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Preface

The increasing economic growth and the prosperity has accelerated
worldwide with the increasing demand on the energy, mostly generated
from fossil fuels since the beginning of the industrial revolution in the mid
eighteenth century. This has brought about the rapidly increasing global
warming, caused by the emission of the green-house gas such as CO,,
resulting in disastrous climate change, where this problem will become
crucial even to the level of human survival by the end of this century.
It is, therefore, the time to take action to protect further global warming
by employing the alternative clean renewable sources of energy. Among
the renewable energy sources such as nuclear, solar, wind energies, etc.,
bioenergy seems to be the most promising alternative source of renewable
energy in the long range future.

This book intends to explain the current status and future perspectives
for biofuel and biochemical production from biomass, and motivates the
innovation for future energy problem. Moreover, attention is focused on
the production of biofuels and biochemicals directly from atmospheric CO,
by photosynthetic microorganisms. In particular, it is important to create
new approaches that bring innovation or revolution for bio-based energy
generation. The center for this is the metabolism of organisms. Although
many papers have been published on the production of biofuels and
biochemicals by metabolic engineering or synthetic biological approaches,
less attention is focused on the metabolic regulation. Understanding the
metabolism or metabolic regulation mechanisms in response to pathway
modification or genetic modulation is critical for the innovative design of
the cell metabolism for efficient biofuel production providing a solution to
the future energy problems. Thus the present book intends to explain the
metabolic regulation mechanisms including catabolic regulation prior to
the metabolic engineering practices. The metabolic engineering practices
are subdivided into two categories: one, using heterotrophic bacteria, yeast,
and fungi, and second, the photoautotrophic autotrophic microorganisms
such as algae and cyanobacteria. Finally, brief explanation is given for the
systems biology approach and modeling.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Contents

Preface

Notations

1. Background

1. Current Status of Global Warming and Action Plan
2. Attempts to Reduce Energy Consumption
3. Alternative to Petroleum-based Fuels

3.1 Nuclear power energy

3.2 Wind energy

3.3 Solar energy

3.4 Other sources of renewable energy

3.5 Grid energy storage and future perspectives of

renewable energy sources
4. Bio-based Energy Generation for the Reduced CO, Emission
5. Biofuel and Biochemical Production from Biomass
6. Brief Summary and the Outlook of the Book
References

2. Pretreatment of Biomass

1. Introduction

2. Various Pretreatments
2.1 Physical pretreatment
2.2 Biological pretreatment
2.3 Chemical pretreatment
2.4 Physiochemical pretreatment

3. Simultaneous Saccharification and Fermentation (SSF)

4. Consolidated Biomass Processing (CBP)

5. Concluding Remarks

References

3. Transport of Nutrients and Carbon Catabolite Repression for
the Selective Carbon Sources

1. Introduction
2. Variety of Regulation Mechanisms

<

b
=
j=
=

O WO NN =

12
14

16

17
20
22
22
24
26
28
30
32
32

38

39
40



Viii  Metabolic Regulation and Metabolic Engineering for Biofuel and Biochemical Production

NGk W

8.
9.

Porin Proteins in the Outer Membrane and their Regulation
Transport of Carbohydrates and PTS

Carbohydrate Uptake by Various PTSs and without PTS
Nitrogen PTS

Carbon Catabolite Repression for the Selective Carbon
Source Uptake

CCR in other Bacteria than E. coli

Concluding Remarks

References

4. Catabolite Regulation of the Main Metabolism

1.

LN

®© N oG

10.

11.
12.

13.

Introduction
Regulation of the Glycolytic Flux
Enzyme Level Regulation of the Glycolysis
Regulation of Pyruvate Kinase
4.1 Regulation of Pyk expression by isozymes
4.2 Effects of Pyk mutation on the metabolism
Transcriptional Regulation of the Glycolysis
Overflow Metabolism and the Oxidative Stress Regulation
Constraint on ATP Production by Respiration
Respiratory Pathways and the Competition with
Catabolic Transport
Coordination of the Metabolism by cAMP-Crp at Higher
Catabolic Rate
Carbon Catabolite Repression
10.1 Carbon catabolite repression in E. coli
10.2 Catabolite regulation in Corynebacteria
10.3 Catabolite regulation in Baccili
10.4 Catabolite regulation in Clostridia
Heteroginity of the Cell Population and CCR
Carbon Storage Regulation
12.1 Carbon storage regulation in E. coli
12.2 Carbon storage regulation in a variety of organisms
Concluding Remarks

References

5. Metabolic Regulation in Response to Growth Environment

1.

N Tk W

Introduction

Nitrogen Regulation

Sulfur Regulation

Phosphate Regulation

Metal Ion Regulation and Oxidative Stress Regulation
Redox State Regulation

Acid Shock Response

46
50
52
53

58
61
61

70

70
72
74
79
79
79
84
86
90
91

94

96

97

99
100
100
101
103
104
106
109
110

126

127
127
131
132
133
135
137



Contents  iX

8. Heat Shock Stress Response 139

9. Cold Shock Response 140

10. Solvent Stress Regulation 141

11. Osmoregulation 142

12. Biofilm, Motility by Flagella, and Quorum Sensing 143

13. Concluding Remarks 145

References 147

. Metabolic Engineering for the production of a Variety of 155
Biofuels and Biochemicals

1. Introduction 156

2. Typical Fermentation 159

2.1 Pyruvic acid fermentation 161

2.2 Lactic acid fermentation 162

2.3 Acetic acid fermentation 186

3. Production of TCA Cycle Intermediates 187

3.1 Citric acid production 189

3.2 Malic acid production 192

3.3 Fumaric acid fermentation 200

3.4 Succinic acid production 206

4. Diol Fermentation 207

4.1 Propanediol production 207

4.1.1 1,3-propanediol production 208

4.1.2 1,2-propanediol production 208

4.2 Butandiol production 212

4.2.1 2,3-butandiol production 212

4.2.2 1,4-Butandiol production 215

4.2.3 1,3-Butandiol production 215

5. Other Organic Acid Fermentation 216

5.1 Itaconic acid fermentation 217

5.2 Glucaric acid production 219

5.3 Muconic acid production 220

5.4 Adipic acid production 222

6. Amino Acids and Related Fermentation 222

6.1 Shikimic acid fermentation 223

6.2 Phenylalanin and biofuels production by 225

modulating Csr
6.3 Production of L-Tyrosine and its derived compounds =~ 225

7. Isoprenoid, Polyketide, and Alkanoid Production 225
8. Biofuel Production 226
8.1 Hydrogen production 227
8.2 Ethanol fermentation 228
8.3 Higher alcohol production 239

8.4 Fatty acid fermentation 241



X Metabolic Regulation and Metabolic Engineering for Biofuel and Biochemical Production

9. Tolerance to Solvent Stresses 242

10. Concluding Remarks 244

References 245

7. Biofuel and Biochemical Production by Photosynthetic 276
Organisms

1. Introduction 277

2. Candidate Photosynthetic Micro-organisms for Biochemical 278
and Biofuel Production

3. Metabolism of Photosynthetic Microorganisms 280
3.1 Brief overview of the metabolism of photosynthetic 280
organisms

3.2 Metabolism of algae 281

3.3 Metabolism of cyanobacteria 283

3.4 Nitrogen regulation and carbon storage regulationin =~ 288
cyanobacteria

4. Metabolic Engineering of Photosynthetic Microorganisms 290

4.1 Metabolic engineering of algae 290

4.2 Metabolic engineering of cyanobacteria 291

4.2.1 Hydrogen production 292

4.2.2 Ethylene production 293

4.2.3 Ethanol production 296

4.2.4 Isopropanol production 297

4.2.5 Lactic acid production 297

4.2.6 Acetone production 300

4.2.7 Butanol production 301

4.2.8 Fatty acid and fatty alcohol production 302

4.2.9 Isoprene production 306

4.2.10 Diols production 308

(a) 1,2-propanediol 308

(b) 1,3-propanediol 309

(c) 2,3-butanediol 310

4.2.11 PHB production 311

4.2.12 3-hydroxybutyrate production 314

4.2.13 Other metabolite production 315

4.3 Efficient CO, fixation 317

5. Systems Biology Approach and Modeling of the Metabolism 318

6. Cultivation Methods 320

7. Harvesting of Algal Biomass 320

8. Downstream Processing 321

9. Concluding Remarks 323

References 324



Contents  Xi

8. Systems Biology Approach and Modeling for the 341
Design of Microbial Cell Factories

1. Introduction 342

2. Flux Balance Analysis and its Extensions 343

3. Kinetic Modeling and Incorporation of Metabolic Regulation 346

4. Modeling of the main Metabolism for Catabolite Regulation 348

5. Importance of the Modeling for the main Metabolic Pathways 350

6. Metabolic Regulation Mechanisms to be Incorporated in the 352

Kinetic Model

7. Modeling for the Metabolism under Oxygen Limitation 361

8. Concluding Remarks 363

References 364

Appendix A 373

Index 375

About the Author 387



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Notations

(General)

ABC transporter
CBB cycle
CBP

CCR

ETC

FFA

PP pathway
TCA cycle
PS

PTS

ROS

SHF

SSF

(Metabolite)
AA
AcAcCoA
ACC

AcCoA
AcP
ADP
ADPG
ALA
Alg

ATP-binding cassette transporter
Calvin-Benson-Bassham cycle
consolidated bioprocess

carbon catabolite repression
electron transport chain

free fatty acid

pentose phosphate pathway
tri-carboxylic acid

photo system
phosphotransferase system
reactive oxygen species

separate hydrolysis and fermentation

simultaneous saccharification and
fermentation

amino acid
acetoacetyl coenzyme A

1-aminocyclopropane 1-carboxylic
acid

acetyl coenzyme A

acetyl phosphate

adenosine diphosphate
adenosine 5’-diphospho glucose
amino-levulinic acid

alginine



Xiv  Metabolic Regulation and Metabolic Engineering for Biofuel and Biochemical Production

AMP
Asp
ATP
BDO
1,3BPG
CHA
CIT
DAHP

DHA
DHAP
DHQ
DHS
DMAPP
EAP
EPSP

F6P
FBP
Fru
FUM
G1P
G6P
GABA
GAP
GL3P
Glc
Glu
GIn
GOX
GSH
GTP
HA

adenosine monophosphate
aspartic acid

adenosine triphosphate
butanediol
1,3-bisphosphoglycerate
chorismic acid

citrate

3-deoxy-D-arabinoheptulosonate
7-phosphate

dihydroxyacetone
dihydroxyacetone phosphate
3-dehydroqunic acid
5-dehydro shikimic acid
demethylalyl diphosphate
erythrose 4-phosphate

5-enolpyruvate-shikimate-3-
phosphate

fructose 6-phosphate
fructose 1,6-bisphosphate
fructose

fumarate

glucose 1-phosphate
glucose 6-phosphate
¥-amino butyric acid
glyceraldehyde 3-phosphate
glycerol 3-phosphate
glucose

glutamic acid

glutamine

glyoxylate

glutathinon

guanosine triphosphate

hydroxyalkanoate



HB
IA
ICI
KDPG
aKG
KMBA
Lys
MA
MAL
2MB
MEP
MG
MQ
MVA
OAA
OSspP
PDO
2PG
3PG
PEP
PHA
PHB
PLA
PMA
6PG
PGA
PPY
PQ
PQQ
PUFA
PYR
R5P
R5PT

Notations XV

hydroxybutyric acid

itaconic acid

isocitrate
2-keto-3-deoxy-6-phosphogluconate
a-ketoglutaric acid
2-keto-4-methyl-thiobutyric acid
lysine

muconic acid

malate

2-methyl-1-butanol
2-C-methyl-D-erythritol 4-phosphate
methylglyoxal

menaquinone

mevalonic acid

oxaloacetate

oseltamivir phosphate
propanediol
2-phosphoglycerate
3-phosphoglycerate
phosphoenol pyruvate
polyhydroxy alkanoate
polyhydroxybutyrate

polylactic acid

plymalic acid
6-phosphogluconate
poly-B-1,6-N-acetyl-D-glucosamine
phenylpyruvate

plastoquinone

pyrroloquinone
polyunsaturated fatty acid
pyruvate

ribose 5-phosphate

ribose phosphate isomerase



XVi  Metabolic Regulation and Metabolic Engineering for Biofuel and Biochemical Production

Ru5P
RuBP
SA
s7p
Ser
suC
TAG
Trp
Tyr
uQ
UQOH
X5P
XOS

(Protein)
ACC
Ack
ACP
Acs
ADC (Adc)
ADH
Adk
ADSL
AHL

Al

Ald
ALDC
ALDH
ALS
AOR
ASL
AspP

ribulose 5-phosphate
ribulose 1,5-bisphosphate
shikimic acid
sedoheptulose 7-phosphate
serine

succinate

triacylglycerol
tryptophane

tyrosine

ubiquinone

ubiquinol

xylulose 5-phosphate

xylo-oligosaccharide

acyl-acyl carrier protein
acetate kinase

acyl carrier protein

acetyl coenzyme A synthetase
acetoacetate decarboxylase
alcohol dehydrogenase
adenylate kinase
adenylosuccinate lyase
acyl-homoserine lactone
arabinose isomerase
aldolase

2-acetolactate decarboxylase
aldehyde dehydrogenase
acetolactate synthase
aldehyde oxidoreductase
alginino-succinate lyase

adenosine diphosphate sugar
pyrophosphatase



AtoB
BDH
CA
cAMP
CcpA
CimA
Cra
Crp
CS
Csr
Ctf
Cya
DXS

EI

ElI

EFE
Eno
F1PK
FAA
FAS
FHL
Fnr
Fum
G6PDH
GADC
GAPDH

GDH
GlgA
GlgB
GlgC
GlgP

Notations XVii

acetyl transferase

butanediol dehydrogenase
carboxylic anhydrase

cyclic adenosine monophosphate
catabolite control protein A
citramalate synthase

catabolite repressor/ acticvator
cAMP receptor protein

citrate synthase

carbon storage regulator

CoA transferase

adenylate cyclase

1-deoxy-D-xylulose 5-phosphate
synthase

enzyme I

enzyme II

ethylene forming enzyme
enolase
D-fructose-1-phosphate kinase
fumarylacetoacetase

fatty acid synthase

formate hydrogenlyase
fumarate nitrate reductase
fumarase

glucose 6-phosphate dehydrogenase
glutamate decarboxylase

glyceraldehydes 3-phosphate
dehydrogenase

glutamate dehydrogenase
glycogen synthase

glycogen branching enzyme
ADPG phosphorylase
glycogen phosphorylase



XViii  Metabolic Regulation and Metabolic Engineering for Biofuel and Biochemical Production

Glk

GIx
GlgX
GlpK
GlyDH
GOGAT

GS
Hbd

HPr
HPrK
Hxk
Hyd
ICDH
Icl

IspS
KDC
Kivd
LADH
LALDH
LDH
Lrp
LXR
MarR
MDH
Mez(Mae)

MIOX
MS
Nac
NR
Pck

glucokinase

glyoxalase

glycogen debranching enzyme
glycerol kinase

glycerol dehydrogenase

Glutamate synthase (glutamine
oxoglutarate aminotransferase)

glutamine synthetase

3-hydoxybutyryl-CoA
dehydrogenase

histidine-phosphorylatable protein
HPr kinase

hexokinase

hydrogenase

isocitrate dehydrogenase

isocitrate lyase

isoprene synthase

ketoacid decarboxylase
2-keto-acid-decarboxylase
L-arabitol 4-dehydrogenase
lactaldehyde dehydrogenase

lactate dehydrogenase

leusine responsive regulatory protein
L-xylulose reductase

multiple antibiotic resistant regulator
malate dehydrogenase

malic enzyme

methylglyoxal synthase

myo-inositol oxygenase

malate synthase

nitrogen assimilation control protein
nitrogen regulator

phosphoenolpyruvate caroxykinase



PDC
PDH
PDOX
Pfk
PGDH
Pgi
Pgm
Pgk
PhaA
PhsB
PhaC

PIBK
Ppc
Pps
PRK
Pta
Pyc
Pyk
RhaD
RK
Rpe
Rpi
RubisCo

SADH
SDH
SOD
Tal

TE

Ter
Thl
Tkt

Notations XiX

pyruvate decarboxylase

pyruvate dehydrogenase
propanediol oxidoreductase
phosphofructokinase
6-phosphogluconate dehydrogenase
phosphoglucose isomerase
phosphoglucomutase
phosphoglycerate kinase
B-ketothiolase

acetoacetyl-CoA reductase

polyhydroxy alkanoate (PHA)
synthase

phosphoinositide 3-kinase
phosphoenolpyruvate carboxylase
phosphoenolpyruvate synthase
phosphoribulokinase
phosphotransacethylase
pyruvate carboxylase

pyruvate kinase

rhamnose dehydrogenase
ribulokinase

ribulose 5-phosphate 4-epimerase
ribulose 5-phosphate isomerase

ribulose 1,5-bisphosphate
carboxylase

secondary alcohol dehydrogenase
succinate dehydrogenase
superoxide dismutase
transaldolase

thioesterase

trans-2-enoyl-CoA reductase
thiolase

transketolase



XX Metabolic Regulation and Metabolic Engineering for Biofuel and Biochemical Production

Udh
XDH
XI
XK
XR

urinate dehydrogenase
xylitol dehydrogenase
xylulose isomerase
xylulokinase

xylose reductase



1

Background

ABSTRACT

The increasing economic growth and the prosperity has been accelerated
worldwide with the increasing demand on the energy mostly generated
from fossil fuels since the beginning of the industrial revolution in the mid
eighteenth century. This has brought about rapid global warming caused
by the emission of the greenhouse gases such as CO,, resulting in the
disastrous climate change, and this problem will become endangering even
to the level of human survival by the end of this century. It is, therefore,
the time to take action to prevent further global warming by employing
the alternative clean renewable sources of energy. Among the renewable
energy sources such as nuclear, solar, wind energies, etc., bioenergy seems
to be the most promising alternative source of renewable energy in the
long range future.

The so-called 1st generation biofuels have been produced from corn starch
and sugarcane in USA and Brazil. However, this causes a problem of the
so-called “food and energy issues” as the production scale increases. The
2nd generation biofuels production from lignocellulosic biomass has thus
been paid more attention recently. However, it requires energy intensive
pre-treatment for the degradation of lignocellulosic biomass. The 3rd
generation biofuels production from photosynthetic organism such as
cyanobacteria and algae has also come under attention, but the cell growth
rate and thus the productivity of the fuels is significantly low. The typical
processes for biofuel and biochemical production from biomass include
pre-treatment of biomass, saccharification, fermentation, and separation
of the dilute fermentation broth followed by purification.

Keywords

Global warming, renewable energy, pretreatment, lignocellulosic biomass,
biofuel, biochemical, 1st generation biofuel, 2nd generation biofuel, 3rd
generation biofuel, low carbon society
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1. Current Status of Global Warming and Action Plan

The increasing economic growth and the prosperity have been accelerated
worldwide with the increasing demand on the energy generated from
mostly fossil fuels since the beginning of the industrial revolution in the mid-
eighteenth century. This has been promoted by the steam powered trains
and ships, and then the internal combustion engines significantly changed
the human'’s life style and production system in relation to transportation
and industrial production. Nowadays, many people live comfortable
lives spending much electricity for air conditioning and freezing of food,
etc. Many people use cars and airplanes to move across the countries and
the continents spending more and more fossil fuels as sources of energy.
Unlike the beginning of the industrial revolution, where the population
of the world was 700 million, the current population is 7 billion and
is estimated to grow to 9 billion by 2,050, and even about 10 billion by
2,100 (Lee 2011). Unlike the developed countries, the population growth
is more eminent in the developing countries like Asia and Africa, where
the economic growth is accelerating year by year, caused by promotion
of industrialization to catch up to the standard of posh and comfortable
living of the developed countries. The International Energy Agency (IEA)
has projected that the world’s energy demand will increase from about
12 billion ton oil equivalents (t.o.e.) in 2,009 to either 18 billion t.o.e. or 17
billion t.o.e. by 2,035 under the current policies or new policies scenarios,
respectively (International Energy Agency 2011). In association with this,
carbon dioxide (CO,) emissions are expected to increase from 29 giga tons
(Gt) per year to 43 Gt/ year or 36 Gt/year under the current policy and new
policies, respectively. This creates significant climate-change risks in either
policies, and we are now facing a risk to even human survival by the end of
this century. Namely, we need another industrial revolution for the energy
sources to be affordable, accessible, and sustainable. Energy efficiency and
conservation, as well as decarbonizing the energy sources are essential to
the revolution (Chu and Majumdar 2012).

International Panel on Climate Change (IPCC) keeps warning the
global society on global warming caused by greenhouse gases (GHGs) such
as CO,based on the accumulating data and the reliable prediction model.
IPCC asks world societies to make decisions to take actions and to invest
in the reduction of CO, emissions caused mostly by human activities. This
may be also considered from the point of view of future cost caused by the
severe climate change due to global warming. Namely, the global warming
may cause serious local climate change as well as the rise in the sea level,
which will severely damage the societies worldwide. In fact, every year
we are experiencing disastrous climate change, and it seems to grow more
and more severe. We have recently experienced disastrous phenomena as
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extreme heat waves, droughts due to segregated rain falls, wild fires in
the broad forest, melting glaciers, etc. These phenomena may have been
caused largely by the global warming most likely due to the accumulation
of GHGs in the atmosphere, mainly CO, from the burning of fossil fuels. In
2013, a big news was broadcasted throughout the world warning that the
CO, level in the earth’s atmosphere had passed over 400 ppm (parts per
million) for the first time in several million years. As shown in Fig. 1, the
CO, level periodically changed in accordance with the repetition of warming
and cooling of the earth probably due to the effect of black body irradiation
from the surface of the sun since 400,000 years ago. However, the sharp
increase in the CO, level caused by the human activities after industrial
revolution becomes eminent, and this is becoming more and more severe.

The international society has recognized the importance of this
problem since the late 20th century. The international political activities
against climate change began at the Rio Earth summit in 1992, where Rio
convention included the adoption of the United Nations Framework
Convention on Climate Change (UNFCCCQC). This convention attempted
to take action for stabilizing atmospheric concentrations of GHGs to avoid
“dangerous anthropogenic interference with climate system.” The UNFCCC
has currently a near universal membership of 195 parties including both
developed and developing countries.
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Figure 1. Global change in CO, concentration and the temperature on earth (https://
stevengoddard.wordpress.com/2014/09/26/ climate-is-not-difficult/, http:/ / cdiac.ornl.gov /
trends/co2/recent_mauna_loa_co2.html).
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The annual conference of parties (COP) began in Berlin in 1995,
followed by several conferences such as COP3 in Kyoto, where the Kyoto
Protocol was adopted, COP11 in Montreal, where the action plan was
determined, COP17 in Durban, where the Green Climate Fund was created.
Unfortunately, some large CO, producing countries denied signing the
agreement of Kyoto Protocol, and the efficient action against climate change
has been unsuccessful. As mentioned above, however, the global warming
steadily proceeds, where the glaciers and the iceberg in the north-pole
are melting, causing sea level to rise, and causing drastic climatic change
worldwide, and the atmosphere is becoming more and more humid
due to vaporization of sea water at an unprecedented rate caused by the
temperature rise. The international societies strongly recognize the current
and future critical situations caused by CO, emission from fossil fuels.

In 2015, COP21 (also known as the 2015 Paris Climate Conference)
aimed to achieve a legally binding and universal agreement on climate,
where the conference was attracted about 50,000 participants including
25,000 official delegates from government, intergovernmental organizations,
united nation (UN) agencies, non-governmental organizations (NGOs) and
civil societies. Then a historic agreement was signed to combat climate
change and unleash actions and investment towards a low carbon, resilient
and sustainable future. Each county must set individual target and must
attain it, where the action result will be checked every 5 years, but this is
rather effort target without legal constraint, even though this is a big one
step towards preventing further global warming. The aim of the universal
agreement is to keep the global temperature rise well below 2 degrees
Celsius (2°C) during this century, and take strong action to limit the
temperature rise even further to 1.5°C above pre-industrial level.

Now the developed countries face the problem of promoting
industrialization without or much less emission of CO, with efficient
transportation and production systems, or may have to change the life
styles drastically, while the developing countries may have to keep
industrialization without or less amount of emission of CO, with the aid
of technology transfer and investment from the developed countries.
Namely, green based innovation and revolution is necessary to attain such
target and to realize a low carbon society. Now is the time to pay attention
to innovations that provide an entirely new energy system including
transportation and stationary systems together with energy generation
systems. Itis also of importance to investigate the ways of energy efficiency
and the integration of energy sources with electricity transmission,
distribution and storage (Chu and Majumdar 2012).

Currently, petroleum-oriented liquid fuels are the main source of energy
in the transportation infrastructure throughout the world. The geographical
distribution of petroleum resources changes as the new resources such as
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shale oil field are found and accessed by new technologies for discovery
and production. The distribution of petroleum production does not coincide
with the place of the demand. This means that fair amount of fuels must
be transported spending energy for this purpose. For example, about 2.690
billion tons of oil were consumed, where 1.895 billion tons of crude oil and
0.791 billion tons of refined products crossed national borders (BP Statistical
review of the world 2012). This also brings along with itself political problem
of national-security for energy, where many countries are forced to import
oils from the limited oil producing countries.

The overall loss caused by the increase in the number of heat waves,
floods, wildfires, droughts, and storms may be estimated to be over $150
billion per year (Munich Re 2012), where these phenomena may possibly be
caused by the climate change (Cambridge University Press 2012). The cost
of renewable energy is rapidly becoming competitive with other sources
of energy.

2. Attempts to Reduce Energy Consumption

Improvements in energy efficiency can contribute for the reduction of fuel
usage. One idea is to use light-weight materials for vehicles. Some attempts
have been made for ultra-high tensile strength steels, carbon-fiber reinforced
composite materials, aluminium and magnesium alloys, and polymers
(Gibbs et al. 2012). The potential of reducing the weight of vehicles such as
cars and airplanes has already been shown without sacrificing safety, and
it is expected to reduce more about 20-40% (Powers 2000). It is estimated
that for every 10% weight reduction of the vehicle, 6-8% of improvement
is expected in fuel consumption (Holmberg et al. 2012). Moreover, the
reduction of the friction loss in vehicles may also contribute for the efficient
energy usage, where several attempts have been made for the development
of cost effective technologies such as tyres, braking and waste-heat energy
recovery, etc. (Holmberg et al. 2012), where Rankin cycle may be utilized
to convert waste heat to work by low-cost and high efficiency solid state
thermoelectric systems (Yang and Caillat 2006).

Plug-in hybrid electric vehicles (PHEVs) or electric vehicles (EVs)
have the opportunity to displace a significant amount of liquid fuel use
in transportation, and reduce GHG emission. Such vehicles are becoming
competitive, a mass-market car with the internal combustion engine (ICE)
using liquid transportation fuel. The high efficiency of fuel-cell-powered
electric vehicles may become a potential option in the near future, where
there are inherent volumetric energy density issues for hydrogen-gas
storage. The supply infrastructure and a low-carbon source of hydrogen
are challenged in several countries. The technology advances in shale-gas
production may give impact on the transportation system. In addition to
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the direct use of natural gas as a fuel, low-cost natural gas may give local
reforming or hydrogen filling stations in the near future, where delivery
to local filling stations may be made through high-pressure gaseous tube
trailers in practice. Due to the low cost of natural gas as compared to
petrol, natural-gas vehicles may become more widely used, where liquefied
natural gas (LNG)-powered trucks and trains may be considered for the
long distance transportation (Chu and Majumdar 2012).

3. Alternative to Petroleum-based Fuels

The time-scale and the mix of the current energy sources is shown in Fig. 2,
where the ratios have been significantly changed after industrial revolution
in mid 1800s.
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Figure 2. Change in energy usage after industrial revolution. World energy consumption by

source, based on Vaclav Smil estimates from Energy Transitions: History, Requirements and

Prospects together with BP Statistical Data for 1965 and subsequent. https://ourfiniteworld.
com/2012/03/12/world-energy-consumption-since-1820-in-charts/.

3.1 Nuclear power energy

Nuclear power may play an important role in decarbonizing the energy
production, where the percentage of nuclear energy usage is about 14% of
the total electric power generated in 2009 (International Energy Agency
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2010), although this percentage dropped to about 12% in 2011, mainly
caused by the less usage in Japan due to Fukushima disaster and Germany
(BP 2012, Ruhl 2011). After the Fukushima nuclear disaster in 2011, all the
nuclear power plants were eventually shut down in Japan. This disaster
affected the energy policies of various countries, where some countries keep
running the nuclear power plants with careful caution; some have opted
to reverse their decision on nuclear energy, or accelerating planned-phase-
outs (Chu and Majumdar 2011). In some developing countries, however,
the electricity shortage is critical, which prevents the comfortable life and
industrialization, and thus the nuclear energy is among the top priority
for such countries with the risk of safety. The most significant problem in
using nuclear energy is treating the spent fuel before disposal, which is still
contaminated with highly radioactive particles. Moreover, the numbers of
old nuclear power plants (say more than about 40 years old) are increasing,
and the cost of amortizing plants is not low. Hence the humans are yet to
learn to control the nuclear energy.

3.2 Wind energy

Significant improvement has been made in turbines, blades and gearboxes,
and the height of the wind towers to reduce the cost. As the height and
size of the wind turbines increase, more and more mechanical stresses are
imposed on the gearbox, blades and tower. Direct-drive wind turbines can
convert the slow rotary motion directly into alternating current electrical
power using electromagnetic generators, which consist of permanent
magnets composed of rare-earth metals. The dependence of the materials
on the rare-earth gives a problem of unforeseen future availability, since
more than about 90% of the rare-earth metals are located in China (US
Department of Energy: DOE 2012).

Offshore wind farms are attractive in the sense that they can be placed
in near-proximity to cities, and yet far enough away to mitigate local
opposition. However, it is not easy to construct a marine structure that
can withstand the harsh marine environment for many years, and thus
the cost remains high, which prevents its application in practice (Chu and
Majumdar 2012).

As the scales and the number of wind turbines increase, the effect of
such towers with fans on the aerodynamics, and the effect of high frequency
sound on the human health must be carefully analyzed. Such problems
could be avoided by installing the wind towers far from the population
area, but another problem of energy loss during the long-distance transfer
of energy may become eminent.
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3.3 Solar energy

Although the installation cost for solar panels are becoming lower due to
mass production, the apparent limitations are the locations and the areas
to be used, and the dependence on the sunny weather. The costs may be
further decreased by increasing the efficiency of the solar cells. The ultimate
efficiency limit in the conversion of sunlight energy to electric energy is
determined by a Carnot heat engine, where the limit is estimated to be
about 94% based on the temperature of the sun’s black body at 5,800 degree
Kelvin (K) and the cell temperature of about 350 K. The Shockley-Queisser
limit is a well-known efficiency limit of single-junction solar cells, which
suffer from spectrum losses, recombination and black-body radiation, where
the limit of the silicon is about 37%, but may actually be low at around
29% in practice (Swanson 2005). This efficiency may be more improved by
considering the above theoretical upper bound.

The solar thin films are made of crystalline substances, and
polycrystalline-silicon photovoltaics, direct-gap semi-conductors such
as cadmium telluride and copper-indium gallium-selenide (CIGS).
Cadmium-telluride thin films are used, but there is yet significant room
for improvement. Improvement of solar-module efficiency may also come
from multi-function cells that capture a large fraction of the solar spectrum,
multi-exciton generation, multi-photon absorption or photon up-conversion
and light concentration (Chu and Majumdar 2012).

Solar flat panels may be also replaced by the concentrated solar
photovoltaics, where the main cost of the system is the mirrors, lenses, and
their tracking system rather than solar cell at the focal point of the system
(Angel and Olbert 2011).

In order to convert direct current to alternating current electricity and
to integrate solar power into the grid, power electronics is crucial (US
Department of Energy 2012).

3.4 Other sources of renewable energy

Hydrolytic power energy has long been employed in particular at
mountainous regions, where water fall is necessary to catch the energy from
the river. Although this may be important for the protection of flooding
by the dam capacity during strong heavy rain, etc., this is limited to the
mountainous locations.

Geothermal energy is another source of energy associated with
volcanos, but the installation of the power plant may dry up the hot springs,
and may disturb the geothermal environment.
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Another investigated source of energy may be to utilize the web and
tidal powers, but these may be limited to small scale in practice.

3.5 Grid energy storage and future perspectives of renewable
energy sources

The information technologies may help the social system to change smart
cities, and also most of the future infrastructure will be built by considering
the opportunity of reducing mobility, thus significantly reducing fuel
consumption (Chu and Majumdar 2012).

Grid energy storage and efficiency of the transmission and distribution
system may be improved by grid energy storage. The mismatch between
intermittent electricity supply by various energy sources and the demand
in the cities occurs over time and energy scales, and this must be improved
by sensing and controlling the grid.

In order to accelerate the use of economically viable renewable and
clean-energy, government should be considered to stimulate invention,
innovation, and marketing based on the increasing activities of science and
engineering (Chu and Majumdar 2012).

Although the current percentage of biomass oriented energy may not
be so high, this choice must be carefully analyzed as will be explained in
the following chapters. Note that the petroleum is also the biomass oriented
energy based on ancient plants.

4. Bio-based Energy Generation for the Reduced CO,
Emission

The global carbon cycle has been perturbed by emissions from the
combustion of fossil fuels and by changes in land use and land intensity.
These perturbations have led to cumulative anthrogenic CO, emissions of
570 + 70 peta gram carbon since 1750 to 2012 (Ganadell and Schulze 2014).
70% of these emissions originated from the combustion of fossil fuels
(Ganadell and Schulze 2014).

According to the data of IEA (OECD 2011), total energy consumption in
the world increased more than 78% over the last three decades. Major usage
of fossil fuels causes serious environmental problems worldwide, and much
attention has been focused on reducing their usage by alternative clean fuels.
Namely, due to the global warming problem caused by the increased use of
fossil fuels together with limited amount of fossil fuels and the fluctuating
cost caused by unstable political disturbances, alternative renewable
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energy sources have recently been paid much attention (Schmidt and
Dauenhauer 2007). In fact, at the present staggering rate of consumption,
the world fossil oil reserves will be exhausted in less than 50 years (Rodolfi
et al. 2009). Carbon neutral biofuels are needed to replace the petroleum
oil which causes global warming caused by the emission of green house
gases. Currently, the world consumes about 15 terawatts of energy per year,
and only 7.8% of this is derived from renewable energy sources (Jones and
Mayfield 2012). Moreover, in comparison with other forms of renewable
energy such as wind, tidal, and solar energy, liquid biofuels allow solar
energy to be stored, and also to be used directly in existing engines and
transport infrastructure (Scott et al. 2010).

Annually, about 5,500 x 10* J of solar energy reaches the Earth’s
atmosphere (Smil 2005). Photosynthetic organisms including higher plants,
microalgae, and cyanobacteria play the crucial roles of capturing solar
energy and storing it as chemical energy (Larkum et al. 2012). The amount
of solar energy currently captured by arable crops is limited by arable land
area (about 3.9% of the Earth’s surface area), fresh water (about 1% of global
water), nutrient supply and solar energy-to-biomass conversion efficiency
(Stephens 2010, Larkum 2010, Zhu et al. 2010). Terrestrial plants capture
121.7 x 10° metric tons of carbon from the atmosphere each year (Beer et al.
2010) using solar light and CO, as the energy and carbon sources.

Photosynthesized carbon is then chemically converted to a variety
of chemical compounds, and it is attractive to use photosynthetic
organisms as green factories for producing carbohydrates, liquid fuels, and
pharmaceutical drugs as well as food and feed, thus contributing to the
balancing of the atmospheric carbon (Yuan and Grotewold 2015).

The advantages of using photosynthetic microorganisms include the
photosynthetic efficiency, location on non-arable land (about 25% of the
Earth’s surface), and the use of saline and wastewater source (Larkum et
al. 2012), where less than 1% of the available solar energy flux is converted
into chemical energy by photosynthesis (Overmann and Garcia-Pichel 2006),
and much effort has been focused on the enhancement of photosynthetic
carbon fixation.

The so-called 1st generation biofuels have been produced from corn
starch and sugarcane. However, this causes the problem of the so-called
“food and energy issues” as the production scale increases. The 2nd
generation biofuels production from lignocellulosic biomass has thus been
paid recent attention. However, it requires energy intensive pretreatment
for the degradation of lignocellulosic biomass (Shimizu 2014). The 3rd
generation biofuels production from photosynthetic organisms such as
cyanobacteria and algae has also attracted some attention, but the cell
growth rate is quite low, and thus the productivity of the metabolites is
significantly low (Sheehan 2009).
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In brief, the 1st generation biofuels are produced from feed stocks such
as corn starch, sugarcane, and sugar beet, etc., where this brings serious
problems of food versus fuel issues, and raises several environmental
problems such as deforestation and ineffective land utilization. The 2nd
generation biofuels are produced from lignocellulosic biomass such as
wood, rice straw, corn stover, sugar cane bagasse, switch grass, etc. In
this case, lignocellulosic biomass must be subjected to pretreatment to
break down the complex structure of lignin and to decrease the fraction
of crystalline cellulose by converting to amorphous cellulose. Most of the
pretreatment process such as mechanical, heat explosion, and alkali and
acid pretreatments are energy intensive with some environmental problem.

In contrast to these cases, the 3rd generation biofuels may be produced
by photosynthetic organisms such as algae, where they do not contain
lignin and hemicelluloses for supporting the cell structure since they are
buoyant. However, most of the carbohydrates are entrapped within the cell
wall and pretreatment such as extrusion and mechanical share is required
to break down the cell wall. The significant innovation is necessary for the
cell growth rate to improve the productivity in this case.

Although this must be kept in mind, the commercial scale production
of biofuels will benefit to the societies worldwide. In particular, it is quite
attractive in such countries as Southeast Asian, South American and
African countries, where mass production of sugar can be made from
sugarcane in such countries due to geological location of hot climate
throughout the year. If this could be made on commercial scale without
competing with food production, it would aid in overcoming the inherent
energy shortage in such countries, and may help promoting the related
industries as well as contributing to the improvement of the quality of
people’s life. As such, the technological innovation will make such countries
promote industrialization, and assist economic growth without causing
environmental problems.

5. Biofuel and Biochemical Production from Biomass

In order to avoid the competition with food production, the second
generation biofuels produced from lignocellulosic biomass such as
sugarcane bagasse, agricultural and forest residues, grasses, oilseed crops,
and urban residues become more and more promising (Escamilla-Alvarado
et al. 2012). The common feed stocks for biofuel production also include
rapeseed, sunflower, switch grass, wheat, peanuts, sesame seeds, and
soybean (Quintana et al. 2011). These renewable sources mostly consist of
lignocellulose, where it is made-up of cellulose, hemicellulose, and lignin
(Lynd et al. 2002). In Brazil, significant amount of sugarcane bagasse is
produced in relation to bioethanol production (Goldenberg 2008, Amorim
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et al. 2011, Hofsetz and Silva 2012), where this bagasse is sometimes used
to generate electricity by combustion or as animal feed stock. Yet, in certain
cases, it remains stock piled in the field and factories, and its degradation
could pose environmental problem (Cardonna et al. 2010). It is thus quite
important to utilize lignocelluloses such as sugarcane bagasse as well as
sugarcane waste juice for bioenergy production.

Since most microorganisms cannot directly assimilate lignocellulose,
this must be first broken down into monosaccharides and fermented for
biofuel production. However, the cost for such process is a major hurdle
from the commercial application point of view (Stephanopoulos 2007). In
particular, the breakdown of lignocellulose into monomeric sugars is the
subject of recent intensive research (Galbe and Zacchi 2007, Merino and
Cherry 2007, Mazzoli et al. 2012). The lignocellulosic biomass hydrolysates
obtained after pretreatment and hydrolysis contain various hexoses and
pentoses as well as lignin residues. In the case of barely straw, 34% of
cellulose, 23% of hemicelluloses, and 13% of lignin (6% of moisture)
are contained, where these can be converted to such monomeric sugars
as glucose, xylose, arabinose, etc. by the pretreatment and enzymatic
saccharification (Saha and Cotta 2010).

Although there is some variation in the sugar composition of
hydrolysates from various feed stocks, glucose and xylose are the major
sugars with small amounts of mannose, galactose, arabinose, galacturonic
acid and rhamnose, etc. (Jojima et al. 2010). By contrast, hydrolysate from
marine biomass such as microalgae mainly contains glucose and galactose.
It may be also considered to use some fruits or fruits waste, where glucose
and fructose may be the main sugars as well as some organic acids in such
a case. Moreover, the recent considerable increase in biodiesel production
resulted in an increased co-production of crude glycerol, where this can be
also utilized to produce diols, ethanol, butanol, organic acids, polyols, and
others (Almeida et al. 2012, Clomburg and Gonzalez 2013).

A variety of host organisms such as bacteria, fungi, and microalgae
may be considered for the production of biofuels and biochemicals from
CO, with sunlight. Although photosynthetic organisms offer the ability
to produce biofuels and biochemicals directly from CO, and sunlight,
significant innovation is inevitable for the process development in relation
to large-scale cultivation, harvesting, and product separation, since the
production rate is significantly low.

6. Brief Summary and the Outlook of the Book

The present book intends to explain the current status and future
perspectives for biofuel and biochemical production from biomass, and
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motivates the innovation for future energy problem. The biofuels production
from lignocellulosic biomass may comprise the following processes: (1)
pretreatment or up-stream processes (hydrolysis of cellulose and hemi-
cellulose), (2) fermentation processes (conversion of carbon sources obtained
by the up-stream processes to biofuels and biochemicals), (3) down-stream
processes (separation and purification of the target metabolite) (Fig. 3).
Moreover, attention is focused on the biofuel and biochemical production
directly from atmospheric CO,by photosynthetic microorganisms.

In particular, it is important to create new approaches that bring
innovation or revolution for bio-based energy generation. The center for
this is the metabolism of organisms. However, although many papers have
been published for the production of biofuels and biochemical by metabolic
engineering or synthetic biology approaches, less attention is focused on
the metabolic regulation. Understanding on the metabolism or metabolic
regulation mechanisms in response to pathway modification or genetic
modulation is critical for the innovative design of the cell metabolism
for the efficient biofuel production contributing to the future energy
problems. Thus the present book intends to explain about the metabolic
regulation mechanisms including catabolic regulation for co-consumption
of multiple carbon sources prior to the metabolic engineering practices.
The metabolic engineering practices are subdivided into two categories:

Integraton of the

51 or S5CF | fermentor with separation )
Biofucls
Giluonse
Xyl o [ Buk
Arnbinose chemicals
Gilyceral
*Manmml * * Fine
Gralnctoss o }
Fructos: chemicals
L Aming
Bl acids
Cu-consurmglion 1;,.;? f
of mlhple S —— Dirugs
i Cpanobocieria
Prendomomnas
Firepimyces
VIO GHIE

Figure 3. The overall process for biofuel and biochemical production from renewable
Bioresources.
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using heterotrophic bacteria, yeast, and fungi, and the photoautotrophic
autotrophic microorganisms such as algae and cyanobacteria. Finally, brief
explanation is given for the systems biology approach and modeling before
closing.
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Pretreatment of Biomass

ABSTRACT

As compared to fossil fuels, lignocellulosic biomass is an abundant
renewable resource geographically evenly available throughout the world,
and can be used as the source of energy generation. The first generation
biofuel production from corn starch or sugarcane has been industrialized,
but this suffers from the so-called energy and food issue. The second
generation biofuels production from lignocellulosic biomass has, therefore,
been paid much attention. However, the appropriate pretreatment of
lignocellulosic biomass is critical for the bio-energy production, where the
process of hydrolyzing lignocelluloses to fermentable mono-saccharides
is still problematic from the economic feasibility point of view. The
degradation of cellulosic biomass into monomeric sugars can be made
by biological, physical, chemical, and physiochemical pretreatments. The
drawback of the pretreatment of cellulosic biomass is the slow degradation
rate and energy intensive. The pretreatment and fermentation processes
can be integrated into one process as simultaneous saccharification
and fermentation (SSF), thus reducing the feedback inhibition by the
sugars produced during saccharification, and the performance may be
improved, where the appropriate culture conditions such as culture
temperature and pH affect the performance due to different optimal
conditions for saccharification and fermentation. The bio-transformations
of lignocellulosic biomass to biofuels and biochemicals may be attained
basically by three steps such as production of enzymes such as cellulase,
etc., hydrolysis of biomass using such enzymes, and fermentation to
produce the target metabolite. These three steps may be integrated in a
single cell (consolidated biomass processing: CBP). One idea to attain this
is to apply metabolic engineering to the cellulolytic organisms. Another
approach is to display the enzymes such as amylase and cellulase on the
cell surface by cell surface engineering technique, thus attaining SSF by
a single cell.
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1. Introduction

As mentioned in Chapter 1, the development of alternatives to fossil
fuels is an urgent global priority, and in particular, among the renewable
alternatives, biologically derived energy (bio-energy) or fuels (bio-
fuels) relevant resources are the most promising in considering the long
range future. As compared to fossil resources, the feedstock sources for
lignocellulose-based biofuel and biochemical production are geographically
more evenly distributed throughout the world, enabling the energy
security in many countries. Moreover, the lignocellulose-based biofuels
may be produced around the location of the feedstock resources, where the
distribution of biofuel production may be more coincided with the place of
demand, and much less transportation cost is required as compared to the
case of fossil fuels. This also implies that the biofuel production from ligno-
cellulosic biomass may help rural area to be industrialized and support
employment. Biofuels are attractive for the energy content and portability,
and also for their compatibility with the current existing petroleum-based
production and transportation infrastructure (Hill et al. 2006).

Bioenergy is captured from solar energy via photosynthesis and stored
typically in the form of cellulose, hemi-cellulose, and lignin mostly in the
plant cell wall, where atmospheric carbon dioxide (CO,) is fixed as a carbon
source. Plants can be viewed as solar energy collectors and thermodynamical
energy storage system, where this can be accessed via thermodynamical or
enzymatic treatment and this is the main feature of the bioenergy generation
as compared to other renewable energy production processes (Rubin 2008).
Other lignocellulosic biomass such as grasses, wood, and crop residues may
also give the potential as the source of bio-fuels, where it is an abundant
renewable resource geographically evenly distributed throughout the
world, and can be used as the source of energy generation. The energy
stored in the lignocellulosic biomass may be taken out by various methods.

Although much attention has been paid to biofuels production from
cellulosic biomass based on the optimistic prediction on the economic
feasibility and environmental sustainability points of view, the actual
production of cellulosic biofuels has been limited so far from the commercial
scale application point of view. So far, biofuel industry primarily produces
ethanol from corn starch in USA and from sugarcane in Brazil, and limited
amount of biodiesel from vegetable oils and animal fats in various countries



18  Metabolic Requlation and Metabolic Engineering for Biofuel and Biochemical Production

(Weber et al. 2010). Although some commercial scale production of biofuels
has been attained, these first generation biofuels, in particular, ethanol
produced from corn starch or sugarcane causes some serious problems
by competing with food production, which sometimes gives pressure on
increasing the related food prices, the so-called food and energy issue.
Therefore, a careful decision must be made on the use of the specific biomass.
Although this must be kept in mind, the commercial scale production of
biofuels will benefit to the societies worldwide. In particular, it is quite
attractive in countries such as in African, Asian, and South American
countries, where mass production of sugar from sugarcane is possible due
to their geological location and hot climate throughout the year. If this could
be made on a commercial scale, it would help overcome the inherent energy
shortage in such countries, and may help promote the related industries
as well as contributing to the improvement of the quality of people’s life.
As such, the technological innovation will help these countries promote
industrialization, employment, and assist economic growth without causing
environmental problems. In fact, this can also be considered even in small
islands, where energy shortage and unemployment are the main problems.

In order to avoid competition with food production, the second
generation biofuels produced from lignocellulosic biomass such as
sugarcane bagasse, agricultural and forest residues, grasses, oilseed crops,
and urban residues have attracted much attention (Escamilla-Alvarado et
al. 2011). These renewable sources mostly consist of lignocellulose, where
it is made-up of cellulose, hemicellulose, and lignin (Lynd et al. 2002). In
Brazil, significant amount of sugarcane bagasse is produced in relation to
bioethanol production from sugarcane (Goldemberg 2008, Amorim et al.
2011, Hofsetz and Silva 2012), where such bagasse is sometimes used to
generate electricity by combustion or as animal feed stock. Yet, in certain
cases, it remains stock piled in the field and factories, and its degradation
may pose environmental problem (Cardona et al. 2010). It is thus desirable
to convert lignocelluloses such as sugarcane bagasse as well as sugarcane
waste juice to biofuels or biochemicals.

Since most microorganisms cannot directly assimilate lignocellulose, this
must be first broken down into mono-saccharides for biofuels production
by fermentation. However, the cost for such processing is a major hurdle
from the commercial application point of view (Stephanopoulos 2007). In
particular, the breakdown of lignocellulose into monomeric sugars is the
subject of recent intensive research (Galbe and Zacchi 2007, Merino and
Cherry 2007, Mazzoli et al. 2012). The lignocellulosic biomass hydrolysates
obtained after pretreatment and hydrolysis contains various hexoses and
pentoses as well as lignin residues (den Haan et al. 2013). Although there
is some variation in the sugar composition of hydrolysates from various



Pretreatment of Biomass 19

feed stocks, glucose and xylose are the major sugars with small amounts
of mannose, galactose, arabinose, galacturonic acid and rhamnose, etc.
(Jojima et al. 2010). By contrast, the hydrolysate from marine biomass
such as microalgae mainly contains glucose and galactose. It may be also
considered to use some fruits or fruits waste, where glucose and fructose
may be the main sugars as well as some organic acids in such a case.

The typical components of lignocellulosic biomass are cellulose (40—
50%), hemi-cellulose (25-30%), and lignin (15-20%) and other components
(Knauf and Moniruzzaman 2004). Cellulose is the main structural
component of plant cell walls, and is a linear long chain of glucose molecules
linked by B-(1,4)-glycosidic bonds (Fig. 1) (van Wyk 2001). Hemicellulose
is the second most abundant constituent of lignocellulosic biomass, and is
a family of polysaccharides composed of 5- and 6-carbon monosaccharide
units such as D-xylose, L-arabinose, D-mannose, D-glucose, D-galactose,
and D-glucronic acid (Fig. 1). Lignin is a three dimensional polymer of
phenyl-propanoid units such as p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol, where this serves as the cellular glue to the plant tissues
and fibers for the cell wall to be strong and stiff enough (DelRio et al. 2007),
which may be also useful for resistance against insects and pathogens.
Because of a complex hydrophobic, cross-linked aromatic polymer, the
hydrolysis of lignin is quite difficult in practice.

The appropriate pretreatment of lignocelluloses is critical for the
success of bioenergy production from cellulosic biomass. The process
of hydrolyzing lignocelluloses to fermentable mono-saccharides is still
technically problematic because the digestibility of cellulose is hindered by
many factors, where pretreatment is an essential step from the economic
feasibility point of view. The main aim of pretreatment is to break down
the lignin structure and disrupt the crystalline structure of cellulose for
enhancing enzyme accessibility to the cellulose during hydrolysis (Mosier
et al. 2005a). In particular, it is strongly desired to remove lignin before
or during pretreatment, since lignin preferentially binds to the elements
(hydrophobic faces) of cellulose to which the cellulases also preferencially
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Figure 1. Chemical structure of cellulose and hemicelluloses (van Wyk et al. 2001).
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binds and also to the specific residues on the cellulose-binding module of
the cellulose that are critical for cellulose binding (Vermaas et al. 2015).

So far, a large number of pretreatment approaches have been
investigated on a wide variety of feed stocks (Carvalheiro et al. 2008,
Hendriks and Zeeman 2009, Taherzadeh and Karimi 2008, Yang and Wyman
2008, Alvira and Tomas-Pejo 2010, Menon and Rao 2012). Since different
lignocellulosic biomass has different physiochemical characteristics, the
most suitable pretreatment process should be selected among available
technologies without causing environmental problem. Moreover, it must
be kept in mind that the selected pretreatment process may affect the
subsequent processes. In particular, toxic compounds must be minimized
or removed before going into fermentation.

The current pretreatment technologies may be classified as biological,
physical, chemical, and physiochemical pretreatments (Alvira and
Tomas-Pejo 2010, Menon and Rao 2012), and the typical methods are
briefly explained in the following sections, followed by the integration
of saccharification and fermentation (SSF), and the related consolidated
biomass processing (CBP).

2. Various Pretreatments

The cellulose chains are packed into microfibrils, where these are attached
to each other by hemicelluloses and amorphous polymers of various
sugars and pectin, which are covered by lignin layer. The microfibrils are
often in the form of bundles or macrofibrils. The molecules of microfibrils
in crystalline cellulose are packed so tightly that enzymes and even water
molecule cannot enter deep inside. The cellulose is insoluble in water
due to high molecular weight and ordered tertiary structure. Some parts
of microfibrils are amorphous, where crystalline regions of cellulose are
more resistant to degradation, while amorphous regions are a little easier.
The isolation and derivatization/dissolutions of cellulose are crucial steps
in determining the degree of polymerization of cellulose (Hallac and
Ragauskas 2011). In general, plant cell wall may be subdivided into the
outermost middle lamella, and the outer primary and inner secondary walls,
where the secondary walls contain the major portion of cellulose, while the
middle lamella is almost entirely composed of lignin (Fig. 2) (Pandy 2009).

The major obstacles for the economically feasible treatment are the
degradation of cellulose and hemicellulose into sugars to be used in the
fermentation by removing or modifying lignin. The brief outlook on the
pretreatment processes is summarized in Fig. 3.
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2.1 Physical pretreatment

Most of the ligno-cellulosic biomass resources may require some types
of mechanical processing for its breakdown into small sizes. Mechanical
pretreatment is effective, in particular by a combination of chipping,
grinding or milling, irradiation using gamma rays, electron beam,
microwave radiations, etc. However, the problem for such processing is
relatively high power requirement with high energy requirement, which
prevents the practical application (Hendriks and Zeeman 2009). Another
physical pretreatment is to employ extrusion process, where the raw
materials are subjected to heating, mixing and shearing, resulting in physical
and chemical modifications during the passage through the extruder,
and thus the lignocellulose’s structure is disrupted causing defibrillation,
fibrillation, and shortening of the fibers (Karunanithy et al. 2008). This
pretreatment is effective for the degradation of cell wall of lignocelluloses
as well as algae. Main drawback is the high energy requirement, and thus
mechanical pretreatment may not be employed for the entire full-scale
degradation, but may be employed just for size reduction before applying
other pretreatment processes.

2.2 Biological pretreatment

As for biological pretreatment, fungal treatment has been extensively
investigated, where the enzymatic saccharification is environmentally
friendly and has long received much attention. Biological pretreatments
employ such microorganisms as brown, white and soft-rot fungi which
degrade lignin and hemicelluloses (Sanchez 2009). Lignin degradation is
quite important, and this may be achieved by lignin-degrading enzymes
such as peroxidase and laccase (Kumar and Wyman 2009). The biological
pretreatment is attractive from such points of view as low-capital cost,
low energy, no chemical requirement, and mild environmental condition.
However, the main drawback is the low hydrolysis rate (Sun and Cheng
2002). One of the reasons for this is the product inhibition of enzyme
activity by the sugars produced, where this may be improved to some
extent by combining with fermentation as simultaneous saccharification
and fermentation (SSF) as will be explained later.

Several types of cellulase activities are involved in cellulosic hydrolysis
based on their structural properties such as endoglucanases or 1,4-p-D-
glucan-4-glucanohydrolases (EC 3.2.1.4), exoglucanases including 1,4-p-D-
glucan glucanohydrolases (or cellodextrinases) (EC 3.2.1.74), 1,4-B-D-glucan
cellobiohydrolases (or cellobiohydrolases) (EC 3.2.1.91), and p-glucosidases
or B-glucoside glucohydrolases (EC 3.2.1.21) (Menon and Rao 2012).
Enzymes form the effective molecular structure, where cellulolytic systems
can be associated into cellulosomes as multi-enzymatic complexes or



Pretreatment of Biomass 23

unassociated as individual enzymes. The unassociated enzymes consist of
a catalytic domain for the hydrolysis reaction and of a cellulose-binding
domain. These two domains are linked by a sufficiently long and flexible
peptide that allows enough orientation and operation. The cellulosomal
enzymes are bound non-covalently to the cellulose integrating protein
(Carrad et al. 2000).

Carbohydrate-binding modules must have the following properties: (i)
a proximity effect, (ii) a target function, and (iii) disruptive function (Menon
and Rao 2012). Carbohydrate binding module may be the limiting factor
in the hydrolysis of cellulose. Although much knowledge on enzymatic
reaction mechanisms has been accumulated, it is not still satisfactory for
its application in practice due to (i) inherent complexity and heterogenity
of natural cellulose, and (ii) insufficient understanding on the hydrolysis
processes (Leschine 1995). Therefore, it is highly desirable to understand
the molecular mechanisms for cellulose degradation and develop superior
enzymes for the second generation bio-fuel production to become feasible.

It is important to separate lignin component from the celluloses and
hemicelluloses for enzymatic hydrolysis. The lignin interferes with the
hydrolysis by preventing the access of the cellulases to cellulose and by
irreversibly binding to hydrolytic enzymes. Therefore, the removal of lignin
is inevitable to improve the hydrolysis rate (McMillan 1994).

The most frequently investigated source of cellulases may be the fungus
Trichoderma reesei, which produces extracellular cellulase. The problem
for this is the low-glucosidase activity, and causes incomplete hydrolysis
of cellobiose in the reaction mixture, resulting in serious inhibition of the
enzymes (Holtzapple et al. 1992). Moreover, the enzyme inhibition by
cellobiose and glucose slows down the hydrolysis rate, which may be
overcome by SSE.

Hemicelluloses are multi-domain proteins that contain structurally
discrete catalytic and carbohydrate binding domains targeting
polysaccharide. Hemicelluloses are either glycoside hydrolases which
hydrolyze glycosidic bonds, or carbohydrate esterases which hydrolyze
ester linkage of acetate or ferulic acid groups. The two main glycosyl
hydrolases depolymerizing the hemicelluloses backbone are end-1,4-B-D-
xylanase and endo-1,4-B-D-mannase (Biely 1993). The former cleaves the
glycosidic bonds in the xylan backbone. Since xylan is a complex component
of hemicelluloses in wood, etc., its complete hydrolysis requires multiple
enzymes such as pB-xylanase, p-xylosidase, a-L-arabinofuranosidase,
a-glucuronidase, acetyl xylan esterase, and hydroxycinnamic acid esterases
that cleave side chain residues from the xylan backbone (Biely 1993). These
enzymes play the roles for the specific hydrolysis, where for example,
xylosidases play essential roles for the breakdown of xylan by hydrolyzing
xylooligosaccharides to produce xylose (Deshpande et al. 1986).
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D-mannose can be obtained from galactoglucomannans (EC 3.2.1.78)
and exoacting p-mannosidases (EC 3.2.1.25) on cleaving the polymer
backbone into single sugars. The side chain sugars attached at various points
on mannans can be removed by such additional enzymes as -glucosidases
(EC 3.2.1.21), a-galactosidases (EC 3.2.1.22), and acetyl mannan esterases.
The typical mannose producing microbes are Bacillus sp., Streptomyces sp.,
Caldibacillus cellulovorans, etc. (Menon and Rao 2012).

2.3 Chemical pretreatment

Chemical pretreatments have been extensively used in paper industry for
de-lignifying cellular materials to increase the quality of paper products.
Such pretreatment techniques may be modified for the effective and
inexpensive pretreatment for the degradation of cellulose by removing lignin
or hemicelluloses, and the degree of polymerization and crystallinity of the
cellulose component (Menon and Rao 2012). As for chemical pretreatments,
alkali pretreatments, acid pretreatment, ozonolysis, organosolution, ionic
liquids pretreatment have been extensively investigated.

Alkali pretreatments increase cellulose digestibility, and in particular,
effective for lignin solubilization (Carvalheiro et al. 2008). Sodium,
potassium, calcium, and ammonium hydroxides are the suitable alkaline
pretreatments. Sodium hydroxide (NaOH) causes swelling, increasing
the internal surface of cellulose, and provokes lignin structure disruption
(Taherzadeh and Karimi 2008, Kumar et al. 2009). Calcium hydroxide
(Ca(OH),) also known as lime, has been also extensively investigated,
where lime pretreatment removes amorphous substances such as lignin.
Lime has been shown to be effective at temperatures 85-150°C for 3-13
hrs with corn stover (Kim and Holtzapple 2006) or poplar wood (Chang
et al. 2001). Pretreatment by lime has been shown to be lower cost and
less safety requirements as compared to NaOH and potassium hydroxide
(KOH) pretreatments, and lime can be easily recovered from hydrolysate
by reaction with CO, (Mosier et al. 2005a). Addition of oxidant agent
such as oxygen/H,O, to alkaline treatment using NaOH or Ca(OH), may
contribute to lignin removal (Carvalheiro et al. 2008). Ethanol fermentation
may be made by SSF and co-fermentation (SSCF) using E. coli from wheat
straw pretreated with alkali peroxide (Saha and Cotta 2006). It is attractive,
since no inhibitory furfural or HMF may not be formed in the hydrolysates
obtained by alkaline peroxide pretreatment (Taherzadeh and Karimi 2008).

Although the hemicellulosic fraction of the biomass can be solvilized
by acid pretreatments, the concentrated acid pretreatment may not be
attractive due to the formation of inhibitory compounds and equipment
corrosion problems, together with acid recovery, which require high
operational and maintenance costs (Wyman 1996). On the other hand,
diluted acid pretreatment may be considered in practice. This may be
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performed either at high temperature such as 180°C during a short period
or at lower temperature such as 120°C for longer retention time of 30-90
min. By acid pretreatment, hemicelluloses, mainly xylan, can be converted
to fermentable sugars, but some inhibitory compounds such as furfural,
HMF and aromatic lignin degradation compounds may appear (Saha et
al. 2005). Dilute sulphuric acid (H,SO,) may be the most popular acid for
pretreatment, and has been commercially used for a variety of biomass
such as switch grass (Digman et al. 2010, Li et al. 2010), corn stover (Du et
al. 2010, Xu et al. 2009), spruce (softwood) (Shuai et al. 2010), and poplar
(Wyman et al. 2009, Kumar et al. 2009). Other acids such as hydrochloric
acid (HCI) (Wang et al. 2010), phosphoric acid (H,PO,) (Zhang et al.
2007, Marzialetti and Olarte 2008), and nitric acid (HNO,) (Himmel et al.
1997) can be also considered (Moseier et al. 2005b). Organic acids such as
fumaric acid or maleic acids may be also considered, where less furfural is
formed as compared to the case of using H,SO, (Kootstra et al. 2009). High
throughput pretreatment and enzymatic hydrolysis has been extended to
employ dilute acid for the saccharification of switch grass and poplar, etc.
(Gao et al. 2012). Acid pretreatment removes hemicelluloses, while alkali
pretreatment removes lignin, and thus relatively pure cellulose may be
obtained by such pretreatments.

Ozone may be used to increase digestibility of lignocellulosic biomass
such as sugarcane bagasse, where ozonolysis increased release of
fermentable carbohydrates such as glucose and xylose during enzymatic
hydrolysis (Travani et al. 2013). Although ozone may be considered for
delignification with high efficiency, large amount of ozone is necessary,
which is not economical in practice (Sun and Cheng 2002).

Organosolvation method may be of interest with the advantage of
the recovery of relatively pure lignin as a by-product (Zhao et al. 2009).
However, the solvents must be recycled by extraction and separation
techniques such as evaporation and condensation, since the solvents are
expensive for industrial applications (Sun and Cheng 2002).

The use of ionic liquids as solvents for pretreatment of cellulosic
biomass has received recent attention (Bokinsky et al. 2011, Olivier-
Bourbigou et al. 2010, Quijano et al. 2010, More-Pare et al. 2011, Mehmood
etal. 2015), where the thermodynamics and kinetics of reactions carried out
inionicliquids are different from those in conventional molecular solvents.
Ionic liquids consist of salts, typically composed of large organic cations
and small inorganic anions (Hayes 2009). These factors tend to reduce the
lattice energy of the crystalline form of the salt, and hence lower the melting
point (Seddon 1998). The ionic liquids are non-volatile, non-flammable,
and show high chemical and thermal stabilities (Olivier-Bourbigou et al.
2010, Quijano et al. 2010, Mora-Pere et al. 2011). Since neither toxic nor
explosive gases are formed, ionic liquids are called “green solvents”.
Carbohydrates and lignin can be simultaneously dissolved in ionic liquids,
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where cellulose, hemicelluloses, and lignin are effectively disrupted with
minimum formation of degradation product. Although the application
has been investigated for such lignocellulosic feed stocks such as straw
(Li et al. 2009) and wood (Lee et al. 2009), further investigation is needed
for economic feasibility in practice (Alvira et al. 2010). Although ionic
liquids are attractive as mentioned above, the following issues must be
overcome before going into practical application: high cost of ionic liquids,
regeneration requirement, lack of toxicological data and knowledge about
basic physico-chemical characteristics, action mode on hemicelluloses
and/or lignin contents of lignocellulosic materials and inhibitor issues
together with solvent recovery (Menon and Rao 2012). In fact, it is difficult
to completely remove ionic liquids after pretreatment, and give toxic or
inhibitory effects on microorganisms, plants, and animal cells. For example,
the ionic liquids such as 1-ethyl-3-methylimidazolium acetate and 1-ethyl-
3-ethyl-3-methylimidazolium methylphosphonate inhibit the respiratory
chain, and reduce the oxygen transfer rate (OTR) of S. cerevisiae at low
concentration of less than 5% (Mehmood et al. 2015).

2.4 Physiochemical pretreatment

The physiochemical pretreatment combines both physical and chemical
processes, and the typical processes include steam explosion, liquid hot
water, ammonia fiber explosion, wet oxidation, microwave pretreatment,
ultrasound pretreatment, and CO, explosion (Alvira et al. 2010, Menon and
Rao 2012, Mosier et al. 2005a, Brodeur et al. 2011).

Steam explosion may be the most widely employed physiochemical
pretreatment for lignocellulosic biomass. It is a hydrothermal pretreatment
in which the biomass is subjected to pressurized steam (pressure at 0.69—4.83
MPa and temperature at 160-260°C) for a period from several seconds to
minutes, and then suddenly depressurized to atmospheric pressure (Alvira
et al. 2010). The mixture of biomass and steam held under certain period
may promote the hydrolysis of hemicelluloses due to its high temperature
together with final explosive decomposition (Varga et al. 2004, Ruiz and Cara
2006, Kurabi et al. 2005). During steam pretreatment, part of lignocellulose
hydrolyzes and forms acids, which may catalyze the hydrolysis of the
soluble hemicellulose oligomers (Hendriks and Zeeman 2009). This
pretreatment can be combined with mechanical forces and chemical effects
due to the hydrolysis of acetyl groups present in hemicelluloses (Alvira
et al. 2010). The steam explosion may be applied to sugarcane bagasse to
degrade into cellulose, hemicelluloses, and lignin (Varma 2007). Steam
explosion has been also shown to be effective for ethanol production from
such raw materials as poplar (Oliva et al. 2003), olive residues (Cara et al.
2006), herbaceous residues as corn stover (Varga et al. 2004), and wheat
straw (Ballesteros et al. 2006). The main drawbacks of steam explosion
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pretreatment are the partial hemicellulose degradation, and the generation
of some toxic compounds such as furan derivatives like furfural, etc., weak
acids, and phenolic compounds (Oliva et al. 2003, Palmqvist and Hahn-
Hagerdal 2000).

Liquid hot water is another hydrothermal treatment which does not
require rapid decomposition and does not employ any catalyst or chemicals.
Pressure is applied to maintain water in liquid state at elevated temperature
(160-240°C) and provoke alterations in the structure of the lignocelluloses
(Alvira et al. 2010). Liquid hot water has been shown to remove up to 80%
of the hemicelluloses and enhance the enzymatic digestibility of pretreated
materials such as corn stover (Mosier et al. 2005b), and sugarcane bagasse
(Perez et al. 2008). Although liquid hot water pretreatments may be attractive
in that no catalyst requirement and low-cost reactor construction due to
low corrosion potential, water demanding in the process and energetic
requirement are higher for the practical application (Alvira et al. 2010).

Ammonia fiber explosion (AFEX) is the process in which lignocellulosic
biomass is exposed to liquid ammonia (1-2 kg of ammonia/kg of dry
biomass) at high temperature (90°C) with residence time of 30 min,
and at high pressure, where the pressure is suddenly reduced. AFEX
pretreatment can improve the fermentation rate of various herbaceous
crops and grasses (Zhang et al. 2009). This pretreatment has been applied
for such lignocellulosic biomass as alfalfa, wheat straw, and wheat chaff.
The AFEX pretreatment gives de-crystallization of cellulose, partial de-
polymerization of hemicelluloses, removal of acetyl groups predominantly
on hemicelluloses, and cleavage of lignin, thus increase in accessible surface
area (Gollapalli et al. 2002, Kumar et al. 2009). The ammonia used during
AFEX process must be recovered and reused due to the cost of ammonia,
and also environmental protection point of view (Holtzapple et al. 1992).
Although over 90% of cellulose and hemicelluloses could be obtained,
lignin removal is not effective, and thus this process may not be applied to
such biomass as woods and nutshells, which contain relatively high lignin
content (Taherzadeh and Karimi 2008). The success of this pretreatment
depends on the cost of ammonia and its recovery after use.

Aqueous ammonia instead of liquid ammonia may be also used as
ammonia recycles percolation (ARP), where aqueous ammonia (10-15 w%)
passes through lignocellulosic biomass at high temperature (150-170°C)
with a residence time of 14 min (Galbe and Zacchi 2007). Aqueous ammonia
primarily reacts with lignin and causes de-polymerization of lignin cleavage
of lignin-carbohydrate linkages. Since ammonia pretreatment does not
produce inhibitory materials, a water wash is not necessary in the down-
stream processing (Jorgensen et al. 2007).

Microwave pretreatments are carried out by immersing the biomass
in dilute chemical reagent and exposing the slurry to microwave radiation
for about 5-20 min (Keshwani 2009). Several alkalis such as sodium
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hydroxide may be considered as effective reagent (Zhu et al. 2006). The
effect of ultrasound on lignocellulosic biomass has also been investigated
for extracting hemicellulose, cellulose, and lignin (Sun and Tomkinson
2002), where saccharification of cellulose has been shown to be enhanced
efficiently by ultrasonic pretreatment (Yachmenev et al. 2009).

Carbon dioxide explosion is also used for lignocellulosic biomass
pretreatment. The method is based on the utilization of CO, as supercritical
fluid, which is in a gaseous form but is compressed at temperatures above
its critical point to a liquid-like density, where supercritical CO, has been
mostly used as an extraction solvent, but it is considered for non-extractive
purpose due to its many advantages (Schacht et al. 2008).

3. Simultaneous Saccharification and Fermentation (SSF)

As mentioned above, the cost saving for pretreatment is critical for the
feasibility of biofuels production from lignocellulosic biomass. This may
be overcome to some extent by combining the pretreatment process with
fermentation process by integration. The cellulosic biomass can be converted
to biofuels or biochemicals by either separate hydrolysis and fermentation
(SHF) or simultaneous saccharification and fermentation (SSF) of the
pretreated biomass. In SHE, the lignocellulosic biomass is hydrolyzed to
produce sugars using enzymes in the first step, and the reducing sugars
produced in the first step are fermented to produce biofuels or biochemicals
in the second step. The advantage of this process is that each step can be
operated at its optimal conditions, while the disadvantage is the slow
hydrolysis reaction due to the product inhibition of enzymes by the
accumulated reducing sugars in the first step, and the investment cost for
the two reactors for the first and second steps. In SSF, enzymatic hydrolysis
and fermentation are integrated into one fermentor, thus reducing the
number of reactors as compared to SHF. In SSE the released sugars from
enzymatic hydrolysis are simultaneously consumed by the microorganism,
and therefore, the sugar concentration can be kept low, thus reducing the
product inhibition of enzymes, where the product inhibition is one of the
major problems in SHF (Galbe and Zacchi 2002, Oloffson et al. 2008a, Gong
et al. 2013).

The schematic illustration for SSF is given in Fig. 4, where the major
drawback is the difficulty in finding the favorable operating conditions, in
particular for pH and temperature, where these must be determined based
on the tradeoffs between the enzymatic hydrolysis and the cell growth rate/
metabolite production rate. The optimal conditions for pH and temperature
can be determined independently in the case of SHF, whereas a compromise
must be made in SSE. In particular, it is preferred to operate at higher
temperature and lower pH for enzymatic hydrolysis as compared to the
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Figure 4. Schematic illustration of SSE.

optimal conditions for the cell growth and metabolite formation. Thus the
microbes to be used and the ways of engineering must be determined from
the point of view of such characteristics in SSE. For example, the typical
optimal temperature is about 30°C for S. cerevisiae, while it is about 37°C for
E. coli, where the appropriate temperature for enzymatic hydrolysis may
be more than about 50-60°C.

One of the advantages of using recombinant E. coli is the high growth
rate, where E. coli can grow at low pH down to about 4 or even below to
2-3 and at higher temperature up to about 45°C. In the case of using E. coli
for SSE, the effects of higher temperature (heat shock) and lower pH (acid
shock) on the cell metabolism must be properly analyzed.

Another idea to overcome this problem is to use thermotolerant yeast
strains such as Fabospora fragilis, Saccharomyces uvarum, Candida brassicae,
C. lusitaniae, and Kluyveromyces marxianus, where the fermentation
temperature can be increased closer to the optimal condition for enzyme
reaction (Menon and Rao 2012). Other thermophiles may be also used,
where co-culture of Clostridium thermocellum and C. thermolacticum was
considered for ethanol fermentation at 57°C (Xu et al. 2011). The newly
discovered Caldicellulosiruptor sp. was capable of producing large amount
of ethanol from lignocelluloses in fermentation at higher temperature in a
single step (Svetlitchnyi 2013).

The digestibility together with delignification of wood chips obtained
from tripoid poplar enables SSF (Wang et al. 2013). The fed-batch type of
SSF may be considered by appropriately adding enzymes (Hoyer et al.
2010), where a fed-batch separate enzymatic hydrolysis and fermentation
gave ethanol titer of 49.5 g/1 at a high solids loading (Lu et al. 2010). At
high solid loadings (more than 15%), the conventional shaking and stirring
is ineffective (Huang et al. 2011), where several gravitational tumbling in
roller bottle reactors (Jorgensen et al. 2007, Roche et al. 2009), horizontal
rotating shaft with paddlers (Zhang et al. 2010, Ferreira et al. 2010), and
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stirring with helical impellers (Zhang et al. 2010) have been used for SSF
under high solids loadings. In the practical application of SSF to a variety of
lignocellulosic biomass, multiple sugars produced during hydrolysis must
be co-fermented. The co-consumption of multiple sugars can be attained
in SSF in principle, since the sugar concentrations are kept low, and thus
the catabolite repression is relaxed.

Simultaneous saccharification of cellulose and hemicelluloses and co-
fermentation of multiple reducing sugars such as glucose and xylose (SSCF)
has been shown to be effective. Since wild type S. cerevisiae cannot assimilate
xylose, metabolic engineering must be made for the co-consumption of
such multiple sugars to produce ethanol (Oloffson et al. 2010a), where the
controlled feeding of cellulases could improve the conversion of xylose to
ethanol by SSCF (Oloffson et al. 2010b). Two recombinant xylose-fermenting
microorganisms such as Zymomonas mobilis and S. cerevisine have been used
for the SSCF of waste paper sludge for the production of ethanol with titer
over 40 g/l and a yield of 0.39 g ethanol/carbohydrate on paper sludge at
37°C (Zhang and Lynd 2010). The SSCF of pretreated wheat straw using
both enzyme and substrate feeding (Oloffson et al. 2008b), and SSCF of
corncobs and fed-batch SSCF have been shown to be improved toward
practical application of bioethanol production (Koppram et al. 2013).

Moreover, continuous SSCF was shown to be effective for the ethanol
production from ammonia fiber expansion (AFEX) pretreated corn stover
in a series of continuous stirred tank reactors (CSTRs) using enzyme and
S. cerevisiae 424 A (Jin et al. 2012).

4. Consolidated Biomass Processing (CBP)

The bio-transformations of ligno-cellulosic biomass to biofuels or
biochemicals may be made in three steps such as production of cellulases
and hemicellulases, hydrolysis of cellulose and hemicelluloses to monomeric
sugars, and fermentation of such sugars to produce biofuels or biochemicals.
These three processes may be integrated in a single cell, where it is called as
consolidated biomass processing (CBP). The integration of the three steps
in a single cell may save the capital cost and utility cost for the cellulose
production, but again the cultivation conditions such as pH and the culture
temperature must be carefully determined based on the tradeoffs between
hydrolysis rate and the cell growth/metabolite production rate.

One idea of constructing CBP organism is to utilize the organisms
that naturally digest lignocelluloses, but may limit the range of metabolite
production. It is thus necessary to design the metabolism of the cellulolytic
organisms for biofuel and biochemical production by metabolic engineering
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approach. The CBP organism such as Clostridium phytofermentans has been
investigated for ethanol production from AFEX-treated corn stover (Jin et al.
2011). The incorporation of heterologous genes for n-butanol synthesis into
Clostridium cellulolyticum enables the n-butanol production from crystalline
cellulose, where 120 mg /L of n-butanol could be produced from cellobiose
and crystalline cellulose in 20 days (Gaida et al. 2016).

Noting that it is not easy to maintain the enzyme activities for hydrolysis
of cellulosic biomass for a long period in the conventional system in which
enzymes are secreted into the medium or immobilized on a solid support,
an idea was realized by displaying amylolytic enzymes on the surface of
yeast cells (Kondo et al. 2002), indicating that the enzymes are generally
self-immobilized on the cell surface so that the enzyme activities could be
retained as long as the yeast continues growing (Tanaka and Ueda 2000)
(Fig.5). This so-called cell surface engineering has been extensively applied
to a wide variety of applications for the simultaneous improvement of
saccharification and ethanol production from lignocellulosic biomass (Khaw
et al. 2006, Hasunuma et al. 2012, Matano et al. 2012). The direct ethanol
production from cellulosic biomass could be also made by co-expressing
foreign endoglucanase and B-glucosidase genes on Zymobacter palmae
(Kojima et al. 2013). The direct ethanol production from cellulosic biomass
can be also made by co-expressing foreign endoglucanase and B-glucosidase
genes on Zymobacter palmae (Kojima et al. 2013). The limiting step is the
degradation of lignocelluloses to produce sugars on the cell surface, where
the sugars produced are quickly consumed by the cell, and this technique
may be combined with the conventional enzymatic treatment, thus reducing
the amount of enzymes to be used, since the enzyme is expensive in practice.
It may be also considered that the glucose produced on the cell surface is
taken up quickly by the cell, and thus the glucose concentration around the
cell surface is quite low, indicating that the catabolite repression is relaxed,
which enables co-consumption of multiple sugars.

Glucose+Xylose

Cellulose

Figure 5. Display of cellulase or amylase on the cell surface for consolidated biomass process.
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5. Concluding Remarks

Lignocellulose based biofuel production involves cultivation and collection
of biomass, break down of cell wall polymers into sugars (pretreatment
and saccharification), conversion of sugars to biofuels (fermentation), and
purification (down-stream processing), where the enzyme hydrolysis step
remains as a major techno-economic bottleneck for biofuel production from
lignocelluloses.

In either case of SSF or cell surface engineering, the temperature and
pH affect the hydrolysis of lignocellulosic biomass, where the higher
temperature and lower pH is preferred for this, but the higher temperature
and lower pH affect negatively for the cell growth and product formation,
and thus it must be careful to determine the microbes to be used and
the operating condition as mentioned above. One idea to overcome the
constraint on the operating condition in SSF may be the periodic operation,
where the optimal condition for enzymatic hydrolysis and that for the cell
growth/metabolite production may be alternatively changed with respect
to time using on-line computer control. The potential for such kind of
dynamic operation has not been fully investigated so far.
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ABSTRACT

It is important to understand the metabolism and its regulation for the
proper design of the cell systems for the efficient production of biofuels
and biochemicals. Here, the brief explanation is given for transport
of carbohydrates and carbon catabolite repression (CCR). Various
carbohydrates are transported through outer membrane porin proteins,
where the two-component signal transduction system composed of sensor
protein and the response regulator plays important roles. The typical
porins are OmpC and OmpF in Escherichia coli, and the porin genes are
typically controlled by such two-component system as EnvZ-OmpR.
The carbohydrates transported into the periplasm are internalized into
the cytosol by various transport mechanisms, where the typical group
translocation is made by the phosphotransferase system (PTS) in bacteria
and some archaea. The PTS is related to the catabolite repression for the
selective assimilation of carbohydrates.

Keywords

Nutrient uptake, porin, two-component system, carbohydrate uptake,
transporter, phosphotransferase system, PTS, EnvZ-OmpR, carbon
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1. Introduction

Although vast amount of metabolic engineering practices have been
attempted to improve the specific target metabolite production by gene
manipulation, the resultant phenotypes are often suboptimal giving
marginal improvement, and sometimes unsatisfactory due to distant effects
of gene modifications or unknown regulatory interactions. It is, therefore,
important to understand and get deep insight into the metabolic regulation
mechanisms to clarify the reason why the expected outcomes cannot be
attained. Namely, before going into or in parallel with the metabolic design
of the cell system for the efficient biofuel and biochemical production, it is
inevitable to understand the metabolism and its regulation mechanisms of
the organisms of concern.

In living organisms or cells, thousands of biochemical reactions as well
as transport processes are linked together to break down various nutrients
to generate energy and to synthesize cellular constituents, where the
enzyme reactions are not static, but change dynamically in response to the
change in the growth environment. Moreover, among possible topological
networks, only a subset is active at any given point in time and growth
condition. Complex signaling networks interconvert signals or stimuli for
the efficient uptake of nutrients and their breakdown for energy generation
and biomass synthesis. The living organism must maintain the cell system
by the effective sensing of the external and/or internal state to survive in
response to the variety of environmental changes (Janga et al. 2007). The
enzymes which form the metabolic pathways are subject to multiple levels
of regulation, where enzyme level and transcriptional regulations play
important roles for metabolic regulation (Harbison et al. 2004, Luscombe
et al. 2004, Balazsi et al. 2005, Moxley et al. 2009). It is thus important to
understand the regulatory processes that govern the cellular metabolism.

Living organisms sense the changes in the environmental condition by
detecting extracellular signals such as the available amount of nutrients,
and the growth condition such as pH, oxygen level, temperature, etc.
These signals eventually feed into the regulatory systems, and affect the
physiological and morphological changes that enable the cell system
to adapt effectively for survival (Seshasayee et al. 2006). In particular,
transcription factors (TFs) play important roles for this, where the typical
TFs contain two-headed molecules which constitutes of a DNA-binding
domain and an allosteric site to which metabolites bind non-covalently or
to which enzymes covalently modify in order to modulate the regulatory
activity of TE. In particular, the two-component signal transduction system
is important for efficiently detecting extracellular signals and transducing
the signals into cytosol for metabolic regulation. These typically involve a
phospho-relay from a transmembrane histidine protein kinase sensor to the
target response regulator (Fig. 1), where the two components are usually
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Environmental signals
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Figure 1. Transcription factors and their function.

located within the same operon, enabling their coordinated expression, while
some of the kinases and regulators are not adjacent on the chromosome,
and it is not straightforward to link the partner in such a case. There might
exist a cross-talk between non-cognate sensors and regulators (Yamamoto
et al. 2007). As typically seen in Lac repressor in Escherichia coli, another
method for sensing exogenous signals is by TF binding of transported
small molecules, which regulate the enzymatic pathways that process
these molecules (Seshasayee et al. 2006). In addition to exogenous signals,
cell can recognize the cell’s state by detecting the intracellular metabolites.
There exists, yet hybrid type of TFs, where they sense the metabolites that
are transported from the culture environment or synthesized endogenously
(Fig. 1). This can be typically seen in the regulation of amino acid synthetic
pathways, possibly because it is preferable for the cell to import essential
metabolites when they are freely available rather than expend energy on
their synthesis (Seshasayee et al. 2006).

2. Variety of Regulation Mechanisms

Biological systems are known to be robust and adaptable to the culture
environment. Such robustness is inherent in the biochemical and genetic
networks. Living organisms have complex but efficient mechanisms to
respond to the change in culture environment, where this is mainly achieved
by the so-called global regulators. The global transcriptional regulators are
themselves regulated by posttranscriptional regulators. Thus, the global
regulation forms a cascade of regulations (Timmermans and Melderen
2010). In relation to global regulators, sigma factors play also important
roles, where they allow RNA polymerase to be recruited at the specific DNA
sequences in the promoter regions from which they initiate transcription
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(Fig. 2). In E. coli, seven sigma factors have been found so far, and those
play the specific roles depending on the environmental stimuli (Table 1).
In Bacillus subtilis, multiple sigma factors control sporulation (Kroos 2007).
H-NS (histone-like nucleotide structuring protein) is another type of global
regulator, found in enterobacteria. It is a small DN A-associated protein that
binds preferentially to a curved AT-rich DNA without showing sequence
preferences (Timmermans and Melderen 2010). H-NS regulates a variety of
physiological aspects such as metabolism, fimbriae expression, virulence
flagella synthesis, and proper function.

Other types of global regulators are the signaling molecules such as
cyclic-AMP (cAMP) and cyclic-di-GMP (Bruckner and Titgemeyer 2002,
Gutierrez-Rios et al. 2007). The cAMP binds to Crp (cAMP receptor protein),
also known as CAP (catabolite activation protein), and cAMP-Crp complex
becomes an active TF in relation to catabolite regulation as also explained
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Table 1. Seven sigma factors in E. coli.

o Ion transport

o Extreme temperature

c® Flagella genes

6% Heat shock

¥ Stationary phase or carbon starvation, and so forth
[ Nitrogen regulation

c” House keeping

later. The cAMP regulates not only catabolite regulation, but also flagellum
synthesis, biofilm formation, quorum sensing, and nitrogen regulation, etc.

As another level of regulation, small noncoding RNAs (sRNAs) play
important roles in the posttranscriptional regulation (Gottesman 2005). The
sRNAs are mainly involved in the stress response regulation, pathogenesis,
and virulence. A single sSRNA can affect multiple targets, where sSRNAs
modify the translation or stability of the targets and chaperone. One such
example is SgrS in E. coli, which binds to the mRNA of ptsG gene, which
encodes EIIBCC* for glucose uptake (Vanderpool and Gottesman 2004). SgrS
encodes a small protein SgrT, where SgrT is also involved in the inhibition
of glucose uptake, and thus regulate ptsG activity (Wadler and Vanderpool
2007). Another examples are DsrA (sRNA in E. coli) which regulates ¢*
expression (Majdalani et al. 2005), and CsrB in E. coli (Babitzke and Romeo
2007), of which sRNAs regulate the activity of CsrA global regulator for
carbon storage regulation as also explained later.

Another level of posttranscriptional regulation is the control of
protein stability and folding carried out by ATP dependent proteases
and chaperones (Timmermans and van Melderen 2010). Such examples
are Lon ATP-dependent proteases that regulate flagella expression by
degrading ¢* as well as acid shock tolerance regulon by regulating the
amount of GadE, where gadE is under ¢* transcriptional control in E. coli.
The posttranslational control is mediated by the C1PXP ATP-dependent
protease, which degrades ™.

3. Porin Proteins in the Outer Membrane and their Regulation

The gram-negative bacteria such as E. coli have two concentric membranes
surrounding the cytoplasm, where the space between these two membranes
is called as periplasm. The outer membrane and inner or cytoplasmic
membrane constitute a hydrophobic barrier against polar compounds. The
outer membrane contains channel proteins, where the specific molecules
can only move across these channels. In the outer membrane of E. coli, 108
channels are formed by the porin proteins (Nikaido and Nakae 1980). Porins
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are the outer membrane proteins that produce large, open but regulated
water-filled pores that form substrate-specific, ion-selective, or nonspecific
channels that allow the influx of small hydrophilic nutrient molecules and
the efflux of waste products (de la Cruz et al. 2007). They also exclude
many antibiotics and inhibitors that are large and lipophilic (Nikaido
2003). Porins including OmpC and OmpF of E. coli form stable trimers
with a slight preference for cations over anions (Saier et al. 2006, Saier et al.
2009). The OmpC and OmpF are the most abundant porins present under
typical growth condition representing up to 2% of the total cellular protein
(Nikaido 1996). OmpF seems to have slightly larger channel than OmpC,
where these are the constitutive porins. Their relative abundance changes
depending on such factors as osmolarity, temperature, and growth phase
(Hall and Silhavy 1981, Lugtenberg et al. 1976, Pratt and Silhavy 1996).
These porins serve for glucose to enter into the periplasm when glucose
is present at higher concentration than about 0.2 mM (Nikaido and Vaara
1985, Death and Ferenci 1994). The diffusion rate of glucose molecule is
about two-fold higher through OmpF than through OmpC (Nikaido and
Rosenberg 1983). Under glucose limitation, the outer membrane glycoporin
LamB is induced (Death and Ferenci 1994), where this protein permeates
several carbohydrates such as maltose, maltodextrins, and glucose (von
Meyenburg and Nikaido 1977), where about 70% of the total glucose
import is contributed by LamB (Death and Ferenci 1994). Glucose transport
by diffusion through porins of the outer membrane is a passive process
(Gosset 2005).

The porin genes are under control of two-component system such as
EnvZ-OmpR system, where EnvZ is an inner membrane sensor kinase
and OmpR is the cytoplasmic response regulator (Fig. 3). In response to
the environmental signals such as osmolarity, pH, temperature, nutrients,
and toxins, EnvZ phosphorylates OmpR to form phosphorylated OmpR
(OmpR-P), where OmpR-P increases its binding affinity for the promoter
regions of porin genes such as ompC and ompF (de la Cruz et al. 2007).
Acetyl phosphate (AcP) can function as a phosphate donor for OmpR under
certain condition. OmpR controls cellular processes such as chemotaxis and
virulence as well (Brzostek et al. 2007). In terms of virulence, abolition of
porin synthesis diminishes pathogenesis (de la Cruz et al. 2007).

There are several other porins such as OmpU and OmpT (Vibrio cholerae),
OmpH and OmpL (Photobacterium), OmpD (Salmonella typhimurium), OmpS1
and OmpS2 (S. enterica), and OmpW (S. enterica, E. coli, and V. cholerae).
Porin genes are also under control of other regulators such as CpxR (under
extra-cytoplasmic stress) (Brzostek et al. 2007), PhoB (under phosphate
limitation) (von Kruger et al. 2006), Lrp (under starvation) (Ferrario et al.
1995), Rob (for cationic peptides), MarA (under weak acids), SoxS (under
oxidative stress) (Delihas and Forst 2001), CadC (atlow pH) (Lee et al. 2007),
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Figure 3. Outer membrane porin proteins and their regulations.

Crp (under catabolite repression), Fnr (for anaerobiosis) (Santiviago et al.
2003), ToxR (for virulence) (Miller and Mekalanos 1988), H-NS, StpA, Ihf,
Hu (for nucleotide proteins) (Deighan et al. 2000), and LeuO (for stringent
response) (de la Cruz et al. 2007, Fernandez-Mora et al. 2004).

CpxA and CpxR form a two-component system, where CpxA is the
transmembrane sensor kinase, while CpxR is the response regulator.
CpxA can be induced by a variety of stimuli such as higher pH (alkali),
misfolded proteins, and alterations in the membrane composition (Dorel
etal. 2006, Raivio 2005). Upon activation of the kinase activity of CpxA, the
phosphorylated CpxR (CpxR-P) controls the expression of ompC and ompF
genes (de la Cruz et al. 2007).

PhoR and PhoB also form a two-component system, where phoR
is the sensor kinase and detects a low concentration of phosphate or
phosphate starvation and phosphorylate PhoB (Wanner 1996), where the
phosphorylated PhoB (PhoB-P) activates the transcription of phoE gene,
where PhoE porin is induced under phosphate limitation (de la Cruz et
al. 2007). Moreover, PhoB negatively regulates OmpT, OmpU, and OmpA



Transport of Nutrients and Carbon Catabolite Repression 45

porins in V. cholera (von Kruger et al. 2006). More detailed explanation on
the roles of PhoR-PhoB is given later.

Lrp (leucine responsive regulator protein) is a global regulator which
regulates mainly amino acid metabolism, where its activity is stimulated
in minimal medium (which means low nutrient availability), while it is
repressed in rich medium such as LB medium (free amino acids available
in the medium) (Calvo and Metth 1994). In minimal medium, Lrp represses
ompC gene expression, while activates ompF gene expression.

MarA, SoxS, and Rob are the members of the AraC/XylS family of
transcriptional regulators (Gallegos et al. 1997). These three regulators
repress ompF expression. SoxR and SoxS form the two-component system,
where SoxR is a cytoplasmic sensor protein that detects the oxidative stress
and activates the SoxS regulator, where the detailed regulation mechanisms
are explained later. MarA responds to weak acids like salicylic acid, etc.
(Balague and Vescovi 2001) and certain antibiotics (Hachler et al. 1991). Rob
may be a general regulator and might be stimulated by cationic peptides
(Oh et al. 2000).

CadC is an inner membrane transcriptional activator that acts both as
a signal sensor and as a transcriptional regulator, where it activates OmpC
and OmpF at low pH (Kuper and Jung 2006, Rhee et al. 2005).

Crp plays an essential role for catabolite regulation, where Crp regulates
ompR-envZ operon by binding directly to the promoter region (Huang et al.
1992). The ompA gene in E. coli is activated by Crp (Gilbert and Barbe 1990),
while ompX is repressed by Crp by means of CyaR, a small RNA (sRNA)
(Papenfort et al. 2008). In S. typhimurium, ompD porin gene is activated by
cAMP-Crp (Santiviago et al. 2003). The roles of cAMP-Crp on the catabolite
repression is explained later, where the increase in cAMP-Crp level implies
the nutrient limitation.

Fnr is a DNA-binding protein that senses oxygen level and regulates
the metabolism under anaerobic condition together with ArcA /B system,
where Fnr activates ompD gene expression under anaerobic condition by
the posttranscriptional regulation (Santiviago et al. 2003). The detailed
mechanisms for redox regulation by Fnr and ArcA /B system are explained
later.

ToxR is a transmembrane DNA-binding protein, and it is an important
regulator of virulence gene expression in V. cholera. ToxR activates ompT
porin gene expression. The increased osmolarity enhances OmpT formation
and diminishes OmpU formation, similar to that of OmpR on ompC and
ompF in E. coli. Moreover, TorX represses ompW gene expression at high
osmolarity in V. cholerae in the presence of glucose (Nandi et al. 2005).

Bacteria possess small nucleotide proteins such as H-NS, StpA, Ihf, and
Hu with functional similarity to eukaryotic histones, which affect several
porin genes (de la Cruz et al. 2007). H-NS is a master global regulator,
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which controls the expression of several porin genes such as ompC, ompF,
ompS1, and ompS2. H-NS represses ompC gene expression and represses the
activity of OmpF. StpA is a paralogue of H-NS and is an RNA chaperone.
H-NS and StpA repress ompS1 and ompS2 gene expression in E. coli and S.
typhimurium (Hommais et al. 2001, Navarre et al. 2006). On the other hand,
H-NS and StpA stimulate the synthesis of the outer membrane maltoporin
LamB through posttranscriptional control of the maltose regulon activator
MalT (Johansson et al. 1998).

Ihf (integration host factor) is one of the most abundant sequence-
specific DNA binding proteins and is a global regulator. The Ihf protein
represses ompC expression, and it is necessary for the negative osmo-
regulation of ompF. Ihf affects ompC and ompF in two distinct ways, directly
by binding upstream to the promoter regions and indirectly by influencing
the expression of EnvZ-OmpR (Huang et al. 1990).

LeuO (regulator of leucine biosynthesis) is a LysR-type regulator that
controls the expression of several genes in response to stress, virulence,
and biofilm accumulation. The OmpS1 and OmpS2 quiescent porins are
silenced by H-NS (Navarre et al. 2006, Flores-Valdez et al. 2003), while LeuO
acts as an antagonist of H-NS, thereby derepressing ompS1 and ompS2 gene
expression (de la Cruz et al. 2007, Fernandez-Mora 2004).

Small untranslated regulatory RNAs, often referred to as non-coding
RNA, also affect porin regulation. MicF is one such example. In general, they
inhibit translation of the transcripts by direct RNA-RNA interaction (de la
Cruzetal. 2007). The sSRNAs have been found to play diverse physiological
roles in response to stress, metabolic regulation, control of bacterial envelope
composition, and bacterial virulence (Najdalani et al. 2005, Romby et al.
2006, Storz et al. 2005, Vogel and Papenfort 2006). Enterobacteria use many
sRNAs such as MicC, MicA, InvR, RybB, CyaR, IpeX, and RseX to fine-tune
the outer membrane composition at the posttranscriptional level (Vogel
and Papenfort 2006).

4. Transport of Carbohydrates and PTS

The first step in the metabolism of carbohydrates is the transport of these
molecules into the cell (Fig. 4). In bacteria, various carbohydrates can be
taken up by several mechanisms. Primary transport of sugars is driven by
ATP, while secondary transport is driven by the electrochemical gradients
of the translocated molecules across the membrane (Poolman and Konings
1993), where the secondary transport systems contain the symporters
which co-transport two or more molecules, uniporters that transport single
molecule, and antiporters that counter transport two or more molecules.
Sugar symporters usually couple the uphill movement of the sugar to the
downhill movement of proton (or sodium ion). Namely, the electrochemical
proton (or sodium ion) gradient drives the sugar transport (Gunnewijk et
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Figure 4. Outer and inner membrane and periplasm and glucose transport by PTS and non-PTS.

al. 2001). Sugar uptake by group translocation is unique to bacteria and is
involved in the phosphotransferase system (PTS) (Fig. 4). PTSis a transport
system that catalyzes the uptake of a variety of carbohydrates and their
conversion into their respective phosphoesters during transport (Deutscher
et al. 2006, 2014, Kotrba et al. 2001, Gosset 2005, Luo et al. 2014).

Once sugar was transported inside the periplasm, it is internalized
into the cytoplasm by the PTS. The sugar concentration in the periplasm
may be low due to active transport systems in the cytoplasmic membrane
(Gosset 2005). Once inside the periplasm, sugar can be transported into
the cytosol by PTS, where PTS is widespread in bacteria, in some archaea,
and absent in eukaryotic organisms (Postma et al. 1996). Although archaea
have been considered to be devoid of any PTS (Barabote and Saier 2005),
recent investigation indicates that among about 230 archaea, more than
about 50 contain the PTS components of EI and HPr, where most of them
belong to the genus of Haloferax, and the PTS is specific to the transport
and phosphorylation of fructose (Pickl et al. 2012, Cai et al. 2014) or
phosphorylation of dihydroxyacetone (DHA) (Bachler et al. 2005). Gram-
positive bacteria usually contain only EI and HPr, while Enterobacteriaceae
contains several EI and HPr homologues or paralogues, where nitrogen
related EIN" and fructose specific FPr are such examples. Many sugars and
sugar derivatives such as sugar alcohols, amino-sugars, glycuronic acids,
disaccharides, and many other carbohydrates can be transported via PTS
(Deutscher et al. 2014).
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The PTS is typically composed of one membrane-spanning protein
and four cytosolic and soluble proteins, where the phosphate of PEP
is transferred in turn via these proteins up to the carbohydrates to be
transported into the cytosol. The first two proteins are the soluble and
non-sugar-specific components Enzyme I (EI) encoded by ptsl and the
phosphor-histidine carrier protein (HPr) encoded by ptsH, which are
involved in the uptake of all PTS carbohydrates in most organisms (Fig. 4).
These EI and HPr transfer phosphoryl group from PEP to the sugar-specific
enzymes IIA, IIB, and IIC (IID in some cases such as mannose specific PTSs),
where IIC is an integral membrane protein permease that recognizes and
transports the sugar molecules, where it is phosphorylated by EIIB (Fig. 4).
The carbohydrate specificity of EIl is designated as the superscript such as
EII°*, indicating the glucose-specific EIIA component. The genes encoding
the PTS components are normally form an operon to be co-transcribed
simultaneously.

Various carbohydrates are taken up and transported and phosphorylated
by the carbohydrate-specific PTS (Table 2), where the phosphorylation
of carbohydrates is made by the phosphate originated from PEP. The
phosphorylation cascade begins with EI, where it auto-phosphorylates
at the specific position of a conserved histidyl residue at the expense of
PEP (Alpert et al. 1985). This phosphorylated EI (P~His-EI) transfers the
phosphoryl group to the specific position of His-15 in HPr (Gassner et al.
1977), and P~His-EI passes the phosphoryl group on to the sugar-specific
E II As. EIlAs are also phosphorylated at the specific position of a histidyl

Table 2 Various Enzyme II complexes of PTS

(1) e Glucose-fructose-lactose superfamily

Glucose-glucoside (Glc) family
E. coli EITAC*/EIICBC¥, B. subtilis EIICBA®!

¢ Fructose-mannitol (Fru) family
E. coli EIICBAM!

* Lactose-N,N9-diacetylchitobiose-f4-glucoside (Lac) family
L. casei EII*/EIICB<

*  Glucitol (Gut) family

e Galactitol (Gat) family

* Mannose-fructose-sorbose (Man) family

(2) e Ascorbate-galactitol superfamily
E. coli SgaA/SgaB/SgaT
¢ Galactitol family
E. coli EITA®t/EIIBS* /EIICS2

3) Mannose family
E. coli EIIABMa»/ EIICMa / EIIDMan
B. subtilis EIIA™" /EIIB'¥ /EIIC" /EIID""

4) Dihydoxyacetone family
E. coli EIIA-HPr-EIP, EIIA™ in filmicutes
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residue (Deutscher et al. 1982, Dorschug et al. 1984). P~E Il As phosphorylate
their cognate E II B at a cysteine residue (Pas and Robillard 1988), while E
II Bs of mannose PTS family are phosphorylated at the specific position of
a conserved histidine (Charrier et al. 1997). In the last step of phosphate
transfer, P~E II B transfers its phosphoryl group to a carbohydrate molecule
bound to the cognate E II C.

There exist 21 different enzyme Il complexes in E. coli that are involved
in the transport of about 20 different carbohydrates (Ichieu et al. 2001)
(Table 2). In E. coli, EII°* and EIIM™ are involved in the transport of glucose.
The EII®F is composed of the soluble EIIAC* encoded by crr (Crr stands for
catabolite repression resistance) and of the integral membrane permease
EIICB®* encoded by ptsG. The EIIM™ complex is composed of the EITABM™
homodimer enzyme and the integral membrane permease EIICDMa"
(Fig. 4), where these proteins are encoded in the manXYZ operon (Gosset
2005). In addition to mannose, these proteins can also transport glucose,
fructose, N-acetylglucosamines, and glucosamine with similar efficiency
(Curtiz and Epstein 1975). In a wild-type strain growing on glucose, ptsG
is induced, while manXYZ operon is repressed.

In ptsG mutant, the glucose can be transported by EIIM™ complex, and
the cell can grow with less growth rate than the wild-type strain (Chou et
al. 1994). When the extracellular glucose concentration is less than about 1
uM, or it is more than about 2 g/L for pts mutants, this can be also utilized
(Flores et al. 2005). The induction of these genes is caused by the intracellular
galactose that functions as an auto-inducer of the system (Death and Ferenci
1994). One of the genes induced under glucose limitation is ga/P that codes
for the low-affinity galactose: H* symporter GalP (Fig. 4).

The genes in the mglABC operon encode an ATP-binding protein, a
galactose/glucose periplasmic binding protein, and an integral membrane
transporter protein, respectively, forming Mgl system for the galactose/
glucose (methyl galactoside) import (Gosset 2005). This high-affinity porter
belongs to the ATP-binding cassette (ABC) superfamily of the primary
active class of transporters. When extracellular glucose concentration is
very low, the Mgl system together with LamB attains high-affinity glucose
transport (Gosset 2005). The glucose molecule transported either by GalP
or Mgl systems must be phosphorylated by glucokinase (Glk) encoded by
glk from ATP to become G6P (Fig. 4) (Lunin et al. 2004). PTS seems to be
quite efficient as it consumes one mole of PEP for each internalized and
phosphorylated glucose, where one mole of PEP is equivalent to one mole
of ATD, since the conversion of PEP to PYR by Pyk would yield one mole of
ATP by substrate-level phosphorylation. The high-affinity Mgl-glucokinase
system is energetically the most expensive, as it consumes two moles of
ATP per glucose. The GalP-glucokinase system requires one mol of H* that
is internalized into the cytoplasm and one mol of ATP (Fig. 4).
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5. Carbohydrate Uptake by Various PTSs and without PTS

Escherichia coli contains different EIl complexes, where EIl complexes are
formed either by distinct proteins that contain EI and/or HPr domains
exist (Deutscher et al. 2006). A prominent example for the latter is FPr,
which consists of HPr and EIIA domain and mediates the phosphotransfer
in the uptake of fructose by E. coli. As shown in Fig. 5, fructose can be
transported and phosphorylated by the fructose PTS (EIIBC™) or ATP
dependent manno-fruct kinase Mak (Aulkemeyer et al. 1991). The EIIBC™
encoded by fruA phosphorylates fructose and concomitantly transports
it to become D-fructose 1-phosphate (F1P), which is further converted to
fructose 1,6-bisphosphate (FBP) in the upper glycolysis (Kornberg 1990).
There are three pathways for the utilization of fructose as shown in Fig. 6
(Kornberg 2001). In the primary pathway, fructose (Fru) is transported via
the membrane-spanning protein FruA and concomitantly phosphorylated
by a PEP: D-fructose 1-phosphotransferase (fructose PTS) system (ATP:

Glucose

Figure 5. Glucose PTS and fructose PTS.
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D-fructose 1-phosphotransferase, EC 2.7.1.3), which is induced by
D-fructose and enter the cell as F1P, where this process is affected by the
transfer of a phosphoryl moiety from PEP to the hexose by the concerted
action of two cytoplasmic proteins: EI of PTS and a membrane-associated
diphosphoryl transfer protein (DTP). F1P is then converted to FBP by ATP
and by the inducible enzyme D-fructose-1-phosphate kinase (F1PK) (ATP:
D-fructose-1-1phosphate 6-phosphotransferase).

In the second pathway, fructose enters the cell via membrane-
spanning proteins that have the ability to recognize sugars possessing the
3,4,5-D-arabino-hexose configuration which include the permeases for
mannose (ManXYZ), glucitol (SrlA), and mannitol (MtlA) (Kornberg 2001).
D-fructose is converted to F6P by a specific sucrose-induced D-fructokinase
(ATP: D-fructose 6-phosphotransferase, EC 2.7.1.4), and then converted to
FBP by Pfk of the upper glycolysis.

In the 3rd pathway, fructose enters the cell by diffusion, using an isoform
of the glucose transporter PtsG. Since this mode of entry does not involve
the PTS, the free fructose has to be phosphorylated by ATP to become F6P.

There are two entry points such as FBP and F6P in the upper glycolysis
to which fructose is converted, where this affects the flux toward the
oxidative pentose phosphate (PP) pathway.

D-xylose is converted to D-xylulose by xylose isomerase (D-xylose
ketoisomerase, EC 5.3.1.5) (Fig. 7). D-Xylulose is subsequently
phosphorylated by xylulokinase (ATP: D-xylulose 5-phosphotransferase, EC
2.7.1.17) to form D-xylulose 5-phosphate (X5P). Under anaerobic condition,
xylulose reductase (XR) is induced, and xylitol and xylitol 5-phosphate are
produced, where they may inhibit the cell growth.

Glycerol is oxidized to dihydroxyacetone (DHA) by a glycerol
dehydrogenase (glycerol: NAD oxidoreductase, EC 1.1.1.6).

Fructose Fructose Fructose
PEF PEF
( PYR*"J’ [*\’R'i-"'l 1 W
Fru
It i
ATP
ADP ATP
ADP
FDP
Glyeolysis

Figure 6. Fructose uptake pathways.
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Xylose reductase (XR)
NAD(P)H NAD(P)* .
Xylose LA > Xylitol —— Xylitol 5-
Xylose isomerase NAD* phosphate
(XI) Xylulose NADH Xylulose dehydrogenase
(XDH)

Xylulose kinase (XK) ATP
ADP

Xylulose 5-phosphate

(X5P)

v
Pentose phosphate pathway

Figure 7. Xylose uptake pathways.

Dihydroxyacetone is then phosphorylated by a kinase using ATP (Fig. 8).
Another pathway for glycerol utilization is that glycerol is phosphorylated
by glycerol kinase (ATP: glycerol phosphotransferase, EC 2.7.1.30) to form
L-glycerol 3-phosphate (GL3P), which then is converted to glyceraldehyde
3-phosphate (GAP) in the glycolysis.

6. Nitrogen PTS

In addition to carbohydrate PTS, most proteobacteria possess a paralogous
system such as nitrogen phosphotransferase system PTSN", where it consists
of EIN" encoded by ptsP, NPr encoded by ptsO, and E II AN" encoded by
ptsN, which are paralogues to the carbohydrate PTS components such as EI,
HPr, EIT A, respectively (Powell et al. 1995, Peterkofski et al. 2006, Pfluger-
Grau and Gorke 2010). E. coli PTSN" plays a role in relation to K* uptake,
where dephosphorylated E I AN binds to and regulates the low affinity K*
transporter TrkA (Lee et al. 2007) and the K*-dependent sensor kinase KdpD
(Pfluger-Grau and Gorke 2010, Luttmann et al. 2009). K* regulates global
gene expression involving both ¢7°- and ¢*-dependent promoters (Lee et
al. 2010). Moreover, dephosphorylated E II AN* modulates the phosphate
starvation response through interaction with sensor kinase PhoR (Luttmann
et al. 2012). Dephosphorylated form of PTSN" interacts with and inhibits
LpxD, which catalyzes biosynthesis of lipidA of the lipopolysaccharide
(LPS) layer (Kim et al. 2011).

Although the physiological role of PTSN" has not been well known,
glutamine and oKG, reciprocally regulate the phosphorylation state of the
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Figure 8. Glycerol uptake pathways.

PTSN" by direct effects on EIN™ auto-phosphorylation. This implies that
PTSN" senses nitrogen availability (Lee et al. 2013).

7. Carbon Catabolite Repression for the Selective Carbon
Source Uptake

Among the culture environment, carbon sources are by far important for
the cell from the point of view of energy generation and biosynthesis. Most
living organisms use various compounds as carbon sources, where these
can be either co-metabolized or selectively consumed with preference for
the specific carbon sources among available carbon sources. One typical
example of selective carbon-source usage is the diauxie phenomenon when
a mixture of glucose and other carbon sources such as lactose was used as a
carbon source, where this phenomenon was first observed by Monod (1942).
Subsequent investigation on this phenomenon has revealed that selective
carbon source utilization is common and that glucose is the preferred carbon
source in many organisms. Moreover, the presence of glucose often prevents
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the use of other carbon sources. This preference of glucose over other carbon
sources has been named as glucose repression, or more generally carbon
catabolite repression (CCR) (Magasanik 1961). CCR is observed in most
heterotrophic bacteria which include facultatively autotrophic bacteria that
repress the genes for CO, fixation in the presence of organic carbon source
(Bowien and Kusian 2002). CCR is important for the cells to compete with
other organisms in nature, where it is crucial to select a preferred carbon
source in order to promote the cell growth, which then results in survival
as compared to other competing organisms. Moreover, CCR has a crucial
role in the expression of virulence genes, which often enable the organism
to access new sources of nutrients. The ability to select the appropriate
carbon source that allows fastest growth may be the driving force for the
evolution of CCR (Gorke and Stulke 2008).

The E. coli lac operon is only expressed if allolactose (a lactose isomer
formed by f-galactosidase) binds and inactivates the lac repressor.
Lactose cannot be transported into the cell in the presence of glucose,
because the lactose permease, LacY is inactive in the presence of glucose
(Winler and Wilson 1967). As shown in Fig. 9, phosphorylated EIIA®F is
dominant when glucose is absent and does not interact with LacY, whereas
unphosphorylated EIIA®* can bind and inactivates LacY when glucose is
present (Hogema et al. 1999, Nelson et al. 1983). This only occurs if lactose
is present (Smirnova et al. 2007). The same mechanism may be seen for the
transport of other secondary carbon sources such as maltose, melibiose,
raffinose, and galactose (Titgemeyer et al. 1994, Misko et al. 1987).
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Figure 9. Inducer exclusion and the activation of adenylate cyclase in the glucose-lactose
system.
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The central players in CCR in E. coli are the transcriptional activator
Crp, cAMP, adenylate cyclase (Cya), and the PTSs, where these systems are
involved in both transport and phosphorylation of carbohydrates.

The glucose-specific PTS in E. coli consists of the cytoplasmic protein
EITA®* encoded by crr and the membrane-bound protein EIICB®* encoded
by ptsG, which transport and concomitantly phosphorylate glucose as
explained before. The phosphoryl groups are transferred from PEP via
successive phosphor-relay reactions in turn by EI, HPr, EITAS* and EIICB¢
to glucose. Unphosphorylated EIIA® inhibits the uptake of other non-
PTS carbohydrates by the so-called inducer exclusion (Boris 2008), while
phosphorylated EIIAS* (EIIA®<-P) activates Cya, which generates cAMP
from ATP and leads to an increase in the intracellular cAMP level (Park et
al. 2006) (Fig. 9). The cAMP-Crp complex and the repressor Mlc are involved
in the regulation of ptsG gene and pts operon expression. Unphosphorylated
EIICB®* can relieve the expression of ptsG gene expression by sequestering
Mlc from its binding sites through a direct protein-protein interaction in
response to glucose concentration. In contrast to Mlc, where it represses the
expression of ptsG, ptsHI, and crr (Plumbridge 1998), cAMP-Crp complex
activates ptsG gene expression (de Reuse and Danchin 1988) (Fig. 10).
Since intracellular cAMP levels are low during growth on glucose, these
two antagonistic regulatory mechanisms guarantee a precise adjustments
of ptsG expression level under various conditions (Bettenbrock et al. 2006)
(Fig. 10). In the absence of glucose, Mlc binds to the upstream of
ptsG gene and prevents its transcription. If glucose is present in the
medium, the amount of unphosphorylated EIICBS* increases due to the
phosphate transfer to glucose. In this situation, Mlc binds to EIICB®k,
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Figure 10. The multiple regulations by Mlc and cAMP-Crp.
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and thus it does not bind to the operator region of pts genes (Bettenbrock
et al. 2006, Tanaka et al. 2000, Lee et al. 2000).

If the concentration ratio between PEP and PYR (PEP/PYR) is high,
EIIA® is predominantly phosphorylated, whereas if this ratio is low,
then EITACk is predominantly dephosphorylated (Bettenbrock et al. 2007,
Hogema et al. 1998). EITACE is preferentially dephosphorylated when E.
coli cells grow rapidly with glucose as a carbon source. The cAMP levels
are low during growth with non-PTS carbohydrates such as lactose, where
PEP/PYR ratio is the key factor that controls phosphorylation of EITACk,
which explains dephosphorylation of EIIAS*, resulting in low cAMP pool
(Bettenbrock et al. 2007, Hogema et al. 1998). As stated above, inducer
exclusion is the dominant factor for the glucose-lactose diauxie (Hogema
et al. 1999, Inada et al. 1996). The roles of cAMP-Crp is then to express lac
operon, and it is involved in CCR by activating the expr