomass with mechanical energy can substantially aid in overcoming the
recalcitrance of biomass through the breakdown of the physical structure of the plant cell wall.
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These results also support results from previous research showing that increasing substrate
accessibility is critical to increasing the efficiency of enzymatic hydrolysis.

Given the aforementioned results, we conclude that it is possible to produce a highly
digestible substrate at moderate chemical pretreatment severities by utilizing appropriate
reactor design. For example, recalcitrance can be reduced by integrating an accessory
mechanical stage into the reactor, which will increase cell wall delamination and
defibrillation. An example of this approach is the integrated mild alkali pretreatment and
mechanical refining process proposed recently by National Renewable Energy Laboratory
researchers.”” The digestibility of the feedstock generated using this process was comparable
to that generated by a dilute-acid pretreatment process at higher severity.

In addition to the favorable digestibility of the feedstock, a great advantage of a green
pretreatment process is that it is environmentally friendly and microorganism-benign. The use
of high concentrations of chemicals in pretreatment processes leads to the corrosion of the
reactors, lines, and/or pumps and the additional economic burdens of chemical recycling or
disposal. Usage of high concentrations of acids and bases also leads to high process water
salinity, increasing the overall plant water requirement. Milder pretreatments may also
somewhat mitigate the generation of toxic compounds from biomass.

A New Concept of Tailored Chemoprocessing for Individual
Microorganisms

It is known that different pretreatment processes generate various toxic compounds and that
biofuel-producing microorganisms have various levels of tolerance to these inhibitory compounds.
Matching the reaction design with the appropriate conversion microorganism is an obvious
opportunity that is made more attractive by modern microbial genetic engineering. Here, we
propose the concept of tailored chemoprocessing (TCP) using platform industrial microorganisms.

There are two layers of compatibility between pretreatments and individual microorganisms:

1. The first layer is the carbohydrate compatibility between the array of simple sugars that
pretreatments generate and the set of sugars that microorganisms can utilize. This should
be a straightforward analysis to perform using modern computational methods.

2. The second layer of compatibility between pretreatments and individual microorganisms
is the toxicity aspect. A simplified example is that if a strain is not sensitive to phenolic
compounds, then an alkaline pretreatment process could be a good viable match.
However, to better match toxicity parameters between pretreatments and microorganisms,
a more rational strategy is required.

One particular approach we emphasize is to replace the existing chemical(s) used in
pretreatment with chemicals that have similar effectiveness during pretreatment but display
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lower inhibition in downstream enzymatic hydrolysis or lower toxicity to microbial growth.
The assumption is that different chemicals within the same category may have similar
function in targeting plant cell-wall components and cleaving certain chemical linkage bonds,
but they vary in the level of toxicity to downstream microbial fermentation. For example, a
recent review compiles a list of halotolerant cellulases produced by Bacillus sp. and
Martelella mediter-ranea that are enhanced by some metal ions, such as Fe** and Cu?*, but
inhibited by other metal ions, such as Cd** and Co*+.>" These results suggest that compared
with Cd** and Co?*, Fe?* and Cu?* are more suitable for use in dilute-acid/metal co-catalyzed
biomass pretreatments,’!-3> which will better match the downstream conversion of biomass to
fuels using microorganisms that produce enzymes with similar metal ion sensitivity profiles.

Building Unified Chemobiomass Databases and Libraries of Chemicals

There are currently multiple public databases available related to plant cell wall-related genes
and proteins; biomass chemical compositions; and the chemical reactions, interactions, and
processes of general chemicals (Table 1). Among them, the databases available for plant cell
wall proteins and biomass-degrading enzymes—mainly Carbohydrate-Active enZymes
(CAZy)—are useful sources for identifying candidate genes and proteins for the
aforementioned feedstock engineering research aimed at providing more pretreatable and
digestible biomass feeding into greener conversion processes.

Other than the two “generic” databases listed in Table 1 as well as the Chemical Thesaurus reaction
chemistry database and the Ionic Liquids database (ILThermo), to the best of our knowledge, there
are no chemical databases today designed specifically to provide information about chemical
catalysts acting on biomass. To facilitate the development of the aforementioned TCP, here we
propose building a unified Chemobiomass Database that focuses on an efficient collection and
management of information related to the action of chemicals on biomass. To construct this
database, one needs to systematically explore candidate chemical compounds and to identify all
possible chemicals that can efficiently depolymerize cellulose, hemicellulose, and lignin.
Especially important to target are the covalent linkages between cell wall polymers, such as the
polysaccharide—polysaccharide glycosidic bonds (branching) and lignin-carbohydrate ester bonds.

In addition to the proposed construction of a Chemobiomass Database, this approach would
require a library of chemicals and a library of biomass model substrates and/or derivatives.
Together, they will provide a comprehensive chemical and molecular informatics framework
for optimizing the chemicals used in pretreatments, which will lead to the generation of lower
toxicity hydrolysates and residues for the downstream fermentation of individual biofuel-
producing microorganisms.

Overall, the conversion of biomass to biofuels is an integrated, systematic process that starts
with the feedstock engineering and optimal pretreatment technologies, which then lay the
foundation for development of novel microbial technologies for conversion of sugars to fuels
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Table 1: List of databases for plant cell wall-related genes and proteins, biomass-degrading enzymes,

biomass chemical characterization, and the chemicals with potentials for biomass pretreatments.

Database Note Website

Plant Cell Wall-Related Genes and Proteins

Cell wall genomics A resource for genetic analyses of cell http://cellwall.genomics.purdue.
wall-related genes in Arabidopsis and edu/
maize
Cell wall navigator Protein families involved in plant cell http://cellwall.ucr.edu/Cellwall/
wall metabolism
WallProtDB A collection of cell wall proteomic http://www.polebio.scsv.ups-
experimental data tlse.fr/WallProtDB/
Biomass-Degrading Enzymes
Carbohydrate-active enzymes  Classification and associated informa- http://www.cazy.org
(CAZy) tion for the enzymes that assemble,

modify, and break down oligo- and
poly-saccharides

Cazymes analysis toolkit Tools for analyzing and annotating http://mothra.ornl.gov/cgi-
(CAT) CAZYmes bin/cat/cat.cgi
Biomass Chemical Characterization
Biomass feedstock composi- Chemical, thermal, and mechanical http://www.afdc.energy.gov/bio
tion and property database  properties of various biomass feedstock mass/progs/search1.cgi
materials
Plant ionomics database Mineral nutrient and trace element http://www.ionomicshub.org/ho
composition for Arabidopsis, maize, rice, me/PiiMS

and soybean, etc.

General Chemical Databases with Potentials for Biomass Pretreatments

Chemical thesaurus reaction Information about chemical entities, http://www.chemthes.com
chemistry database chemical reactions, interactions, and
processes
lonic Liquids database Chemical and physical properties of http://ilthermo.boulder.nist.gov/
(ILThermo) ionic liquids related to various indus-

trial applications

production, as illustrated in the following chapters in this book. It is noteworthy that this
biomass conversion process, at a high level, is a fully integrated, circular system in which the
progress in microbial technology development will affect the direction taken by feedstock
engineering, followed again by new rounds of microbial technology development until
process economic targets are met.

Conclusions

The chemical and structural complexity of plant biomass contributes to the high cost of
lignocellulosic biofuels produced by biochemical processes. Feedstock engineering to
generate biomass with reduced recalcitrance can provide a raw materials foundation for better
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pretreatment and microbial conversion technologies. In addition, new green pretreatment
technologies and the TCP concept, enabled by the proposed construction of new
Chemobiomass Databases and physical libraries of biomass model substrates and derivatives,
will enable detailed profile matching of individual biofuel-producing microorganisms and
pretreatments for cost-effective advanced biofuels.
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Introduction

Fossil fuels are society’s major energy source, accounting for more than 80% of energy
needs.! In the transportation sector, liquid petroleum-based fuels account for 95% of the
market. Even with the advent of hydraulic fracturing, which has ushered in a boom of new
exploration, US petroleum production is not yet close to meeting demand. While wind or
solar energy can potentially be used for meeting electrical needs, there is still a pressing need
for energy-dense, liquid fuels in the transportation and manufacturing sectors. Electric cars
may benefit from improvements in energy storage density for batteries, but jets have an
absolute requirement for liquid fuel to achieve the needed power and engine reliability.
Likewise, ship transport will likely remain dependent on liquid hydrocarbon fuels for the
foreseeable future.

There has been a dichotomy within the liquid fuel industries in recent years: biofuels consist-
ing largely of ethanol plus some fatty acid esters, and petroleum-based fuels that are princi-
pally hydrocarbons. In 1925, Henry Ford called ethanol “the fuel of the future.”” Since that
time, ethanol has persisted as an alternative energy source, but it has never become the
dominant fuel that Ford envisioned. Although ethanol from biomass is renewable and petro-
leum is not, the latter has significant advantages. Petroleum hydrocarbons pack more energy
per unit mass, are not hygroscopic like ethanol, and provide a much higher energy return on
energy invested for recovery and transport. Thus, renewable hydrocarbons represent a way to
harness the best traits of both fuel classes.

Humans around the world have produced ethanol biologically for thousands of years, but
there has been limited exploration, production, and repurposing of microbial hydrocarbons as
renewable fuel sources. There have been numerous reports of microbial hydrocarbon produc-
tion in soil and water environments over the past 70 years, and this has laid the groundwork
for more recent gene discovery and metabolic engineering. The early studies largely consisted
of identifying structures of hydrocarbons that partitioned with neutral lipids in solvent

Direct Microbial Conversion of Biomass to Advanced Biofuels. http://dx.doi.org/10.1016/B978-0-444-59592-8.00002-6
Copyright © 2015 Elsevier B.V. All rights reserved. 1 3
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extractions.’ The demonstration of different structural types presaged the existence of
disparate biochemical mechanisms for the biosynthesis of hydrocarbons.

Small and large companies have recognized the potential for novel processes and intellectual
property derived from a new class of biofuels that more closely resemble today’s prevalent
petroleum-based gasoline and diesel fuels. Different companies have developed distinct
platforms seeking to produce hydrocarbons alternatively from sugars, cellulosic biomass, or
from photosynthesis using carbon dioxide. The underlying microbiology and enzymology of
microbial hydrocarbon biosynthesis is discussed in more detail below.

Finally, it should be noted that biogas (methane from methanogenic bacteria) has been used
for decades. In addition, there are historic reports that in some parts of China, people used
bamboo pipes to transport natural gas to use for cooking, although that gas was likely of
thermogenic origin.*

Microbiology and Hydrocarbon Products

Microorganisms biosynthesize different types of hydrocarbons: alkanes, alkenes, arenes, and
isoprenoid compounds. These compounds are found within phylogenetically diverse
microbes, suggesting that the mechanisms are ancient and widespread. In many cases,
however, it is not known why specific microbes biosynthesize hydrocarbons. In plants and
animals, the biological function of biogenic hydrocarbons is more apparent.’ For example,
plants make waxy hydrocarbons to coat leaf surfaces and protect against desiccation. Some
insects protect their eggs with a coating of solid hydrocarbon to prevent both desiccation and
predation. Many isoprenoid hydrocarbons offer protection against ultraviolet radiation, and
their biosynthetic pathways have been relatively well studied. However, the function and
biosynthetic mechanisms for non-isoprenoid, non-gaseous hydrocarbons are largely unknown.
Further work is needed for both fundamental understanding and commercial applications.

The biosynthesis of gaseous methane by methanogenic bacteria has been relatively well
studied.® Methanogens use carbon dioxide and hydrogen or acetate to generate methane in
overall energy yielding metabolism. These bacteria often live in close association with other
bacteria that degrade more complex organic matter in anaerobic ecosystems. By contrast,
much less is known about the microbial production of higher molecular weight gaseous
alkanes. Ethane and propane have been detected in copious amounts within deeply buried
ocean sediments, and several years ago a biological origin was proposed, although no
biochemical mechanisms are available.” More recently, other groups have demonstrated
enzymatic formation of ethane, propane, and other hydrocarbons. Surprisingly, the enzyme
nitrogenase, which functions biologically to reduce dinitrogen gas to ammonia, can react with
carbon monoxide to produce gaseous alkanes. Specifically, the vanadium-containing
nitrogenase variant has been shown to catalyze ligation and reduction of carbon monoxide
into hydrocarbon chains.®? Although a molybdenum-containing nitrogenase does not do this
naturally, laboratory-constructed variants of the enzyme will produce alkanes.!'? These
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reactions are now being examined in more detail as examples of a biological Fischer—Tropsch
reaction. A branched alkene, isobutene, is biosynthesized by the yeast Rhodotorula minuta
and is a gas at room temperature. The carbon atoms are derived from branched chain amino
acids via the intermediate isovalerate that undergoes decarboxylation to yield isobutene.!!

Isoprene is gaseous at 37 °C, a temperature commonly used to grow Escherichia coli and
other bacteria, making it an interesting target for engineered microbial synthesis. Natural
isoprene biosynthesis is widespread. Terrestrial plants, marine plankton, and bacteria produce
these compounds in enormous quantities, about 500 million tons annually.'> Many bacteria
produce isoprene, but of strains analyzed in the laboratory, Bacillus strains have been
observed to produce the highest levels. The methylerythritol phosphate pathway is implicated
in mediating isoprene production in Bacillus subtilis.'3 Overall, the isoprenoid class of
compounds is enormous and range in size from C;, to C;o.'* More than 50,000 isoprenoid
compounds are known, with many being produced by microorganisms.

Longer-chain alkanes are produced in low amounts by eukaryotic and prokaryotic microbes, many of
which are found in marine environments. ' It is reported that brown algae produce n-pentadecane
and red algae produce n-heptadecane. Another alga, Dunaliella salina, produces 6-methyl
hexadecane and 4-methyl octadecane. A more recent report indicated Vibrio furnissii M1 produced
copious quantities of C4-Cg alkanes,' but those findings turned out to not be reproducible.'”

Long-chain alkenes have been identified in high G + C gram positive bacteria Micrococcus
species, > Stenotrophomonas maltophilia,'> and Arthrobacter species.'® The alkene chains are
in the range of C»3-Cj5;, and the structures are inconsistent with derivation from an isoprenoid
biosynthetic pathway. The biological function of these long-chain alkenes is currently
unknown. However, Micrococcus and related bacteria are common human skin inhabitants,
and it is interesting to speculate that the alkenes might enhance their survival on exposed skin.

Cyclic hydrocarbons such as alkylbenzenes have been identified in Archae from the genera
Thermoplasma and Sulfolobus. Members of the genus Alicyclobacillus produce novel
cycloheptane ring structures, presumably to increase the stability of their membranes. '’
Another distinct class of hydrocarbons is the hopanoids that consist of multiple, nonaromatic
rings.?’ These compounds structurally resemble cholesterol and may serve a similar function
of modulating cytoplasmic membrane fluidity. Hopanoids are found in cyanobacteria,
Streptomyces sp., and Zymomonas mobilis. Sterane, consisting of four fused alicyclic rings,
was once thought to be a biomarker for eukaryotes, but it is now known to be biosynthesized
by some methanotrophic proteobacteria.

Enzymes and Mechanisms of Hydrocarbon Biosynthesis
Ole-Catalyzed Synthesis of Long-Chain Olefins

Microbial long-chain olefin biosynthesis was studied by Albro and Dittmer in 1969, but
without molecular genetic techniques, their studies were limited to crude cell extract
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experiments.”!~>* However, those early studies were able to establish that fatty acyl groups
were undergoing condensation at the carboxyl ends of the chains. Thus, the biosynthesis was
denoted as a “head-to-head” condensation reaction with the loss of one carbon atom as carbon
dioxide.

Research at LS9, Inc. elucidated the genes involved, which were subsequently confirmed by a
group working at the Joint Bioenergy Institute.” These were denoted as ole, or olefin
synthesizing genes. The genes encode four proteins in most microorganisms, although in several
the oleBC genes are fused. The four proteins belong to different protein superfamilies (Table 1).2¢
OleA is homologous to members of the thiolase superfamily, also known as the condensing
enzyme superfamily.?’?® OleB is a member of the a/f hydrolase superfamily. OleC is a member
of the AMP-dependent ligase/synthase superfamily, also known as the acetyl-CoA synthetase-
like superfamily. OleD is a member of the short chain dehydrogenase/reductase superfamily.
Sequence identities of the Ole proteins to the closest corresponding superfamily proteins with
different physiological functions are generally low, on the order of 20-30%.>"->

A survey of 3558 bacterial genomes demonstrated clear evidence of the ole genes in 1.9% of
the genomes.?® The functionality of these operons was experimentally tested using a selection
of 14 microorganisms from across multiple phyla, and all were demonstrated to produce
long-chain olefins (Table 2). The majority, such as Shewanella oneidensis MR-1, produced a
single Cs; polyolefinic hydrocarbon, 3,6,9,12,15,19,22,25,28-hentriacontanonaene (Figure 1).
In S. oneidensis MR-1, this polyolefin was found to localize to the membrane”® and was
produced at higher levels in cells grown at a lower temperature.>” This led to the proposal that
the polyolefin content maintains constant membrane fluidity at different temperatures. In
further work, the C,g olefins from four Arthrobacter strains, along with the previously studied
Stenotrophomonas maltophilia and Micrococcus luteus, were rigorously identified through
comparison to synthesized standards and observed to correspond to the branched fatty acids
found in those organisms (Table 2, Figure 2).'8 Xanthomonas campestris is interesting in that
it produces a diverse range of long-chain olefins: at least 15 in vivo with chain lengths
varying from C,g to Cs;, although the predominant product is a C,g olefin.?® The ole gene
products from this organism appear to have a promiscuity and plasticity in substrate
utilization that makes them attractive targets for bioengineering for the production of desir-
able commodity products. In vitro, it has been demonstrated that the first enzyme in the
pathway, X. campestris OleA, can handle considerably shorter substrates than its in vivo
profile, to give hydrocarbon products down to C;s in length.?!

In S. oneidensis MR-1, the polyolefin product of the Ole proteins localizes to the membrane.?’
The ole operon sequences give no indication that any of the proteins are targeted or anchored
to the membrane, which suggests that the enzymes exist in the cytosol, although it is possible
that they associate with an anchored or integral membrane protein. The substrates are hydro-
phobic long-chain hydrocarbons that have limited solubility in aqueous solution, thus making



Table 1: Homology of the four Ole proteins to known protein superfamilies

synthetase-like)

Ole Superfamily name
protein (alternative name(s)) Known biological functions within the superfamily
OleA Thiolase Acyl-ACP synthase, thiolase (degradative and biosynthetic),

(Condensing enzymes)  3-hydroxyl-3-methylglutaryl-CoA synthase, fatty acid elongase, stage
V sporulation protein, 6-methylsalicylate synthase, Rhizobium nodula-
tion protein NodE, chalcone synthase, stilbene synthase, naringenin
synthase, f-ketosynthase domains of polyketide synthase
OleB a/p-Hydrolase Esterase, haloalkane dehalogenase, protease, lipase, haloperoxidase,
lyase. Epoxide hydrolase, enoyl-CoA hydratase/isomerase, MhpC C-C

hydrolase (carbon-carbon bond cleavage)

OleC AMP-dependent ligase/  Firefly luciferase, nonribosomal peptide synthase, acyl-CoA synthase

synthetase (AMP forming), 4-chlorobenzoate:CoA ligase, acetyl-CoA synthetase,
(LuxE; acyl-adenylate/  O-succinylbenzoic acid-CoA ligase, fatty acyl ligase, 2-acyl-glycerophospho-

thioester ethanolamine acyl transferase, enterobactin synthase, amino acid
Forming, acetyl-CoA adenylation domain, dicarboxylate-CoA ligase, crotonbetaine/

carnitine-CoA ligase

OleD Short-chain dehydroge- Nucleoside-diphosphate sugar epimerase/dehydratase/reductase,
nase/reductase aromatic diol dehydrogenase, steroid dehydrogenase/isomerase,
sugar dehydrogenase, acetoacetyl-CoA reductase, 3-oxoacyl-ACP

reductase, alcohol dehydrogenase, carbonyl reductase,

4-a-carboxysterol-C3-dehydrogenase/C4-decarboylase, flaonol
reductase, cinnamoyl CoA reductase, NAD(P)-dependent cholesterol

dehydrogenase

Adapted from Sukovich et al. (2010) Ref. 26.

Table 2: Head-to-head olefins produced by different bacteria

Microorganism

Carbon chain length

Predominant hydrocarbon

Chloroflexus aurantiacus )-10-f12
Kocuria rhizophilia DC22012
Brachybacterium faecium ATCC 159932
Xanthomonas campestris pv. campestris®
Shewanella oneidensis MR-12
Shewanella putrefaciens CN-322
Shewanella baltica PS1852
Shewanella frigidimarina NCIMB 4002
Shewanella amazonensis SB2B?
Shewanella denitrificans OS2172
Colwellia psychreryhtraea 34H?
Geobacter bemidjiensis Bem?®
Opitutaceae TAV2?
Planctomyces maris DSM87972
Stenotrophomonas maltophilia ATCC 17674
Micrococcus luteus 1SUP<
Arthrobacter aurescens TC1P
Arthrobacter chlorophenolicus A6®
Arthrobacter crystallopoietes ATCC 15481
Arthrobacter oxydans ATCC 14358

C31
C24-C29
C27-C29
Ca8-Cay

Gy

C31Hsg
Cy7Hs4
CyoHsg
C31Has
CooHsy
C31Has
C31Hy46
C31Hau6
C31H46
C31Has
C3qHye
C31Has
C31Hae
C31Hau6
CaoHeo
CooHss
CyoHsg
CooHsg
CaoHsg
CyoHsg

2Data from Sukovich et al., 20102,
bData from Frias et al., 20098,
¢Data from Albro & Dittmer, 196924,
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The polyolefin produced by Shewanella oneidensis MR-1,
3,6,9,12,15,19,22,25,28-hentriacontanonaene.
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Figure 2
The Cyg olefins produced by Arthrobacter strains form branched chain fatty acids.

it unlikely they would be released into the cytosol between Ole enzymes. Therefore, it is
likely that the Ole proteins form a catalytic complex that traffics the product of one enzyme
into the active site of the next.

The Chemistry of the Ole Gene Products

To date, there have been several published studies on purified Ole proteins that have begun to
establish structure/function paradigms for this class of proteins. The OleA protein catalyzes a
non-decarboxylative Claisen condensation to produce a B-keto acid intermediate.?! The OleD
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Proposed scheme of microbial olefin biosynthesis by the Ole proteins.

protein has been shown to catalyze an NADPH-dependent reduction of the f-keto acid
produced by OleA*2. OleC is obligately required to produce the final olefin, but OleB is not.?!
In vitro incubations with OleA, OleC, and OleD produce an olefinic hydrocarbon, but product
levels do not increase when OleB is added to incubation mixtures. The current overall reac-
tion scheme is shown in