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SOKRA IN : RE-ENGINEERING KLEBSIELLA OXYTOCA KMS004 TO
IMPROVE D-(-) LACTATE PRODUCTION YIELD. THESIS ADVISOR :

ASSOC. PROF. KAEMWICH JANTAMA, Ph.D., 94 PP.

RE-ENGINEERING/KLEBSIELLA OXYTOCA KMS004/D- (-) LACTATE

Klebsiella oxytoca M5al wild type strain was previously engineered to produce
D-(-) lactate in the mineral salts medium containing glucose. Gene encoding, alcohol
dehydrogenase (adhE) and phospho transacetylase- acetate kinase (pta-ackA) were removed
from the wild type strain to construct K. oxytoca KMS004. KMS004 strain produced a high
titer of D-(-) lactate compared to the K. oxytoca wild-type. However, other by-products are
still a concern in the production of D-(-) lactate. Additionally, glucose at the concentration
of 50 g/L could be only utilized in the experiment to produce D-lactate by KMS004. In this
work, the fumarate reductase ABCD gene (frdABCD) and pyruvate formate lyase B (pfIB)
were removed to offer D-(-) lactate production as the key pathway to regenerate NAD".
Metabolic evolution was also applied by repeatedly transferring the newly constructed strain,
K. oxytoca KIS004 in the AM1 medium containing 50 and 100 g/L glucose to improve
D-(-) lactate production. The KIS004 strain was tested in the mineral salt medium (AM1)
containing 50 and 100 g/L glucose for D-(-) lactate production with both batch and fed-batch
under anaerobic conditions with a pH control. The results indicated that in 50 g/L glucose,
KI1S004 produced D-(-) lactate at a concentration of 45.2+0.02 g/L, with a yield of 0.96+0.05
0/g and productivity of 0.47+0.01 g/L/h. After metabolic evolution, the evolved strain
KIS004-91T produced D-(-) lactate at a concentration of 95.9+0.2 g/L, with a yield of
0.95+0.01 g/g and productivity of 1.00+0.01 g/L/h from 100 g/L glucose in 500 mL vessels
with the working volume 350 mL. To improve D-(-) lactate production, KIS004-91T was

applied in the 5 L bioreactor. In the batch process, the results showed that D-(-) lactate was
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produced at a concentration of 100£0.2 g/L, with a yield of 0.96:0.02 g/g and productivity
of 2.1+0.01 g/L/h. In the fed-batch process, D-(-) lactate at a concentration of 12940.2 g/L,
with a yield of 0.95+0.12 g/g and productivity of 1.9+0.02 g/L/h was produced. In addition,
simultaneous hydrolysis and fermentation (SHF) was further performed using cassava starch
as a substrate. The result revealed that a concentration of D-(-) lactate at 98.4+0.8 g/L, with
a yield of 0.93+0.01 g/g and productivity of 1.43+0.02 g/L/h was produced. In conclusion,
KIS004-91T is a high-capacity strain, which is able to produce high D-(-) lactate.
Exclusively, KIS004-91T would be one of the feasible choices for D-(-) lactate production

in industry,
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CHAPTER I

INTRODUCTION

1.1 Overview

In recent years, researchers have been interested in biofuel and biochemical productions
from biomass (Lee et al., 2017). Environmental pollution is increasing due to the use of
petroleum and has become a major problem. Therefore, technologies to protect
the environment are required (Ravikumar et al., 2017). Many essential chemicals including
2,3 butanediol (Jantama et al., 2015; Yamada et al., 2017a), ethanol (Xu et al., 2018), succinic
acid (Jantama et al., 2008a; Khor et al., 2016; Khunnonkwao et al., 2018), acetic acid (Huo
et al., 2015; Mas et al., 2014), and lactate (Sangproo et al., 2012; Thitiprasert et al., 2017;
Thongchul et al., 2010) are produced from renewable sources. Among these, lactate has long
been of interest as a biochemical product and precursor for several industrial chemicals
including food additives, pharmaceuticals and fine chemicals (Valli et al., 2006).
Furthermore, it has an excessive potential for producing polylactic acid (PLA) polymers
known as production of the biocompatible and biodegradable chemical. PLA is currently
driven the market expansion for the lactate application (Abdel-Rahman et al., 2013).
Moreover, lactate has been producing by both of chemical synthesis and microbial
fermentation. By the chemical synthesis, a mixture of DL-lactate is occasionally produced.
On the other hand, fermentation offers advantages to the production of an optically pure
D- or L-lactic acid from cheap renewable substrates (Abdel-Rahman et al., 2011; Abdel-
Rahman et al., 2015). The production of stereoisomers of lactic acid depends on different

kinds of microorganisms and fermentative conditions (Subramanian et al., 2015).



Various microorganisms have produced lactic acid such as Lactobacillus rhamnosus
(Bernardo et al., 2016), Rhizopus oryzae (Thongchul et al., 2010), Enterobacter aerogenes
(Thapa et al., 2017; Zhou et al., 2006) and metabolically engineered strains of Escherichia
coli (Utrilla et al., 2009; Zhou et al., 2006) and Klebsiella oxytoca (Sangproo et al., 2012).
A metabolically engineered K. oxytoca KMS004 was originally developed to produce an
optically pure D-(-) lactate with impressive titers (Sangproo et al., 2012). However, Sangproo
et al. (2012) reported that this strain produced succinate and formate as major by-product
thus making lower D- (-) lactate production yield. Anyway, low concentration of glucose
(5%) was utilized by this strain. Therefore, this study was focused on a combination of
eliminating the formation of succinate and formate by re-engineering K. oxytoca KMS004
and performing metabolic evolution for the newly constructed strain in the medium
containing 10% (w/v) glucose to improve the yield of D-lactic acid. Cassava starch is a
cheaper source and readily available in tropical and sub-tropical areas, especially Thailand.
The use of cassava starch as a carbon source may make the fermentation process of
D-(-) lactate more economically competitive. Thus, cassava starch was used in this

experiment as a potential source for D-lactate production by the strain.

1.2 Research objectives

The objectives of this study are to reduce by-products formation and to improve
production yield of D-(-) lactate in K. oxytoca KMS004 by performing both of metabolic
engineering and metabolic evolution. To achieve bio-based D-(-) lactate production at high
yield. Thus, this work focused on:

1. To investigate the effect of fumarate reductase ABCD (frdABCD) and pyruvate
formate lyase B (pfIB) gene deletion on D-(-) lactate production under anaerobic
condition in K. oxytoca KIS004.

2. To evolve the mutant strain in mineral salt medium containing 10% w/w glucose to

simultaneously obtain a better growth and D-(-) lactate production



3. To improve the production of D-(-) lactate by applying a simple batch strategy in
5 L bioreactor by the mutant strain.

4. To improve the production of D-(-) lactate by applying a simple fed-batch strategy in
5 L bioreactor by the mutant strain.

5. To improve the production of D-(-) lactate by applying batch SHF using cassava

starch as a carbon source

1.3 Scope and limitations

Gene fumarate reductase ABCD (frdABCD) and pyruvate formate lyase B (pfIB) were
eliminated from K. oxytoca KMS004. Metabolic evolution in AM1 medium containing
10% (w/v) glucose was applied to a mutant strain. Batch and fed-batch fermentation in
anaerobic conditions were applied for the D-(-) lactate production by using AM1 medium
containing 10% (w/v) glucose. Batch fermentation of SHF was also performed using cassava

starch as substrate. Therefore, cost-effectiveness in D-lactate production is expected.



CHAPTER Il

LITERATURE REVIEW

2.1 Lactic acid and its application

Lactate was discovered since 1780 by Scheele in sour milk. Lactate is a highly added-
value biochemical, which is known as GRAS chemical, recognized as non-toxic by the US
Food and Drug Administration (Martinez et al., 2013). Lactate is the 2-hydroxycarboxylic
acid with a chiral carbon atom and known in two optically active stereoisomers include
L(+) and D (-)-lactate (Razali et al., 2017). Lactic acid or milk acid is an organic compound
with the formula CH3CH(OH)COOH or C3HeOs. International Union of Pure and Applied
Chemistry (IUPAC) name of lactic acid is 2-hydroxypropanoic acid. Lactic acid has a
molecular weight of 90.08 g/mol, melting point of 53 °C, boiling point of 122 °C (252 °F,
395 K), acidity (pKa) of 3.86, Ka 1.38 x 10*, specific gravity/density of 1.2, standard
enthalpy of combustion of 1361.9 k/mol (325.5 kcal/mol, 15.1 kJ/g, 3.61 kcal/g), aqueous
solution, mild acid taste, solubility in water (100 mg/mL) miscible, color (white, light yellow
solid, colorless, light yellow, clear liquid), and odorless (Martinez et al., 2013; Razali et al.,
2017). Pure lactic acid is hydroscopic liquid. It is also known as a weak acid because of its
partial dissociation in water as equation H3C-CH(OH)-COOH « H" + H3C-CH(OH)-COO
(Ameen et al., 2017).

Lactic acid contains one terminal carbon atom, which is part of carboxyl group, another
terminal carbon atom is in methyl or hydrocarbon group, and central carbon contains an
alcohol carbon group (Narayaan et al., 2004). Additionally, two optically active
stereoisomers of lactic acid exist: L (+) lactic acid form or named as (S)-lactic acid and

D-(-) lactic acid or named as (R)-lactic acid (Fig. 2.1).



HOOC COOH
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H—cl—OH HO—?— H

H,C CH,
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(R)-lactic acid (S)-lactic acid

Figure 2.1 Stereoisomers form of L (+) lactic acid/(S)-lactic acid and D (-) lactic acid/(R)-

lactic acid (Ameen et al., 2017).

For many years, lactic acid plays major roles in food and chemical industries because
of its various functionals (Alsaheb et al., 2015). Furthermore, lactate is found in food and
beverage including dairy products, fermented vegetable, wine, cider, and meat industry
(Taskila et al., 2013). In the food industry, many products are applied, for instance,
acidulates, preservatives, flavoring agent, pH regulators, microbial control, and mineral
fortification. Application of lactate has been found in the cosmetic industry including skin-
lightening agents, skin-rejuvenating agents, moisturizers, pH regulators, anti-acne agents,
humectants, and anti-tartar agents. Application of chemical industry includes descaling
agents, pH regulators, neutralizers, chiral intermediates, green solvents, cleaning agents, and
a slow acid releasing agent. The application in chemical feedstock as a precursor for the
production of propylene oxide, acetaldehyde, acrylic acid, propionic acid, 2,3-pentanedione,
ethyl lactate, dilactide, and polylactic acid. The application in the pharmaceutical industry
includes parenteral 1.V. solution, dialysis solution, mineral preparations, tablet tings,
prostheses, surgical sutures, and controlled drug delivery system Fig. 2.2 (Alsaheb et al.,
2015; Wee et al., 2006). Besides, Alsaheb et al. (2015) reported that lactic acid is one of the
major organic acids, which is being extensively applied around the world in the industrial

and biotechnological application. A new optically effective application of lactic acid is used



as a chiral synthon. Therefore, application of polylactic acid is increased quickly in the
pharmaceutical and medical fields.

Besides, Wee et al. (2006) reported that lactate produces two types of method include
chemical synthesis and microbial fermentation (Fig. 2.3). However, production of lactate is
considered a major amount of interest recently. Fermentative production of lactate could
reduce the environmental pollution caused by the petrochemical industry in which a large

supply of petroleum resources is usually utilized for lactate production by chemical synthesis.
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Figure 2.2 Flowchart of commercial applications of lactic acid (Alsaheb et al., 2015).

2.2 Microbial lactic acid producers

Lactic acid is a weak organic acid which is produced by various microorganisms.
Table 2.1 shows lactate production form various microorganisms. For example,
Streptococcus mutans (Dashper et al., 1996), L. debrueckii sp. bulgaricus (Dan et al., 2017),
and L. sakei (Oguro et al., 2017) produced lactate as the key end-product of glycolysis under
excess sugar or low pH. Meanwhile, almost all lactic acids are produced by lactic acid

bacteria (LAB). LABs are the type of microbes which are found in plants, fermented foods,

terrestrial marine animals and other related materials. LAB belongs to gram-positive bacteria.



Various genera of microorganisms produce lactic acid as primary or secondary fermentation
products including Lactobacillus, Carnobacterium, Lactococcus, Streptococcus,
Enterococcus, Vagococcus, Leuconostoc, Oenococcus, Pediococcus, Tetragonococcus,
Aerococcus, and Weissella (Florou-Paneri et al., 2013). Litchfield (1996) reported that
microorganisms producing lactate are separated into two categories, which are bacteria and
fungi. Fungi strains produce only L (+) lactic acid in aerobic conditions using starch, glucose
or sucrose (Zhou et al., 1999). However, bacteria strains can produce both D (-)-lactate and
L (+) lactate or with a mixture of lactate by fermentation (Zhao et al., 2010). Until now,
bacteria strains are the most favorite for researchers for lactate production because they could
produce lactate with high yield (Oonkhanond et al., 2017). Similarly, to be industrially
attractive microorganisms of lactic acid production, several essential features should be
followed such as reduce time by improve the productivity, reduce substrate costs by improve
yield, ability to use low cost medium or substrate to obtain high concentration, low amount
of by-products to increase purification yield, and robust to contamination and infections

(Auras et al., 2010).

Desirable due to

Chemical synthesis Microbial fermentation
1. Recent environmental issues
2. Limited nature of petrochemical resources

Petrochemical resources — Renewable resources

Pre-treatment (acid hydrolysis
and/or enzymatic saccharification)

Acetaldehyde (CH,CHO) SSF Fermentable carbohydrates

| Addition of HCN and catalyst ‘ Microbial fermentation

Lactonitrile (CH;CHOHCN) —  Fermented broth
| Hydrolysis by H,S0, | Recovery and purification
Only racemic DL-lactic acid Optically pure L(+)- or D(-)-lactic acid

Figure 2.3 Methods of lactate manufacturing by chemical synthesis and microbial

fermentation (Wee et al., 2006).



Table 2.1 Different microorganisms used for biotechnological production of L-(+) and D-(-) lactic acid.

Type of . . . . Concentration Productivity  Yield
lactic acid Microorganisms Medium/Condition (g/L) (g/L/h) (g/0) References
) YMP medium containing 95 g/L glucose,
Rhizopus oryzae
L(+) simple batch, pH controlled by CaCOsg, 83.0 2.6 0.88  Zhouetal. 1999
ATTC 52311 _ o
60 h incubation time
The medium contained 25 g/l of sugar
R. oryzae (Glucose and Xylose), pH-controlled by Saito et al.,
L(+) 6.8 0.07 0.23
NBRC 5378 CaCOg, Batch SSF, SHF, 96 h 2012
fermentation time
400 g/L molasses, Batch fermentation, Dumbepatil et
D-(-) L. delbrueckii o 190 4.15 0.95
40 h for fermentation time al., 2008
Ny Pre-culture was prepared in 100 mL of
L. dlbrueckii ) Bhatt et al.,
D-(-) MRS culture medium, pH-controlled by 150 3.15 0.96
NCIM 2025 o 2008
Batch, fermentation time 48 h
Simulated Fruit Vegetable Wastes (57%
Bifidobacterium  watermelon, 29% apple and 14% potato),
D-(-) Y 29.5 1.2 0.68 Wu et al., 2015
sp. batch, pH 4.0-5.0, Fermentation time
24 h
Leuconostoc MRS medium, pH 6.3 was controlled by Mufidah et al.,
D-(-) ] o 38.3 0.159 0.99
mesenteroides  CaCOs, batch, fermentation time 240 h 2016




Table 2.1 (continued).

Type of . . . . Concentration Productivity  Yield
lactic acid Microorganisms Medium/Condition (/L) (g/L/h) (9/0) References
L. coryniformis o )
30 g liquid/g solid SSF, pH controlled by Yanez et al.,
D-(-) ssp. torquens _ o 24.0 0.5 0.89
4 M NaOH, 50 h incubation time 2003
ATCC 25600
Lactobacillus. ~ Wheat bran 200 g/L, simple batch, pH-
Yumetal.,
D-(-) sp. controlled by 10 M NaOH, 18 h 47.0 2.6 0.92 2004
RKY?2 incubation time
112.32 g/L mannitol, LB medium (10 g/L
Enterobacter
peptone, 5 g/L yeast extract, and 5 g/L Thapa et al.,
L(+) aerogenes ) ™ 46.02 0.5 0.41
NaCl), Simple batch, fermentation time 2017
ATCC 29007
84 h
Cultures were grown in LB, pH 6 was
K. oxytoca ) ) Sangproo et al.,
D-(-) controlled, simple batch, fermentation 34.0 0.35 0.87
KMS004 ) 2012
time 96 h
R. oryzae NRRL Cassava pulp as substrate, PDA medium, Thongchul et
L(+) 21.8 0.43 0.31

395

pH 6 was controlled in batch

al., 2010




fermentation by adding 5 N NaOH,
fermentation time 105 h

Table 2.1 (continued).

Type of . . . . Concentration Productivity  Yield
lactic acid Microorganisms Medium/Condition (g/L) (g/L/h) (9/g)

References

GYP agar medium is used, pH was
) controlled at 6.5 by 7 M NH4OH, and 10
Bacillus sp. BC-
L(+) 001 M KOH, Fed-batch SSF was used, 108.9 6.1 1.04
fermentation continued until glucose
depletion (18h).
MRS broth was used, at 40 °C and 800
L. delbrueckii ~ rpm, pH 5.8, 10 g/L biomass, 10 M
D-(-) - _ 201 6.72 0.88
spp. delbrueckii  NaOH was used to adjust pH, 30h
fermentation
10 g/L cellobiose, LB medium was used,
D-(-) E. coli 37 °C and 150 rpm, pH 7 was adjusted by 5 0.25 0.5

4M NaOH, 84h fermentation

Thitiprasert et
al., 2017

de la Torre et
al., 2019

Aso et al., 2019

10
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2.3 K. oxytoca KMS004

K. oxytoca is a gram-negative bacterium. K. oxytoca was previously engineered to
produce D-(-) lactate by fermentation in low nutrition medium. AdhE, and pta-ackA genes
were knocked out from K. oxytoca M5al. First, Sangproo et al. (2012) engineered K. oxytoca
Mb5al by eliminating the alcohol dehydrogenase E gene (adhE) which is responsible for
ethanol production. The mutant strain was named as KMS002. Second, phospho-
transacetylase/acetate kinase A (pta-ackA) genes which are responsible for the production of
acetyl-CoA and acetate, respectively were also deleted from the KMS002 strain. The strain
was named as KMS004. After metabolic engineered K. oxytoca KMS004 was done, the
productions rate of D-(-) lactate was increased rapidly using glucose and sugarcane molasse
as substrates. In this case, the ethanol was not detected in the fermentation broth of KMS002
and KMS004 strain while other by-products including, succinate, formate, acetate, and
butanediol were still produced. Formate and acetate were still produced as major by-products
during fermentation of KMS004; even though the acetate kinase gene was eliminated in
KMS004. The possible reason is that the strain KMS004 still possesses the pfIB gene that is
responsible for the utilization of pyruvate to acetyl-CoA and formate. Therefore, acetyl-CoA
could be converted to acetate by any isoenzymes of acetate kinase. Hence, KMS004 could
be further engineered by eliminating the gene responsible for production of formate and
acetyl-CoA which is pyruvate formate-lyase B (pflB). KMS004 with pfIB deletion will be
improved the production yield of D-lactate because it may reduce the formation of other by-
products including formate and acetate. By mean of fermentation, many products are
produced by K. oxytoca using glucose as a substrate. K. oxytoca metabolic pathway occurs
in both aerobic and anaerobic conditions (Fig. 2.4).

In the anaerobic pathway, K. oxytoca KMS004 could produce D-(-) lactate in higher
titer and yield than that of the aerobic pathway compared to other by-products (Sangproo

et al., 2012). In anaerobic condition, glucose is converted to pyruvate. Pyruvate can be
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converted to D-(-) lactate by lactate dehydrogenase A in a reaction with the requirement of
NADH. Pyruvate can be also converted to Acetyl-CoA. Acetyl-CoA can be converted either
to ethanol and acetate in K. oxytoca wild type. On the other hand, K. oxytoca KMS004 can
convert acetyl-CoA to the only acetate with a lower amount because alcohol dehydrogenase
E and pyruvate transacetylase/acetate kinase A gene are already deleted as shown in
(Fig. 2.4) indicated by the circled-crossed signs. Pyruvate can be converted to formate by
pyruvate formate-lyase B, pfIB. Carbon dioxide and hydrogen was produced from formate

by formate-hydrogen lyase in a further step.
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Figure 2.4 Fermentation pathway of K. oxytoca KMS004 under anaerobic conditions.
Solid arrows represent central fermentative pathways. Dot arrow represents
alternative acetate-producing pathway via pyruvate oxidase B (poxB). The cross
sign represents the gene deletions performed to obtain KMS004 (dadhE,
AackA-pta). The star sign represents the frd and pflB gene that were deleted in
KMS004 (dadhE, AackA-pta, Afrd and ApflB). Gene and enzymes: IdhA, lactate
dehydrogenase; pflB, pyruvate formate-lyase; pta, phosphate acetyltransferase;
ackA, acetate kinase; tdcD, propionate kinase; tdcE, threonine decarboxylase E;
adhE, alcohol dehydrogenase; ppc, phosphoenolpyruvate carboxylase; mdh,
malate dehydrogenase; fumABC, fumarase isozymes; frdABCD, fumarate
reductase; fdh, formate dehydrogenase; poxB, pyruvate oxidase; budA, ao-
acetolactate decarboxylase; budB, a-acetolactate synthase, budC, butanediol
dehydrogenase; aldA, aldehyde dehydrogenase; dhaBCE, glycerol dehydratase

and dhaT, 1,3-propanediol oxidoreductase (Jantama et al., 2015).
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2.4 Factor affecting lactic acid production in fermentation

Different systems and processes are applied such as a batch, a semi-batch, a fed-batch,
and a continuous culture. The batch process is operated in a closed system, which is allowed
to add all materials to the system at the start of the process. The products are allowed to
remove when the process is completed. Moreover, several phases are observed in batch
process including lag phase, growth phase or log phase, stationary phase, and death phase
Fig. 2.5 (Doran, 1995). In this case, during the process, some factors are affected to the rate
of D-(-) lactate production including, pH, temperature, types of microorganisms, carbon

source, nitrogen source, and fermentation mode (Hofvendahl et al., 2000).

Stationary
phase
'Y Decline \
phase

Growth phase

In (viable cell concentration)

Acceleration phase
Lag phase

Time

Figure 2.5 Typical batch growth curve (Doran, 1995).
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2.4.1 Effect of substrate concentration

The substrate is just like the food for microorganisms but a high concentration of
substrates can inhibit the enzyme activity thus causing inhibition of cell growth. Hence, the
concentration of the initial substrate also drives an essential role in lactic acid fermentation
(Ghaly et al., 2005). Substrate inhibition occurs when the high substrate concentration is
supplied. For the reason, lower in specific growth rate and substrate utilization is usually
observed at high substrate concentrations (Tango et al., 1999). In some works, the optimum
initial substrate concentration for D-(-) lactate production by bacteria was observed at 15%

(Ozenetal., 1992).

2.4.2 Effect of pH
pH is a strong parameter affecting cell metabolism. Thus, almost experiments
have controlled the pH in the experiment. Wang et al. (2012) indicated that an optimum pH
for lactate production using Lactobacillus spp. ranges between 6.0 and 6.5. In addition, pH 5
has also been demonstrated an optimal for lactic acid bacteria to obtain the high lactic acid
yield (Tang et al., 2017). Likewise, K. oxytoca is able to grow at a pH of at least 5.0 (Ohta
et al., 1991). However, the maximum production yield of lactate using K. oxytoca KMS004

was obtained at pH 7 compared with pH 5 (Sangproo et al., 2012).

2.4.3 Effect of temperature
Temperature is also the major factors affecting lactic acid production. Yuwono
(2008) revealed that 39 °C was optimum temperature for lactate production from cassava
root by Streptococcus bovis. Additionally, in batch fermentation by using immobilized L.
delbrueckii subsp. delbrueckii ATCC 9646 under anaerobic conditions, the temperature at 37
°C is found optimum (Idris et al., 2004). However, in batch fermentation by using K. oxytoca
KMS004, the optimal temperature for fermentation of lactate production was 37 °C

(Sangproo et al., 2012).
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2.4.4 Effect of initial OD

Optical densities (OD) commonly used to quantify various essential culture
parameters, for instance, cell concentration, biomass and other changes in cell morphology
(Sandnes et al., 2006). High cell density allowed offering high productivity and reducing the
fermentation time. Moreover, a number of cells are significant in fermentation processes to
complete substrate consumption and suitable for the yields (Agbogbo et al., 2007). Increasing
the inoculum size also allowed to improve cell viability. In this case, the amount of cell in
the initial inoculum maintains the amount of fermentation product. Furthermore, the cell
concentration is able to control the fermentation rate, production rate, and the yield. However,
high cell concentration resulted in the low specific productivity of D-(-) lactate (Souza et al.,
2002). On the other hand, when initial cell inoculation is increased, the fermentation rate is
also accelerated. Increasing initial cell densities are inoculated, decreasing the time for
glucose utilization. Unfortunately, production yield does not significantly increase with high

cell density (Palmqvist et al., 1996).

2.4.5 Effect of enzyme loading

Generally, the cost of enzymes is the matter existing in the lactate production
from cellulosic and lignocellulosic materials. Therefore, many works of enzyme loading were
studied to conduct fermentation by using a smaller number of enzymes, but to obtain a much
higher yield of product (Absar et al., 2009). For example, the amount of glucoamylase used
for saccharifying cassava powder was determined (Wang et al., 2012). Simultaneous
saccharification and fermentation (SSF) of starch to lactate was studied to determine the
optimum enzyme loading to produce D-(-) lactate by L. plantarum using cassava starch as

substrate (Chookietwattana, 2014).
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2.5 Cassava starch

Cassava is a tropical crop which is originated from the Amazon region (Demiate et al.,
2011). It is a main source of energy in dietary food for people living in tropics and Central
Africa. Moreover, the properties of cassava starch and flour are essential to produce other
products (Oladunmoye et al., 2014). Zhu et al. (2015) revealed that the main component of
cassava starch obtaining from roots are sustainable and cheap. Besides, it is considered a
source of some nutrient includes riboflavin, thiamin, carbohydrate and nicotinic acid.
Nowadays, cassava starch is grown all around the world and expected to reach up to 290
million tons in 2020 (Zhu et al., 2015). Starch granules are composed of 2 types of a-glucan
includes amylose and amylopectin which contained about 98-99% of the dry weight (Tester
et al., 2004). Starch functionality is affected by a ration of amylose and amylopectin and the
amount of these components are depended on botanical origin and variety of starch
(Oyeyinka et al., 2018). Starch is a fermentable sugar of polysaccharide consisting of a long

chain of molecule glucose linked together known as glycosidic bonds (Visakh et al., 2012).

2.5.1 Amylose

Amylose is known as linear chain of D-glucose through a-(1-4)-linkage. It is one
of the two components of starch, which is contained about 20-30% (Fig. 2.6) (Perez et al.,
2010; Tester et al., 2005). Amylose is a long linear chain that is more readily crystallized
than amylopectin. Thus, starch with high amylose is more resistant to enzymatic digestion
(Birt et al., 2013). Amylose can exist in two different helical forms. Amylose in double helix
form can bind with itself or with other hydrophobic molecules includes iodine, fatty acid, or
aromatic compounds (Cohen et al., 2008). Helical amylose chain with loose form is a
hydrophobic interior which can bind to hydrophobic molecules such as lipid, and aromatic

compound (Chung et al., 2009).
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Figure 2.6 Chemical structure of amylose a-(1-4)-glucan (Perez et al., 2010).

2.5.2 Amylopectin

Amylopectin is also the main component of cassava starch and it has the ability
to interact with iodine to produce reddish color in solution (Zhu et al., 2015). Glucose units
are linked together by glycosidic bonds by a-(1-4)-linkage consisting of thousands of short
linear chains. These short linear chains are linked to each other by a-(1-6)-linkage which is
occurred in every 24 to 30 glucose units, known as amylopectin (Fig. 2.7). Furthermore,
amylopectin is a large molecule with a molecular weight of 828.7 g/mole which is bigger
than amylose 504.4 g/mole (National Center for Biotechnology Information, 2019).
Amylopectin contained 95% of a-(1-4)-linkage and 5% of a-(1-6)-linkage (Tester et al.,
2004). Jane (2009) revealed that normal starches contain 20-30% amylose and 70-80%
amylopectin. The average chain length of amylopectin depends on origin and maturity of

starch and varies with the location of molecules in the granule of starch.

CH,OH

Figure 2.7 Chemical structure of amylopectin a-(1-6)-glucan (Tester et al., 2004).
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2.6 Fermentation

Fermentation is the latin word indicates to boil. The word ‘fermentation’ is caused by
the production of carbon dioxide bubbles in anaerobic catabolism of sugar. Though, different
meanings of fermentation are meant by biochemists and microbiologists (Stanbury et al.,
2003). Stanbury et al. (2003) reported that in commercially important fermentations are
divided into five majors includes those that produce biomass, microbial enzymes, microbial
metabolites, recombinant products as the products, and those that modify a compound which
is added to the fermentation. In addition, six basic component parts are divided regardless of
the type of fermentation. First, preparing the formulation of media to use in culturing the
organism process during inoculum development and production of fermentation. Second,
autoclave medium, fermenters, and all equipment to be used in this fermentation. Third, the
production of an active, pure culture in sufficient quantity to inoculate the production vessel.
Fourth, optimum conditions of organisms were used in fermentation. Fifth, products in the
fermentation broth is extracted and purified. And sixth, disposal of effluents produced by the
process should be performed (Fig. 2.8). Likewise, the types of culture used in fermentation
depend on the type of products being produced. The fermentation may be carried out as a

batch, fed-batch, and continuous processes (Doran, 1995).
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Figure 2.8 Generalized schematic representation of a typical fermentation process (Stanbury

etal., 2003).

Batch culture is operated in a closed system, which is allowed to add all materials to
the system at the start of the process. The inoculated culture passes through several phases
(Fig. 2.9). In batch culture, the growth curve is shown by plotting the natural logarithm of
viable cell concentration and time as shown in Fig. 2.9. Immediately after inoculation, the
rate of growth is essentially zero (u=0) have known as a lag phase which the cell tries to
adapt to their new environment. Then, the cells start to grow in the acceleration phase
(M< pmax) and continue through the log phase (U= pmax) to the deceleration phase (U< pmax).
After that, the stationary phase (=0) is reached. During this phase, the cells will not further
grow. The last phase is the death phase (< 0) in which the cells are lost viability or destroyed
by lysis (Doran, 1995; Stanbury et al., 2003).

Fed-batch culture is introduced by Yoshida et al. (1973) to describe the batch cultures
that sequentially add medium to culture but did not remove the product till the end of

fermenation. Normally, fed-batch fermentation has supplemented the medium to the
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fermenter at a given time interval (Zhu et al., 2017). Continuous culture is a kind of process
that is proposed to prolong the growth phase in batch culture by adding fresh medium to the
bioreactor. In a similar way, continuous culture has been designed to provide the medium
with substrate limitation but not toxin limitation. This exponential growth allows the growth

until the substrate addition is exhausted or until the vessel is full (Stanbury et al., 2003).

Lag | Log or ’ p | Stationary
phase ! exponential i e | phase
| phase Ioc i
i Poe | dx/dr = px
I <l . : N
/o where x is the concentration of microbial biomass,
. | ? ! 3 is time, in hours
E Lo E and . u is the specific growth rate, in hours™'.
IS : ° On integration equation (2.1) gives:
8 bop X, = xge*
8 ! a i . .. .
E fos | where x, is the original biomass concentration,
a | ——e—| . x, is the biomass concentration after the time
[ | ! i interval, ¢ hours,
i i i e s the base of the natural logarithm.
| | |
| ! :

Time

Figure 2.9 Growth of a typical microbial culture in batch condition (Stanbury et al., 2003).



CHAPTER Il

MATERIALS AND METHODS

3.1 Genetic engineering method

3.1.1 Strains, media, and growth condition
K. oxytoca KMS004 was previously derived from Metabolic Engineering
Research, SUT, Nakhon Ratchasima, Thailand. Bacterial strains, plasmids, and primers are
listed in Table 3.1. The culture was grown at 37 °C, 200 rpm in LB broth containing 10 g of
peptone, 5 g of yeast extract, and 5 g of sodium chloride per 1 liter of water. Cultures were
maintained on LB agar (20 g/L agar), containing different antibiotics including 50 pg/mL
kanamycin, chloramphenicol, and ampicillin. AM1 medium was used during fermentation.

Its compositions as shown in Table 3.2.

Table 3.1 Strains, plasmids, and primers used in this study.

Strains Relevant characteristics References
E. coli TOP 10 F° Invitrogen
KMS004 K. oxytoca (dadhE, Apta-acka) Sangproo et al., 2012
KIS001 KMS004 (Afrd:cat-sacB) This study
KIS002 KMS004 (Afid) This study
KI1S003 KIS002 (4pfIB:cat-sacB) This study
K1S004 KIS002 (4pfiB) Clone number 1 This study
KIS005 KIS002 (4pfiB) Clone number 2 This study
KIS006 KIS002 (4pf1B) Clone number 3 This study

K1S004-91T  KIS004 evolution with 91% transfers This study




Table 3.1 (continued).
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Plasmids

Relevant characteristics

References

PCR2.1-TOPO  p|3 kan, TOPO TA cloning vector

Invitrogen

pLO13420 acc y B exo (Red recombinase), temperature- Wood et al.. 2005
conditional replicon

0KJ1010 frd (PCR) from KMS004 (using frd-up/down) This study
cloned into pCR2.1-TOPO
cat-sacB cassette from pSparklll-‘frd-cat-sacB-

pKJ1011 frd> (digested with Sall) cloned into inside-out This study
product amplified using frd-1/2

0KJ1012 PCR amplified inside-out product (frd-1/2) This study
kinase treated then self-ligation

0KJ1013 pfIB (PCR) from K1S002 (using pfIB-up/down) This study
ligated into pCR2.1-TOPO
cat-sacB cassette from pSparklll-pfIB-cat-

pKJ1014 sacB-pfIB’ (digested with Sall) ligated into This study
inside-out product amplified using pflB-1/2

0KJ1015 PCR amplified inside-out product (pflB-1/2) This study
kinase treated then self-ligation

Primers Sequence

frd-up 5 CCGGAGCTTATGCAGAAAAC 3’ This study

frd-down 5" CTGAGGTAAAAGCCGCGTA 3’ This study

frd-1 5> ACCGTGGTGATCCTGTTTGT 3’ This study

frd-2 5> ATCTCAGCCATTCGTCGTCT 3’ This study

pfIB-up 5’ATGTCCGAGCTTAATGAAAAGTTAG 3’ This study

pfIB-down 5’ TTACATGGTCTGAGTGAAGGTACG 3’ This study

pflB-1 5> ACGCTATCCCGACTCAGTCC 3’ This study

ofIB-2 5’AAATACGCTCAGTTCGTCTCTCTGCAA This study

GAGAAACTGGAAAAC 3’
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Table 3.2 Composition of AM1 mineral low salt medium (excluding carbon source).

Component Concentration (mmol/L)
(NH4)2HPO4 19.92
NH4H2PO4 7.56
Total PO4 27.48
Total N 47.93
Total K 1.00
MgSOa. 7H,0 1.50
Betaine-HCI 1.00
Trace Element (umol/L)
FeCls. 6H20 8.88
CoClz. 6H20 1.26
CuClz. 2H0 0.88
ZnCl; 2.20
Na2MoO4. 2H20 1.24
H2BO3 1.21
MnClz. 4H.0 2.25
Total Salt 4.1¢9/L

KOH will be used to neutralize betaine-HCI stock
Trace metal stock (1000x) was prepared in 120 mM HCI
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3.1.2 Amplify DNA fragments by PCR
The 10x PCR master mix solution was used for Standard PCR in a PCR of
50 pL. Mastermix components was as Sangproo et al. (2012). The 40 pmole of forward and
reverse primers, 50 ng of either plasmid or chromosomal DNA template and distilled water,
were added to the mixture. Flexcyler PCR machine was used for the PCR reaction
(Analytikjena, Germany). Agarose gel electrophoresis (1%) was examined after

amplification reaction.

Table 3.3 PCR parameters for the amplification of specific genes.

PCR profile to amplify gene

Step Period Temperature (°C) Time Number of cycles
1 Pre-denaturing 95 5 min 1
Denaturing 95 30s
2 Annealing 55 30s 35
Extension 72 Vary
3 Extra-extension 72 10 min 1

3.1.3 Agarose gel electrophoresis of DNA

PCR products, and DNA fragment were subjected to agarose gel electrophoresis.
The limited amount of agarose powder was dissolved in 0.5x TBE buffer [89 mM Tris-HC,
89mM boric acid, 25 mM EDTA pH8.0] or 1x TAE buffer [40 mM Tris-HCI, 40 mM acetic
acid, 25 mM EDTA pH 8.0] under 100 °C temperature to ensure the homogeneity of the gel
solution. 6 pL of loading dye [0.1% (w/v) bromophenol blue, 40% (w/v) Ficoll and 5 mM
EDTA)] were added and mixed well to the DNA samples before loading into the wells of the
solidified gel. The constant voltage, 100 V, for 30 min was used. Gels were visualized under

UV light and photographed by a gel documentation system to check the DNA bands.
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3.1.4 PCR clean-up method

The Kit (Qiagen) were used for purification of PCR products. The two hundred
microliters of PCR product were added in 1 mL Buffer PB. A QIA quick spin column was
placed into 2 L tube and the sample was loaded into the column. The column was centrifuged
for 1 minute at 13500 rpm. Then the flow-through was removed a flow-through. Then, 750
uL of PE buffer was added to the tube and spun down at 13,500 rpm for 1 minute. Then the
flow-through was removed from the tube. The tube was additionally spun down for 1 minute
at 13,500 rpm to remove an PE buffer. The tube was transferred into a clean 1.5 mL
microcentrifuged. Finally, 50 uL of elution buffer was added into the column, and the mixture
was incubated at 37 °C for 1 minute and then the column was spun down at 13,500 rpm for
1 minute.

3.1.5 PCR clean-up Gel Extraction

PCR fragments after purification were removed from 0.7% agarose.
Kit (Macherey-Nagel) were used for DNA purification. The 400 pL of Buffer QG and a
hundred milligrams of agarose gel were mixed well. The sample was heated at 50 °C until
the gel sliced were dissolved and vortex every 3 minutes. A NucleoSpin® Extract 1l column
was placed into 2 mL collection tube and loaded the sample and then, spun down at 11 00
rpm for 1 minute. Then the flow-through was removed. Then, 750 pL of Buffer W1 was
added to the column and centrifuged at 11000 rpm for 1 minute. Then the flow-through was
removed. The tube was spun down at 11000 rpm for 2 minutes to remove buffer W1. The
column was placed into a clean 1.5 mL micro-centrifuged. Finally, 20 uL of Elution buffer
EB was added and incubated at 37 °C for 1 minute and then spun down for 1 minute at

11000 rpm.
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3.1.6 Preparation of K. oxytoca KMS004 competent cell
Colony of mutant strain was inoculated in LB broth of 3 mL at 37 °C, 200 rpm
until reaching the OD550 nm in the range 0.3-0.5. The broth was spun down at 4000 rpm,
4°C for 10 min. The cell pellet was resuspended and washed well with 25 mL of ice-cold
deionized water for 2 times, and in 4.5 mL of ice-cold 15% glycerol for 1 time. After washing
the cell, the white cell pellet was resuspended in 1 mL of sterile ice-cold 15% glycerol. Two
hundred microliters of aliquot were dispensed into an electroporation cuvette.
3.1.7 Transformation of K. oxytoca KMS004 by electroporation
pLOI3420 plasmid (1 microliter) was mixed gently with 200 puL of K. oxytoca
KMS004 competent cells. Then, transferred the mixture to an ice-cold 0.4 cm cuvette.
The cuvette was incubated on ice for 5 min. The cells were pulsed by using electroporator
(Bio-Rad MicroPulser™, USA) under conditions used with K. oxytoca KMS004 (2500 V,
pulse length 5 ms, EcoR2). Then 800 pL of LB broth was used in cuvette immediately and
the solution was transferred to a sterile 1.5 mL tube. The tube was incubated at 30 °C with
200 rpm shaking for 2 h. 100 pL of transferred cells were spread on LB agar plates containing
apramycin (50 pg/mL) and incubated at 30°C overnight.
3.1.8 Deletion of frd gene in K. oxytoca KMS004
To delete the frd gene, genomic DNA of KMS004 was served as templates to
amplify the fragment using frd-up and frd-down primers set to produce DNA fragments for
genome integration (frd) respectively. The PCR fragments were ligated into pCR2.1 TOPO
to generate (pKJ1010). The plasmids were transformed into E. coli TOP 10F’, incubated
overnight at 37 °C. The plasmid pKJ1010 was extracted from E. coli TOP 10 F’. The plasmid
pKJ1010 was served as templates to amplify the plasmid frd -frd’’ in the inside-out deletion
using frd-1 and frd-2 primers set to amplify the plasmid fid’-frd’’ in the inside out deletion.
The PCR fragments were ligated with the cat-sacB gene in one reaction to yield pKJ101.

PCR kinase treated and self-ligated in the other reaction to yield pKJ1012. Then, the fid -
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cat-sacB-frd’’ fragments amplified using pKJ1011 as template and frd-1/2 primer set were
transformed by electroporation into KMS004 harboring pLOI3420 (Red recombinase). The
recombinants were spread on LB plates containing chloramphenicol (40 mg/L) at 42 °C
overnight. KMS004 (4frd:cat-sacB) were obtained and were named KIS001. To remove cat-
sacB, amplified fragments of frd’-frd’’ from pKJ1012 were transformed into KIS001
harboring pLOI3420. The mutant strains were incubated at 30 °C for 6 h and transferred into
a 250-ml flask with working volume 100 ml of LB with 15% (w/v) sucrose. The clones were
spread on LB plate containing 10% (w/v) sucrose (42 °C, 16 h). Clones were selected for loss
of apramycin, ampicillin, and chloramphenicol resistance. Selected clone was further claimed

by colony PCR. Clone of interest was selected and designated KIS002 (Fig. 3.1a).

3.1.9 Deletion of pfIB gene in K. oxytoca KIS002

To delete the pfIB gene, genomic DNA of KIS002 was served as templates for
amplification using pflB-up and pfIB-down primers set to produce linear DNA fragments for
genome integration (pflB) respectively. The PCR fragments were ligated into pCR2.1 TOPO
to generate (pKJ1013). The plasmids were transformed into E. coli TOP 10F’, incubated
overnight at 37 °C. The plasmid pKJ1013 was extracted from E. coli TOP 10 F’. The plasmid
pKJ1013 was served as templates to amplify the plasmid pfIB -pfIB’’ in the inside-out
deletion using pfIB-1 and pfIB-2 primers set. The PCR fragments were ligated with the cat-
sacB gene in one reaction to yield pKJ1014. PCR kinase treated and self-ligated in the other
reaction to yield pKJ1015. Then, the pfIB’-cat-sacB-pfIB’’ fragments amplified using
pKJ1014 as template and pfIB-1/2 primer set were transformed by electroporation into
KIS002 harboring pLOI3420 (Red recombinase). The recombinants were selected on LB
plates containing chloramphenicol (40 mg/L) at 42 °C overnight. KMS004 (4pfIB:cat-sacB)
were obtained and were named KIS003. To remove cat-sacB, amplified fragments of pflB -
pfIB’’ from pKJ1014 were transformed into KIS003 harboring pLOI13420. The mutant strains

were incubated at 30 °C for 6 h and transferred into a 250 ml flask with working volume 100



29

ml of LB with 15% (w/v) sucrose. The clones were spread on LB plate containing 10% (w/v)
sucrose (42 °C, 16 h). Clones were selected for loss of apramycin, ampicillin, and
chloramphenicol resistance. Selected clone was further claimed by colony PCR. Clone of

interest was selected and designated K1S002 (Fig. 3.1b).

PCR amplify ‘frd” PCR amplify ‘pflB™
‘ Insert ‘ Insert
a pCR2.1 TOPO b pCR2.1 TOPO
(pKI1010) (pKJ1013)
Inside-out [nside-out

cat-sacB fre-frd’ cat-sacB PfIB~p/lB

pKI1011 pKJI1014

frd-cat-sacB-frd” . PKJ 1(? |.2 ; PAIB -cai-sacB-pflB” . P[SJ IUI.S .
: Kinase/Self-ligation A Kinase/Self-ligation
]\I_OI_‘«-].}ZI ‘ pLOI3420 '
Transform PCR amplify ‘ Transform PCR amplify ‘

ool ( Kiso2 ‘
\__KMS004 Jred-frd A i PfIB"pfIB’
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Figure 3.1 (a) Process of frd gene deletion in K. oxytoca KMS004, (b). Process of pfIB gene
deletion in K. oxytoca K1S002.

3.1.10 Metabolic evolution

Serial transfers in the pH-controlled fleakers were used for metabolic evolution
(Jantama et al., 2008a). K. oxytoca KIS004 was repeatedly sub-cultured in AM1 medium
containing 10% (w/v) glucose. The cells were incubated at 37 °C, pH 7, 200 rpm with the
starting ODsso of 0.01. The culture was transferred into AM1 medium every 24 h. The
transfers were continued until no further improvement in the growth rate and D-lactic acid
production was observed. After completion of transfers, the broth was spread on LB agar

with 1% glucose. Colonies of mutant strains were selected.
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3.2 Fermentation operation and conditions

3.2.1 Fermentation medium
AML1 (Martinez et al., 2007) was applied under anaerobic fermentation with
K. oxytoca mutants (Table 3.2). This medium contains 100 g/L of carbon source (glucose or
cassava starch), with ImM betaine HCI. The 6M of potassium hydroxide (6M KOH) was
used in the fermentation experiments for neutralization.
3.2.2 Batch fermentation in 5 L Bioreactor
Batch process to produce D-(-) lactate, 5 L bioreactor with 2.5 L working volume
was used (New Brunswick BioFlo®/CelliGen® 115 Benchtip Fermentor & Bioreactor,
Operating Manual M1369-0050 Revision E, Germany). Parameters obtained from the
previous metabolic evolution experiments were used for D-(-) lactate production in 5 L
bioreactor. The AM1 medium containing 10% (w/v) glucose was added to the bioreactor
and autoclaved at 121 °C for 15 min. Seed culture was prepared in LB medium containing
2% (w/v) glucose then the culture medium was incubated at 37 °C, 200 rpm to reach semi-
log phase. The culture was initiated by inoculation with a seed culture. The pH was controlled
by automatic addition of 6M KOH.
3.2.3 Fed-batch in'5 L bioreactor in initiate volume 2.5 L
Fed-batch was performed with the same procedure as a batch process.
Intermittent feeding strategy was applied as 100 g/L glucose was the initial substrate.
Glucose solution was added when the residual glucose in the broth reached below 30 g/L.
The fermentations were stopped while having no more increasing of D-lactic acid
concentration.
3.2.4 Batch SHF in 5 L bioreactor of cassava starch
Batch process to produce D-(-) lactate, 5 L bioreactor with 2.5 L working volume
was used (New Brunswick BioFlo®/CelliGen® 115 Benchtip Fermentor & Bioreactor,

Operating Manual M1369-0050 Revision E, Germany). The optimized parameters were the
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same as previous batch experiments. A hundred g/L of cassava starch was added to the
bioreactor and autoclaved at 121 °C for 20 min. Alpha-amylase and glucoamylases (AMG)
with activities of 42 169 U/g and 213 000 U/mL were used to hydrolyze the cassava starch,
respectively. To completely hydrolyze of cassava starch, 2% (v/v) of alpha-amylase and 0.5%
(v/v) of AMG were added to a bioreactor. AM1 medium was added into fermenter containing
above-mentioned components after the hydrolysis was complete. The experiment was
initiated by inoculating with the seed culture. Automatic addition of 6M KOH was used to
adjust and control pH.
3.2.5 Analytical method

The sample was taken from fermenters every 12 h to analyze cell mass,
biochemical, and sugar. Measured the cells growth at ODsso nm and calculated to biomass as
cell dry weight (1 OD550 = 0.33 g CDW/L bhiomass). All products obtained from
fermentation were analyzed by using HPLC equipped with an ion change column (Aminex®
HPX-87H, 7.8x300 mm, BioRad) and refractive index detector (R1-150, Thermo Spectra
System, USA). 4 mM sulfuric acid at a flow rate of 0.4 mL/min was used in the HPLC system.
Culture collects from the experiment was spun down to remove the pellets. The flow-through

was filtrated by using 0.2 um nylon filter prior to injecting into the HPLC.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Deletion of frd gene in K. oxytoca KMS004

Plasmids pKJ1011 and pKJ1012 (Fig. 4.1) were used as templates to amplify linear
DNA fragments of (fi-d -cat-sacB-frd’’) and (frd -frd’”) using the frd-up/down primers set to

delete frd gene, respectively.

M13-F
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Figure 4.1 Plasmids pKJ1011 and pKJ1012 used for frd gene deletion.

The fragment (frd -cat-sacB-frd’’) was transformed by electroporation into KMS004
containing pLOI13420 (Red recombinase). The recombinant strains were spread on LB plates
containing chloramphenicol (40 mg/L) at 42 °C overnight. The clone containing
chloramphenicol resistant gene was designated as KIS001. Strain KIS001 was confirmed by
PCR analysis using frd-up/down primers set. The results showed that the PCR product was

at the expected sizes (Fig. 4.2).
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Strain KIS001 containing pLOI3420 was further used to be transformed by
electroporation with the frd-frd’’ short fragment to remove fid -cat-sacB-frd’’ fragment in
the genome of KISOO1. Then, obtained clones were selected for loss of apramycin, ampicillin,
kanamycin, and chloramphenicol resistance. Colony was clarified by PCR. The clones were

knocked-out frd gene and cat-sacB cassette was selected and designed as KIS002.

A 12 R LS5 e

1. Marker (1000 bp)
2. KMS004 (frd-up/down primer set) . -
3. KMS004(Afrd: cat-sacB) (frd-up/down primer set) y "
1
4. pSpark’frd-cat-sacB-frd” (frd-up/down primer set) Okb- . -
. ‘ s 3.3kb =
5. pCR2.1 TOPO-frd’-frd” short fragment 3 ==
(frd-up/down primer set) kb 1.8 kb o
, _ kb wer D
6. KIS002 (frd-up/down primer set) 1.5k Sl
. bp 739b
1kb W -p
0.5kb

Figure 4.2 Gel electrophoresis confirmed the recombinant strain KIS002. Using frd-up/down
primer set. Lane 1 represented the marker, lane 2 represented the PCR band of
frd gene in KMSQ004, lane 3 represented the PCR band of integration ‘frd-cat-
sacB-frd’’ gene in genomic of KMS004, lane 4 represented the PCR band of
‘frd-cat-sacB-frd "’ fragment using pSpark frd-cat-sacB-frd’’ as template to
amplify and integrate into KMS004 genome, lane 5 represented the PCR band of
frd’-frd’’ short fragment gene using plasmid pCR2.1-TOPO-‘frd-frd’’ short
fragment as template to amplify and remove cat-sacB gene from genome of
KMS004, and lane 6 represented the PCR band of frd’-fird’’ short fragment
which was removed the cat-sacB gene from the genome of KMS004 to obtain

KIS002.
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4.2 Effect of frd gene deletion in KMS004

Generally, in the glycolysis pathway, glucose is metabolized into two types of the
pathway, known as Embden-Meyerhof-Parnas (EMP) and hexose monophosphate (HMP).
From this metabolism, pyruvate is decarboxylated oxidatively to acetyl-CoA to be oxidized
in the Kreb cycle (Kim et al., 2008). Glycolysis is the process of glucose converts to pyruvate
and pyruvate is oxidized in the citric acid cycle (Gerhard et al., 2012). Gottschalk (1985) and
Jantama (2008b) said that in the anaerobic metabolic pathway, glucose metabolism generates
ATP, NADH, and pyruvate. Pyruvate is ingested to re-oxidize NADH through IdhA, and
adhE. In this case, KMS004 (dadhE, Apta-ackA) produced only D-lactic acid (Sangproo
etal., 2012). Furthermore, fumarate reductase (frd) is a key enzyme for anaerobic functioning
of almost microorganisms. Fumarate is functioned as the terminal electron acceptor to
catalyze the reduction of fumarate to succinate. Moreover, the frd (fumarate reductase) gene
is described mainly in microorganisms including E. coli and K. oxytoca. FRD membrane-
bound comprises of non-identical subunits such as frdA, frdB, and frdD (Jaap et al., 1994).
Additionally, three primary routes for NADH oxidation are indicated includes lactate (via
lactate dehydrogenase), succinate (via fumarate reductase), and ethanol (via alcohol
dehydrogenase) in the mixed-acid pathway (Zhang et al., 2009). Thus, deletion of the frd
gene could allow NADH oxidation flown directly to lactic acid, not succinic acid in KMS004
strain.

K. oxytoca KMS004 produced a mixture of lactate, succinate, formate, acetic acid,
and 2,3-butanediol as metabolites during fermentation of glucose. Sangproo et al., (2012)
engineered KMS004 to disrupt adhE and pta-ackA genes. Therefore, pyruvate is ingested to
re-oxidize NADH via LDA activity resulting in D-(-) lactate production under anaerobic
conditions. Pyruvate is a precursor to produce D-(-) lactate by reoxidizing NADH under
anaerobic conditions. Hence, KMS004 produced D-lactate at high titer 11.5 £ 0.01 g/L with

the yield of 0.64 g/g, and productivity of 0.36 g/L/h in 2% (w/v) glucose, respectively
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(Sangproo et al., 2012). Similarly, the results of K. oxytoca KMS004 fermentation in 5%
glucose were obtained lactic acid, acetic acid, and 2,3-butanediol as the metabolite (Table
4.1). Since, K. oxytoca KMS004 produced lactate and succinate under anaerobic conditions,
the succinate producing pathway was knocked out from the mutant strain KMS004 by
deleting frd gene to construct the KIS002 strain, KIS002 strain was performed for D-(-)
lactate production in AM1 medium containing 5% (w/v) glucose as a sole carbon source
under anaerobic conditions. KIS002 produced with higher amount of D-(-) lactate as a major
product with a concentration of 35.4 g/L, yield of 0.75 g/g and productivity of 0.59 g/L/h.
respectively after 96 h incubation. No succinate was produced in the broth. This result
claimed that FRD activity was successfully removed from KIS002. However, the D-(-)
lactate by KMS004 was obtained higher concentration than KIS002 strain. The average
productivity of D-(-) lactate of KIS002 strain was not increased compared with KMS004
strain (Table 4.1). These caused by that the growth of KIS002 strain became slower after re-
engineering since KI1S002 due to partial loss of NADH re-oxidation capability thus exhibiting

a lower growth rate compared to what of KMS004 strain during the fermentation (Fig. 4.3).



Table 4.1 Fermentation profile of metabolically engineered KMS004, KIS002, and KIS004 strains in AM1 medium containing 5%(w/v) glucose.

Total ® D-(-) Lactate Concentration of by-product
CDw @ Glucose
Strains Concentration © Yield ¢ Productivity © Acetate 2,3-Butanediol
(/L) Utilized
(9/L) (9/9) (9/L/h) (9/L) (9/L)
(9/L)

KMS004 0.49+0.13 51.4+0.32 36.3+0.2 0.71+0.01 0.38+0.01 0.75+0.3 0.67+0.38

KI1S002 0.29+0.11 47.5+0.2 35.440.12 0.74+0.02 0.37+0.01 0.86+0.03 0.12+0.06

KI1S004 0.32+0.02 47.2+0.21 45.2+0.02 0.96+0.05 0.47+0.01 NDf 0.13+0.08

All data represent the averages of three fermentations with standard deviations.

aCell Dry Weight was calculated by the optical density of cells divided by 3 in gram per liter.

®Total glucose utilization were calculated by total glucose divided by glucose remain in gram per liter.

¢ Concentrations of lactate were calculated as gram per liter by weight D-(-) lactate divided by the total volume of solution.

4Yields of lactate were calculated as a gram of D-(-) lactate divided by a gram of glucose consumed.

¢ Productivities of lactate were calculated as D-(-) lactate concentration was produced divided by overall incubation time (96 h). The incubation time of all
strains was 96 h, respectively.

fND= Not Detected
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Figure 4.3 Fermentation profile of K. oxytoca KMS004, KIS002, and KI1S004 in AM1 medium containing 5% (w/v) glucose. The symbols and

errors bar are average values and standard deviations of at least three measurements, respectively.
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The level of acetate (0.865 g/L) was produced by KIS002 is not significantly different
compared with KMS004. On the other hand, the level of 2,3-butanediol (0.12 g/L) produced
by KIS002 is affectedly decreased compared with KMS004 under anaerobic conditions
(Table 4.1). The production of D-(-) lactate by KIS002 (35.4 g/L) was not significantly
improved compared with KMS004. The results suggested that the removal of fumarate
reductase (frd) gene was affected to the cell growth even though NADH oxidation in KIS002
strain still occurred via lactic acid production pathway. For this reason, the level of D-(-)
lactate (35.4 g/L) was not significantly different compared to that of KMS004. Additionally,
PEP dissimilation via frd gene did not competitively re-oxidize NADH in KIS002 because
four-step reactions were required for succinic acid production (Fig. 2.4), and the carbon
dioxide source was not provided during fermentation. FRD is activated and re-oxidized
NADH by using electron acceptor known as fumarate for PEP carboxylation. PEP and carbon
dioxide are combined by phosphoenolpyruvate carboxylase encoded by ppc. The
oxaloacetate is reduced to produce malate by malate dehydrogenase activity encoded by mdh.
Then, malate is dehydrated by fumarase enzyme to produce fumarate encoded by fumABC.
Finally, succinate is produced by fumarate reductase from fumarate with NADH re-oxidation
(Cecchini e al., 2002; Sangproo et al., 2012; Simon et al., 1998). However, fumarate
reductase was removed in the KIS002 strain, NADH re-oxidation by the succinate production
pathway was reduced. Consequently, NADH level was increased for the D-(-) lactate
production pathway. Therefore, D-lactate production pathway was expected to only be
utilized for re-oxidation of NADH in KIS002 strain under anaerobic conditions. However,

the deletion of frd gene affected its growth rate and glucose consumption.
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4.3 Deletion of a pfIB gene in K. oxytoca KI1S002

Plasmids pKJ1014 and pKJ1015 (Fig. 4.4) were used to amplify linear DNA fragments
of (pfIB -cat-sacB-pflB’’) and (pfIB -pfIB’”) using the pflB-up/down primers set to delete pflB

gene, respectively.

pflB-up
/\l\\ﬂ pflB-up
pfiB- 1
A
N %
ofiB-
AmpR \ \
pki1014 \ \
7629 bps | pKJ1015 AB" |
KmR cat-sacB / AmpR 5055 bps P ;

pflB-down

KmR

pflB-down pflB- 2

Figure 4.4 Plasmids pKJ1014 and pKJ1015 used for pfIB gene deletion.

The fragment (pfIB -cat-sacB-pflB’’) was transformed by electroporation into KIS002
containing pLOI13420 (Red recombinase). The recombinant strains were spread on LB plates
containing chloramphenicol (40 mg/L) at 42 °C overnight. The clone containing
chloramphenicol resistant gene was designed as KIS003. Strain KIS003 was claimed by PCR
analysis using pfIB-up/down primers set. The results showed that the PCR product was at the
expected sizes (Fig. 4.5).

Strain KIS003 containing plasmid pLOI3420 was further used to be transformed
electroporation with the pfIB’-pf/B’’ short fragment to remove pfIB -cat-sacB-pfIB"’
fragment from the genome of KIS003. Then, obtained clones were selected for loss of
apramycin, ampicillin, kanamycin, and chloramphenicol resistance. Colony was clarified by
PCR. The clones were knocked out pflB gene and cat-sacB cassette was selected and

designed as KIS004.
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Figure 4.5 Gel electrophoresis confirmed the recombinant strain KIS004. Using frd-up/down

primer set for frd gene deletion, and pflB-up/dwon primer set for pflIB gene
deletion. Lane M represented the PCR band of marker, lane A represented the PCR
band of normal size of frdABCD of 1853 bp, lane B represented PCR band of
normal size of pfIB of 2283 bp, lane C represented PCR band of cat-sacB replaced
on frdABCD resulting 3333 bp in strain (Afrd: cat-sacB), lane D represented PCR
band of normal size of pfIB of 2283 bp in strain KMS004 (Afrd:: cat-sacB), lane
E represented PCR band of frd’-frd’” fragment in KIS002, lane F represented PCR
band of wild type size of pfIB of 2283 bp in strain KIS002, lane G represented
PCR band of frd size after deletion of cat-sacB in strain KIS002 (ApfIB:cat-sacB),
lane H represented PCR band of cat-sacB replaced on pflB, resulting 3698 bp in
strain KIS002 (ApflB:cat-sacB), lane | represented PCR band of frd size after
deletion of cat-sacB in stain KIS004, resulting 759 bp, and lane J represented PCR

band of pfIB -pfIB’’ in KIS004.
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4.4 Effect of pfIB gene deletion in K. oxytoca KI1S002

Acetate was not detected in the KIS004 strain while KMS004 and KIS002 strains
produced acetate at levels of 0.75 g/L and 0.86 g/L, respectively in 5% (w/v) glucose in AM1
medium during fermentation (Table 4.1). Decreasing production of acetate may essential to
improve the production of D-(-) lactate and carbon recovery. In addition, it could be
simplified for the downstream processes including a purification step to reduce by-product
contamination (Sangproo et al., 2012). In pathway of K. oxytoca wild-type, acetyl-CoA is
produced and transformed to acetyl-P by the activity of phosphotransacetylase (pta). Then,
Acetyl-P is transformed to acetate by mean of ackA activity. After that, KMS004 was
engineered to knock out these genes (pta and ackA). Consequently, acetate production was
reduced. Likewise, pyruvate formate lyase activity is a potential source of acetate in which it
produces formate as an excessive source of acetyl-CoA under anaerobic conditions (Jantama
et al., 2008b).

KIS004 produced D-(-) lactate at concentration of 45.2 g/L, with the yield of 0.96 g/g,
and productivity of 0.47 g/L/h, respectively, after 96 h incubation in AM1 medium containing
5% (w/v) glucose under anaerobic conditions (Table 4.1). Concentration, yield, and
productivity of D-lactic acid produced by KMS004 and KIS002 were not significantly
different. On the other hand, KIS004 produced with higher performances compared to
KMSO004 and KIS002 under anaerobic conditions. It suggests that the deletion of pflB
extremely affected the D-(-) lactic acid production in KIS004. Alternatively, the
concentration of acetate in KMS004 and KIS002 were not quite different, while acetate
production in KIS004 (not detected) was reduced significantly (Table 4.1).

Besides, deletion of pflB led a lower level of 2,3-butanediol for the strain KIS004
(0.13 g/L)) compared to what of KMS004 (0.67 g/L). The result implied that deletion of pflB

enhanced the lactic acid production and reduced 2,3-butanediol formation. Once, Yang et al.
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(2000) have suggested that dissimilation route of pyruvate to 2,3-butanediol needs 2 step
reactions while lactic acid production is used only one-step reaction. Affinity for pyruvate of
IdhA (KpP™¥a®_7 2 mM) is higher than budB (Kn""™"3_-8 mM). This reason shows that the
pathway to produce 2,3-butanediol may be affected by D-(-) lactate production. Additionally,
Sangproo et al. (2012) indicated that D-(-) lactate production and 2,3-butanediol participated
together in the regulation of the NADH/NAD™ ratio in KMS004. Therefore, lower yields of
acetate and 2,3-butanediol in KIS004 were caused by pfIB gene deletion, when carbon fluxes
through pfIB and budB activities were reduced. Similarly, Park et al. (2013) reported that
knock out of pfIB gene decreased the formation rate of by-products dramatically in K.
oxytoca. The remaining metabolic fluxes are redirected into the primary product (lactic acid
in KIS004).

4.5 Metabolic evolution

After deletions of frdABCD and pfIB gene, K. oxytoca KIS004 strain was reduced the
capacity to grow and to utilize glucose. KIS004 was selected the best clone for the best in
growth and substrate utilization by metabolic evolution to resolve the issue. The serial
transfer was applied to this engineered strain in which the metabolic evolution was performed
in mineral salt medium (AM1) containing 10% (w/v) glucose. The engineered strain that
utilized all glucose and produced D-(-) lactate with the highest concentration was selected as
the representative strain. Jantama et al. (2008b) reported that metabolic evolution is the
method of selecting microorganisms for survival under the strong pressure. KIS004 was
inoculated in LB medium containing 2% (w/v) glucose as a seed culture and transferred to a
new fresh AM1 medium till the 18" transfer. The level of biomass was increased slowly.
Since, KIS004 was removed pyruvate formate lyase which acetate was not produced
anymore, the strain becomes auxotroph to acetate. Hence, metabolic evolution by adding

sodium acetate was performed. Acetate concentration was reduced until the strain grew well
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without acetate. From 19" till 28" transfers, 20 mM of sodium acetate were added to the
medium, the biomass was increased significantly from 0.3 g/L to 0.6 g/L compared to the
transfers without adding sodium acetate (Fig. 4.6a). In addition, the amount of lactate was
also increased from 35 g/L to 45 g/L (Fig. 4.6b) with an initial ODsso of 0.01. The serial
transfers were continuously applied with reducing sodium acetate concentration from 20 mM
to 10 mM in transfer 29" to 37" in which the biomass was not decreased. This result showed
that the KIS004 was adapted to the medium by using a small amount of acetate. The sodium
acetate additions were reduced gradually to levels of 5 mM, 1.5 mM, 0.7 mM, 0.35 mM, and
none in 38" till 43, 44" till 61, 62" till 68", 69" till 72", and 73" till 79" transfers,
respectively. As shown in Fig. 4.6a and 4.6b, KIS004 was adapted to the AM1 medium
without adding sodium acetate. KIS004-79T reached biomass 0.73 g/L and produced D-(-)
lactate at the concentration of 71.9 g/L with initial ODsso of 0.01. After serial transfer from
0 to 79", the results showed that the engineered strain could grow well and reached the log
phase within 24h. After that, the biomass was decreased after 48 h which was similar to the
growth of KMS004 (Sangproo et al., 2012). The D-(-) lactate production from this condition
was obtained only at 71.9 g/L but glucose was still remained. However, D-lactic acid is
usually a growth-associated product. Thus, to force the cell to utilize all glucose, serial
transfer was continued by using higher initial inoculation (ODsso of 0.1) while some
components in AM1 medium were increased in concentrations (Betaine-KCI (0.5M): 3.5 mL,
MgS04.7H20 (1.5M): 1.75, Trace Metal (1000x): 1.75 mL) from the 80" to 92" transfers.
The results indicated that biomass was increased significantly by 1.6 g/L in the 91% transfer.
All glucose concentrations were utilized and D-(-) lactic acid at concentration of 98.6 g/L
was obtained while other by-products were not produced (Fig. 4.6a and 4.6b). Therefore,
culture of the 91° transfer was selected and spread on the LB plate containing 1% glucose.

The clone was renamed as KI1S004-91T.
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44



45

4.6 Production of D-(-) lactate from 10% (w/v) glucose by KMS004,

K1S002, KIS004, and KI1S004-91T in fleaker 350 mL

High substrate concentrations cause an impaired growth in many microorganisms. The
high substrate concentration can inhibit the enzyme activity of the cells thus causing
inhibition of cell growth (Ghaly et al., 2005). Cosio et al., (1995) reported that a high
concentration of glucose inhibits and affects cell proliferation. Hence, the high substrate
concentration is rarely applied in fermentation in an industrial scale. The fermentation with
10% (w/v) glucose showed that, KMS004, KIS002, and KIS004 produced D-(-) lactate at
concentration of 35.6+0.15 g/L, 13.5+0.2 g/L, and 26.0+0.2 g/L, respectively, with biomass
needs of 0.40+0.13 g/L, 0.28+0.13 g/L, and 0.33+0.15 g/L, respectively (Table 4.2). The
results proofed that a high concentration of glucose could inhibit the cell growth and was also
reduced D-(-) lactate production significantly (Fig. 4.7). KIS004-91T was also tested the D-
lactate production with 10% (w/v) glucose in 500 mL containers with the working volume of
350 mL. The results showed that 95.9+0.2 g/L of D-(-) lactate were produced with the
biomass of 0.91+0.14 g/L. Therefore, after the serial transfers, the mutant strain was able to
utilize all 10% glucose and produced a high concentration of D-lactate. Thus, KIS004-91T
is a new strain that could be used to solve the problem dealing with high substrate inhibition

mentioned above to produce a high production of D-lactate.



Table 4.2 Fermentation profile of metabolically engineered KMS004, KIS002, KIS004 and KIS004-91T strains in AM1 medium containing

10%(w/v) glucose.

Total® D-(-)Lactate Concentration of by-product
Strain CDws? Glucose Concentration® Yieldd Productivity® Acetate 2,3-Butanediol
(g/L) Utilized (g/L) (g/g) (g/L/h) (g/L) (g/L)
(g/L)
KMS004 0.40+0.13 42.9+0.24 35.6+0.15 0.71+0.14 0.37+0.012 0.48+0.14 0.59+0.26
KIS002 0.28+0.13 24.1+0.2 13.5+0.2 0.55+0.04 0.14+0.04 0.29+0.16 0.37+0.28
KIS004 0.33+0.15 55.2+0.2 26.0+0.2 0.50+0.01 0.27+0.01 NDf 0.12+0.05
KIS004-91T 0.91+0.14 101+0.05 95.9+0.2 0.95+0.01 1+0.01 0.06+0.02 0.62+0.05

All data represent the averages of three fermentations with standard deviations.

2Cell Dry Weight was calculated by the optical density of cells divided by 3 in gram per liter.

b Total Glucose Utilized were calculated by total glucose divided by glucose remain in gram per liter.

¢ Concentrations of Lactate were calculated as gram per liter by weight D-(-) lactate divided by the total volume of solution.

4Yields of lactate were calculated as a gram of D-(-) lactate divided by a gram of glucose consumed.

€ Productivities of lactate were calculated as D-(-) lactate concentration produced divided by overall incubation time (96 h). The incubation time of all strains were 96 h, respectively.

fND= Not Detected.
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Figure 4.7 Fermentation profile of K. oxytoca KMS004, KIS002, KIS004 and KIS004-91T in AM1 medium containing 10% (w/v) glucose.

The symbols and errors bar are average values and standard deviations of at least three measurements, respectively.
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4.7 Batch fermentation of D-lactic acid in AM1 medium containing 10%

(w/v) glucose in 5 L fermenter

Batch fermentation provides advantages to the experiment including less microbial
contaminations, lower capital investment compared to a continuous process, and more
flexibility for the varying product. Batch experiments for D-lactate production by
KIS004-91T were performed with the working volume of 2.5 L in 5 L bioreactor. Initial
ODsso of 0.3 was performed. After 48 h of fermentation, the concentration of D-lactate,
acetate, and 2,3-butanediol were 100£0.2 g/L, 0.01+0.01 g¢/L, and 0.46+0.02 ¢g/L from
106£0.3 g/L glucose, respectively (Fig. 4.8). As well, the results showed that KIS004-91T
could utilize all 10 % glucose. In addition, higher D-(-) lactate production was observed.
Similarly, Martinez et al. (2011) demonstrated that increasing of cell density results in high
production of D-(-) lactate. Moreover, Sangproo et al. (2012) pointed out that K. oxytoca
KMS004 produced D-(-) lactate with ODsso at 0.5 for 48 h was the optimal condition.
However, considering the cost of inoculums preparation, time, and D-lactate titer, the initial
inoculum for ODssp of 0.3 could be suggested as the starting condition for producing high D-
lactic acid by KIS004-91T strain. In summary, increasing the initial optical density of
KIS004-91T decreased fermentation time. The results were in an accordance with Kirin et
al. (2016). Thus, high inoculum should be applied to offer high rate of glucose utilization

thus reflecting high productivity of D-lactic acid by the strain.
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4.8 Fed-batch fermentation of lactic acid in 5 L fermenter

Batch cultures that sequentially add substrate to culture without removal of culture
from the medium are usually called as a fed-batch culture. Normally, fed-batch fermentation
has supplemented the medium at a given time interval to the bioreactor (Zhu et al., 2017).
A purpose of fed-batch is performed to avoid inhibition of substrate. The high concentration
of substrate causes high osmotic pressure to the medium. Glucose utilization was decreased
when high sugar concentration was increased (Ozmihci et al., 2009). Recently, fed-batch
fermentation has gained attention to improve the productivity of bioprocesses and increased
the economy by enhancing the production yield (Mohd et al., 2018). Furthermore, substrate
concentration was fed in the reaction below the toxic level by the fed-batch process (Queshi
et al., 2001). Besides, fed-batch culture is used in order to obtain higher yield and increases
the chance for optimizing conditions of cells during log phase. Additionally, the main
advantages of fed-batch over batch cultures can prolong the period of product synthesis

(Kuila et al., 2018).
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Fed-batch of D-lactate production was carried out in 5 L fermenter with the working
volume of 2.5 L. Glucose was added at 16 and 24 h to maintain level of glucose concentration
in the range of 30 to 70 g/L. After 16 h, the results reported that the cell grew and utilized
glucose well about 74 g/L with the cell dry weight increased from 0.1 to 1.24 g/L. At 24 h,
second feeding was employed while the cell continued consuming glucose and produced D-
lactic acid. However, after 28 h, cells dry weight was decreased dramatically (Fig. 4.9). In
this case, glucose feeding was stopped after 24 h and the fermentation time was continued
until 76 hours. As a result, at the end of the fed-batch process, D- lactic acid concentration of
129+0.2 g/L, with the yield of 0.95+0.12 g/L, and productivity of 1.9+0.02 g/L/h was
produced, respectively. Cells were slightly decreased when D-lactic acid reached 129+0.2
g/L at 68 h. D-lactic acid was produced with high concentration while other by-products
almost diminished (Fig. 4.9).

In recent years, many publications were published to improve D-lactate production and
reduce the cost of this biochemical in industry. For instance, Sangproo et al., (2012) and
Mazumdar et al., (2010) produced D-lactate with concentration of 34 g/L and 32 g/L,
respectively. Then, D-lactic acid was improved by Lu et al., (2016) and Yamada et al.,
(2017b) to produce D-lactate with concentration of 83 g/L and 60.3 g/L, respectively.
Additionally, Zheng et al., (2014), Zhou et al., (2012), and Feng et al., (2017), Okano et al.,
(2017) produced high concentration of D-lactic acid of 115 g/L, 122 g/L, 125 g/L, and 117
g/L, respectively. The results demonstrated that higher titer of D-lactate was obtained by
using various strains and media. However, KIS004-91T still produced higher titer compared
to those of researches (Table 4.2). Zheng et al., (2017), and Park et al., (2018) realized the
highest concentration of D-lactic acid at 145 g/L and 154 g/L, respectively. Nevertheless,
high-cost medium was used to produce D-lactic acid. Anyway, high productivities were also
obtained at 4.16 g/L/h (Park et al., 2018), 4.32 g/L/h (Zhou et al., 2012), and 3.48 g/L/h (Feng

et al., 2017). The results indicated that large inoculums were added to the media of the
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experiments to obtain high productivities. Considering the cost of inoculum, even high
concentration of D-lactic acid was produced but large inoculum was required and paid out
for the experiment. High biomass in the broth was also affected to downstream process.
Comparing the specific productivity of KIS004-91T to all researches in (Table 4.3), results
showed that KIS004-91T produced D-lactic acid at the highest level of 2.60 g/gCDW/h
compare to those ever reported before. High specific productivity of KIS004-91T described
that the ability of cells could produce high production of D-lactic acid. In summary, KI1S004-
91T has a great potential to produce productivity of D-lactic acid with low-cost medium that

makes more advantages compared to current other research groups.
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Figure 4.9 Fed-batch fermentation profile of K. oxytoca KIS004-91T in AM1 medium
containing 10% (w/v) glucose in 5 L bioreactor with 2.5 L working volume.

During 24 h of fermentation, glucose was fed every 4 h to the medium.



Table 4.3 Comparison of D-lactic acid production in various media and strains.

D-Lactate
Strains Media/mode of process Concentration  Yield Overall Specific References
Productivity  productivity
(9/L) (9/9)
(g/L/h) (9/gCDW/h)
K. oxytoca KIS004- 100 g/L Glucose/AM1/Batch fermentation 100 0.96 2.1 2.60
91T (dadhE, Apta- 100 g/L Glucose/AM1/Fed-batch fermentation 129 0.95 1.9 2.32 This study
ackA, Afid, ApfIB) 100 g/L Cassava starch/ AM1/SHF 98.4 0.93 1.43 1.24
K. pneumoniae )
20 g/L of (Xylose, arabinose, glucose) Feng et al.,
(AbudB, AackA, _ 125 0.91 3.48 0.83
/LB/Fed-batch fermentation 2017
AadhE)
K. oxytoca KMS004 50 g/L Glucose/AM1/Batch 4 b & » 034 Sangproo et
(dadhE, Apta-ackA) fermentation ' ' ' al., 2012
E. coli (dack,Apps,
AfrdA ApflB, 500 g/L Glucose/LB/Fed-batch 199 0.89 432 0.82 Zhou et al.,
Adld, ApoxB, AadhE, fermentation ' ' ' 2012

IdhA)




Table 4.3 (continued).

D-Lactate
Strains Media/mode of process Concentration  Yield Overall Specific References
Productivity  productivity
(9/L) (9/9)
(g/L/h) (9/gCDW/h)
Sporolactobacillus 100 g/L Glucose/LB/Batch Zheng et al.,
o ) 115 0.81 0.68 0.22
inulinus(PYK) fermentation 2014
Saccharomyces
20 g/L Glucose/LB/ Batch Yamada et al.,
cerevisiae (Adpdcl, ) 60.3 0.646 2.8 0.5
fermentation 2017b
Adadhl)
Pichia kudriavzevii 20 g/L Glucose/LB/ Fed-batch Park et al.,
) 154 0.72 4.16 0.57
(pdcl to D-Idh) fermentation 2018

E. coli (AfrdBC,

AldhA AackA, ApflB
100 g/L Glucose or Xylose/NBS/Batch
ApdhR::pflBp6- 83 0.83 0.86 0.35 Luetal., 2016

fermentation
acEF-Ipd, AmgsA
AadhE,AldhA::ldhL)




Table 4.3 (continued).

D-Lactate
. . Overall Specific
Strains Media/mode of process Concentration  Yield References
Productivity  productivity
(9/L) (9/9)
(g/L/h) (9/gCDW/h)
Bacillus coagulans
50 g/L Sucrose/LB/Fed-batch Zhang et al.,
(AldhL, AldhL2, ) 145 0.98 1.5 NA
fermentation 2017
LdldhD)
E. coli (4Apf1B, 40 g/L Glycerol/LB/Batch Mazumdar et
“pft J y 32 0.85 1.5 0.75
AfrdA, AadhE) fermentation al., 2010
Lactobacillus )
20 g/L Brown rice/CSL/Batch Okano et al.,
plantarum ) 117 0.93 0.8 NA
fermentation 2017

(IdhL1::amyA)

The D-(-) lactate yield was calculated as gram(s) of D-(-) lactate divided by gram(s) of glucose consumed. The overall productivity was calculated as D-(-) lactate concentration

produced divided by overall incubation time. The specific D-(-) lactate productivity was calculated as D-(-) lactate productivity divided by cell dry weight.
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4.9 Batch SHF in 5L bioreactor of cassava starch

To make this research more interesting, cassava starch was used for D-lactate production
in 5L bioreactor with separated hydrolysis and fermentation (SHF). A 100 g/L of cassava
starch was added to fermenter and sterilized at 121 °C for 20 min. 2% of a-amylase (42 169
U/g) was added to the fermenter after the temperature was decreased to 70 °C. Hydrolysis by
a-amylase was performed 4 h at temperature ranging from 45-50°C at pH 6. Then, 0.5% (213
000 U/mL) of glucoamylase (AMG) was put on and the hydrolysis was kept running for 1 h.
After hydrolysis, seed culture and AM1 medium were added to bioreactor. After 68 h
incubation, D-lactic acid at concentration of 98.4+0.8 g/L, with the yield of 0.93+0.01 g/g,
and productivity of 1.45+0.02 g/L/h was produced (Fig. 4.10). The result indicated that
KIS004-91T could produce a high yield of D-lactate from cassava starch. However,
Berlowska et al. (2018) revealed that simultaneous saccharification and fermentation (SSF)
has advantages over SHF. Additionally, the SSF process is currently performed to produce
organic acids because it makes lower enzyme inhibition by glucose during fermentation
(Dahnum et al., 2015). Therefore, SSF would be further employed to reduce the time of
fermentation and also improve the concentration, yield, and productivity of D-lactate by the

strain.
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Figure 4.10 Fermentation profile of separated hydrolysis and fermentation of KIS004-91T

using cassava starch as substrate for D-lactic acid production.



CHAPTER V

CONCLUSION

K. oxytoca M5al was previously metabolically engineered by Sangproo et al. (2012)
to produce D-lactate. This strain was named as KMS004 (dadhE, and Apta-ackA). After that,
KMS004 was further engineered to remove fumarate reductase and pyruvate formate lyase
genes (frd and pfIB) named as KIS004. KIS004 (dadhE, Apta-ackA, AfrdABCD, and ApfIB)
strain produced high production of D-(-) lactic acid in low mineral salt medium (AML1)
containing 5% (w/v) glucose. In addition, to improve the capacity of KIS004 strain for
utilization of substrate, metabolic evolution was applied to the strain performing in AM1
medium containing 10% (w/v) glucose. After the 91% transfer, KIS004-91T consumed all
10% (w/v) glucose and produced D-lactic acid with high concentration. KIS004-91T has the
ability to produce high titer, productivity, and yield of lactate while other by-products were
almost diminished. After the re-engineering K1S004 exhibited D-lactate as a key pathway to
regenerate NAD™. KIS004 produced 45.2 g/L of D-lactate from AM1 medium containing 5%
(w/v) glucose while KIS004-91T produced 95.9 g/L of D-lactate from AM1 medium
containing 10% (w/v) glucose. To improve the yield and productivity, 5 L fermenter with
working volume 2.5 liters was performed to produce D-lactate production. In the batch
process, KIS004-91T produced D-lactic acid with the concentration of 100 g/L, yield of 0.96
o/g and productivity of 2.1 g/L/h, respectively. In the fed-batch process, KIS004-91T
produced D-lactate at concentration of 129 g/L, yield of 0.95 g/g, and productivity of 1.9
o/L/h. SHF process of cassava starch was also performed and result showed that KIS004-91T
produced concentration, yield, and productivity of D- lactic acid at 97 g/L, 0.93 g/g, and 1.43
o/L/nh, respectively. Therefore, KIS004-91T is a potential strain for high D-lactic acid

production.
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However, batch and fed-batch simultaneous saccharification and fermentation (SSF)
using cassava starch as substrate for D-lactic acid by KIS004-91T are recommended for
further experiments to increase the D-(-) lactic acid productivity. In conclusion, KIS004-91T
could be the marvelous strain to develop the economics of lactic acid production from the

low-cost substrate.



REFERENCES

Abdel-Rahman, M. A., Tashiro, Y., & Sonomoto, K. (2011). Lactic acid production from
lignocellulose-derived sugars using lactic acid bacteria: Overview and limits.
Journal of Biotechnology, 156(4), 286-301. doi:10.1016/j.jbiotec.2011.06.017

Abdel-Rahman, M. A., Tashiro, Y., & Sonomoto, K. (2013). Recent advances in lactic acid
production by microbial fermentation processes. Biotechnology Advances, 31(6),
877-902. doi:10.1016/j.biotechadv.2013.04.002

Abdel-Rahman, M. A., Xiao, Y., Tashiro, Y., Wang, Y., Zendo, T., Sakai, K., & Sonomoto,
K. (2015). Fed-batch fermentation for enhanced lactic acid production from
glucose/xylose mixture without carbon catabolite repression. J Biosci Bioeng,
119(2), 153-158. doi:10.1016/j.jbiosc.2014.07.007

Absar, N., Zaidul, I. S. M., Takigawa, S., Hashimoto, N., Matsuura-Endo, C., Yamauchi, H.,
& Noda, T. (2009). Enzymatic hydrolysis of potato starches containing different
amounts of phosphorus. Food Chemistry, 112(1), 57-62. doi:10.1016/j.foodchem.
2008.05.045

Agbogbo, F., Kelly, G., Smith, M., Wenger, K., & Jeffries, T. (2007). The effect of initial
cell concentration on xylose fermentation by Pichia stipitis. Applied Biochemistry
and Biotechnology, 136-140, 653-662.

Alsaheb, R. A. A., Aladdin, A., Othman, N. Z., Malek, R. A., Leng, O. M., Aziz, R., &
Enshasy, H. A. E. (2015). Lactic acid applications in pharmaceutical and
csmeceutical industries. Chemical and Pharmaceutical Research, 7(10), 729-735.

Ameen, S. M., & Caruso, G. (2017). Chemistry of lactic acid. , Lactic Acid in the Food



60

Industry, Chemistry of Foods,, 7-17. doi:10.1007/978-3-319-58146-0_2

Aso, Y., Tsubaki, M., Dang Long, B. H., Murakami, R., Nagata, K., Okano, H., Ohara, H.
(2019). Continuous production of d-lactic acid from cellobiose in cell recycle
fermentation using beta-glucosidase-displaying Escherichia coli. J Biosci Bioeng,
127(4), 441-446. doi: 10.1016/j.jbiosc.2018.09.011

Auras, R., Lim, L., Selke, S., & Tsuji, H. (2010). Poly(lactic acid) synthesis, structures,
properties, processing, and application. Canada: John Wiley & Sons.

Berlowska, J., Cieciura-Wloch, W., Kalinowska, H., Kregiel, D., Borowski, S.,
Pawlikowska, E., Witonska, 1. (2018). Enzymatic Conversion of Sugar Beet Pulp: A
Comparison of Simultaneous Saccharification and Fermentation and Separate
Hydrolysis and Fermentation for Lactic Acid Production. Food Technol Biotechnol,
56(2), 188-196. doi:10.17113/fth.56.02.18.5390

Bernardo, M. P., Coelho, L. F., Sass, D. C., & Contiero, J. (2016). I-(+)-Lactic acid
production by Lactobacillus rhamnosus B103 from dairy industry waste. Braz J
Microbiol, 47(3), 640-646. doi:10.1016/j.bjm.2015.12.001

Bhatt, S. M., & Srivastava, S. K. (2008). Lactic Acid Production from Cane Molasses by
Lactobacillus delbrueckii NCIM 2025 in Submerged Condition: Optimization of
Medium Component by Taguchi DOE Methodology. Food Biotechnology, 22(2),
115-139. doi:10.1080/08905430802043107

Birt, D., Boylston, T., Hendrich, S., Jane, J., Hollis, J., Li, L., Whitley, E. (2013). Resistant
starch: promise for improving human health. Advances in Nutrition. 4(6), 587-601.

Cecchini, G., Schroder, I., Gunslus, R. P., & Maklashina, E. (2002). Succinate dehydrogenase
and fumarate reductase from Escherichia coli. Biochimica et Biophysica Acta,
1553(2002), 140-157.

Chookietwattana, K. (2014). Lactic Acid Production from Simultaneous Saccharification and

Fermentation of Cassava Starch by Lactobacillus Plantarum MSUL 903. APCBEE



61

Procedia, 8, 156-160. doi:10.1016/j.apcbee. 2014.03.019

Chung, H.-J., & Liu, Q. (2009). Impact of molecular structure of amylopectin and amylose
on amylose chain association during cooling. Carbohydr. Polymers, 77, 807-815.

Cohen, R., Orlova, Y., Kovalev, M., Ungar, Y., & Shimoni, E. (2008). "Structural and
Functional Properties of Amylose Complexes with Genistein”. Journal of
Agricultural and Food Chemistry, 56(11), 4212-4218.

Cosio, F. G. (1995). Effects of high glucose concentration on human mesangial cell
proliferation. Journal of the American Society of Nephrology, 5(8), 1600-1609.

Dahnum, D., Tasum, S. O., Triwahyuni, E., Nurdin, M., & Abimanyu, H. (2015).
Comparison of SHF and SSF Processes Using Enzyme and Dry Yeast for
Optimization of Bioethanol Production from Empty Fruit Bunch. Energy Procedia,
68, 107-116. doi:10.1016/j.egypro.2015.03.238

Dan, T., Wang, D., Wu, S., Jin, R., Ren, W., & Sun, T. (2017). Profiles of volatile flavor
compounds in milk fermented with different proportional combinations of
Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus.
Molecules, 22(10). doi:10.3390/molecules22101633

Dashper, S. G., and Reynolds, E. C. (1996). Lactic acid excretion by Streptococcus mutans.
Microbiology, 142, 33-39.

de la Torre, I., Acedos, M. G., Ladero, M., & Santos, V. E. (2019). On the use of resting L.
delbrueckii spp. delbrueckii cells for D-lactic acid production from orange peel
wastes hydrolysates. Biochemical Engineering Journal, 145, 162-169. doi:
10.1016/j.bej.2019.02.012

Demiate, I. M., & Kotovicz, V. (2011). Cassava starch in the Brazilian food industry. Ciéncia
e Tecnologia de Alimentos, 31(2), 388-397.

Doran, P. M. (1995). Bioprocess Engineering Principles. Sydney, Australia: Elsevier Science

& Technology Books.



62

Dumbrepatil, A., Adsul, M., Chaudhari, S., Khire, J., & Gokhale, D. (2008). Utilization of
molasses sugar for lactic acid production by Lactobacillus delbrueckii subsp.
delbrueckii mutant Uc-3 in batch fermentation. Appl Environ Microbiol, 74(1), 333-
335. do0i:10.1128/AEM.01595-07

Feng, X., Jiang, L., Han, X., Liu, X., Zhao, Z., Liu, H., Zhao, G. (2017). Production of D-
lactate from glucose using Klebsiella pneumoniae mutants. Microb Cell Fact, 16(1),
209. d0i:10.1186/s12934-017-0822-6

Florou-Paneri, P., Christaki, E., & Bonos, E. (2013). Lactic Acid Bacteria as Source of
Functional Ingredients. doi:10.5772/47766

Gerhard, M., & Dietmar, S. (2012). Biochemical pathway: An atlas of biochemistry and
molecular biology (Gerhard, M. & Dietmar, S. Eds. Second Edition ed.). Canada:
John Wiley & Sons, Inc.

Ghaly, A. E., Kamal, M., & Correia, L. R. (2005). Kinetic modeling of continuous submerged
fermentation of cheese whey for single-cell protein production. Bioresour Technol,
96(10), 1143-1152. doi:10.1016/j.biortech.2004.09.027

Gottschalk, G. (1985). Bacterial metabolism (Tottschalk, G. Ed. 2nd ed.). New York:
Springer-Verlag.

Hofvendahl, K., & Hahn-Hagerdal, B. (2000). Factors affecting the fermentative lactic acid
production from renewable resources. Enzyme Microb Technol, 26, 87-107.

Huo, Z., Fang, Y., Yao, G., Zeng, X., Ren, D., & Jin, F. (2015). Improved two-step
hydrothermal process for acetic acid production from carbohydrate biomass. Energy
Chemistry, 24(2), 207-2012.

Idris, A., & Wahidin, S. (2004). Effect of temperature and pH o lactic acid fermentation form
liquid pineapple waste using immobilized Lactobacillus delbrueckii ATCC9649.
Chemical Engineering, 117.

Jane, J. L. (2009). Structural of feature of starch granules Il In Starch: Chemistry and



63

Technology (3 ed.). Lowa, USA: Elsevier Inc.

Jantama, K., Haupt, M. J., Svoronos, S. A., Zhang, X., Moore, J. C., Shanmugam, K. T., &
Ingram, L. O. (2008a). Combining metabolic engineering and metabolic evolution to
develop nonrecombinant strain of Escherichia coli C that produce succinate and
malate. Biotechnology and Bioengineering, 99(5), 1140-1153. doi:10.1002/bit.
21694

Jantama, K., Haupt, M. J., Svoronos, S. A., Zhang, X., Moore, J. C., Shanmugam, K. T., &
Ingram, L. O. (2008b). Combining metabolic engineering and metabolic evolution to
develop nonrecombinant strains of Escherichia coli C that produce succinate and
malate. Biotechnol Bioeng, 99(5), 1140-1153. doi:10.1002/bit.21694

Jantama, K., Polyiam, P., Khunnonkwao, P., Chan, S., Sangproo, M., Khor, K,
Kanchanatawee, S. (2015). Efficient reduction of the formation of by-products and
improvement of production yield of 2,3-butanediol by a combined deletion of alcohol
dehydrogenase, acetate kinase-phosphotransacetylase, and lactate dehydrogenase
genes in metabolically engineered Klebsiella oxytoca in mineral salts medium. Metab
Eng, 30, 16-26. doi:10.1016/j.ymben.2015.04.004

Jantama, K., Zhang, X., Moore, J. C., Shanmugam, K. T., Svoronos, S. A., & Ingram, L. O.
(2008). Eliminating side products and increasing succinate yields in engineered
strains of Escherichia coli C. Biotechnol Bioeng, 101(5), 881-893. doi:10.1002/bit.
22005

Khor, K., Sawisit, A., Chan, S., Kanchanatawee, S., Jantama, S. S., & Jantama, K. (2016).
High production yield and specific productivity of succinate from cassava starch by
metabolically-engineered Escherichia coli KJ122. Journal of Chemical Technology
and Biotechnology, 91(11), 2834-2841. doi:10.1002/jctb.4893

Khunnonkwao, P., Jantama, S. S., Kanchanatawee, S., & Jantama, K. (2018). Re-engineering

Escherichia coli KJ122 to enhance the utilization of xylose and xylose/glucose



64

mixture for efficient succinate production in mineral salt medium. Appl Microbiol
Biotechnol, 102(1), 127-141. doi:10.1007/s00253-017-8580-2

Kim, B. H., & Gadd, G. M. (2008). Bacterial physiology and metabolism. New York:
CAMBRIDGE UNIVERSITY PRESS.

Kuila, A., & Sharma, V. (2018). Principles and applicatons of fermentation technology.
Hoboken, NJO7030, USA: Scrivener, M. Carmical, P. Lee, S. J., Choi, H. S., Kim, C.
K., Thapa, L. P., Park, C., & Kim, S. W. (2017). Process strategy for 2,3-butanediol
production in fed-batch culture by acetate addition. Journal of Industrial and
Engineering Chemistry, 56, 157-162. doi:10.1016/j.jiec.2017.07.008

Litchfield, J. H. (1996). Microbiological production of lactic acid. Adv Appl Microbiol, 42,
45-95.

Lu, H., Zhao, X., Wang, Y., Ding, X., Wang, J., Garza, E., Zhou, S. (2016). Enhancement of
D-lactic acid production from a mixed glucose and xylose substrate by the
Escherichia coli strain JH15 devoid of the glucose effect. BMC Biotechnol, 16, 19.
doi:10.1186/s12896-016-0248-y

Martinez, 1., Lee, A., Bennett, G. N., & San, K. Y. (2013). Culture conditions' impact on
succinate production by a high succinate producing Escherichia coli strain. Journal
of Biotechnol Prog, 27( 5), 1225-1231. doi:10.1002/btpr.641

Mas, A., Torija, M. J., Garcia-Parrilla Mdel, C., & Troncoso, A. M. (2014). Acetic acid
bacteria and the production and quality of wine vinegar. ScientificWorldJournal,
2014, 394671. doi:10.1155/2014/394671

Mazumdar, S., Clomburg, J. M., & Gonzalez, R. (2010). Esherichia coli strains engineered
for homofermentative production of D-lactic acid from glycerol. Appl Environ
Microbiol, 76(13), 4327-4336. doi:10.1128/AEM.00664-10

Mohd, Z., Mohamad Zihin bin, Kanesan, J., Kendall, G., & Chuah, J. H. (2018). Optimization



65

of fed-batch fermentation processes using the Backtracking Search Algorithm.
Expert Systems with Applications, 91, 286-297. doi:10.1016/j.eswa.2017.07.034

Mufidah, E., & Wakayama, M. (2016). Optimization of D-lactate acid production using
unutilize biomass as substrates by multiple parallel fermentation. Biotechnology,
186(6), 2-8.

Narayaan, N., Roychoudhury, P. K., & Srivastav, A. (2004). L(+) lactic acid fermentation
and its product polymerization. Electronic Journal of Biotechnology, 7(2), 167-179.

National Center for Biotechnology Information. PubChem Database. Amylopectin,
CID=439207, https://pubchem.ncbi.nlm.nih.gov/compound/Amylopectin (accessed
on Aug. 27, 2019)

National Center for Biotechnology Information. PubChem Database. Amylopectin,
CID=439207, https://pubchem.ncbi.nlm.nih.gov/compound/Amylose (accessed on
Aug. 27, 2019)

Oguro, Y., Nishiwaki, T., Shinada, R., Kobayashi, K., & Kurahashi, A. (2017). Metabolite
profile of koji amazake and its lactic acid fermentation product by Lactobacillus sakei
UONUMA. J Biosci Bioeng, 124(2), 178-183. doi: 10.1016/j.jbiosc.2017.03.011

Ohta, K., Beall, D. S., Jejia, J. P., Shanmugam, K. T., & Ingram, L. O. (1991). Metabolic
engineering of Klebsiella oxytoca M5A1 for ethanol production from xylose and
glucose. Applied and Environmental Microbiology, 57(10), 2810-2815.

Okano, K., Hama, S., Kihara, M., Noda, H., Tanaka, T., & Kondo, A. (2017). Production of
optically pure D-lactic acid from brown rice using metabolically engineered
Lactobacillus plantarum. Appl Microbiol Biotechnol, 101(5), 1869-1875.
doi:10.1007/s00253-016-7976-8

Oladunmoye, O. O., Aworh, O. C., Maziya-Dixon, B., Erukainure, O. L., & Elemo, G. N.
(2014). Chemical and functional properties of cassava starch, durum wheat semolina

flour, and their blends. Food Sci Nutr, 2(2), 132-138. doi:10.1002/fsn3.83


https://pubchem.ncbi.nlm.nih.gov/compound/Amylose

66

Oonkhanond, B., Jonglertjunya, W., Srimarut, N., Bunpachart, P., Tantinukul, S., Nasongkla,
N., & Sakdaronnarong, C. (2017). Lactic acid production from sugarcane bagasse by
an integrated system of lignocellulose fractionation, saccharification, fermentation,
and ex-situ nanofiltration. Journal of Environmental Chemical Engineering, 5(3),
2533-2541. doi:10.1016/j.jece.2017.05.004

Oyeyinka, S. A., & Oyeyinka, A. T. (2018). A review on isolation, composition,
physicochemical properties and modification of Bambara groundnut starch. Food
Hydrocolloids, 75, 62-71. doi:10.1016/j.foodhyd.2017.09.012

Ozen, S., & Ozilgen, M. (1992). Effect of substrate concentration on growth and lactic acid
production by mixed cultures of lactobacillus bulgaricus and Streptococcus
thermophilus. . J. Chem. Technol. Biotechnol., 54, 57-61. doi:10.1002/jctb.280540
111

Ozmihci, S., & Kargi, F. (2009). Fermentation of cheese whey powder solution to ethanol in
a packed-column bioreactor: effects of feed sugar concentration. Journal of
Chemical Technology & Biotechnology, 84(1), 106-111. doi:10.1002/jctb.2013

Palmqvist, E., Hagerdal, B., Galbe, M., Larsson, M., Stenberg, K., Szegyel, Z., Zacchi, G.
(1996). Design and operation of bench-cale process development unit for the
production of ethanol from lignocellulosics. Biorsource Techology, 58, 171-179.

Park, H. J., Bae, J. H., Ko, H. J,, Lee, S. H., Sung, B. H., Han, J. I., & Sohn, J. H. (2018).
Low-pH production of d-lactic acid using newly isolated acid tolerant yeast Pichia
kudriavzevii NG7. Biotechnol Bioeng, 115(9), 2232-2242. doi:10.1002/bit.26745

Park, J. M., Song, H., Lee, H. J., & Seung, D. (2013). In silico aided metabolic engineering
of Klebsiella oxytoca and fermentation optimization for enhanced 2,3-butanediol
production. J Ind Microbiol Biotechnol, 40(9), 1057-1066. doi:10.1007/s10295-

013-1298-y



67

Perez, S., & Bertoft, E. (2010). The molecular structures of starch components and their
contribution to the architecture of starch granules: A comprehensive review. In (Vol.
62, pp. 389-420).

Qureshi, N., & Blaschek, H. P. (2001). Recent advances in ABE fermentation: hyper-butanol
producing Clostridiusm beijerinckii BA101. Ind Microbial Biotechnol, 27, 287-291.

Ravikumar, S., Baylon, M. G., Park, S. J., & Choli, J. (2017). Engineered microbial biosensors
based on bacterial two-component systems as synthetic biotechnology platforms in
bioremediation and biorefinery. Microbial Cell Factories, 62(16), 1-10.

Razali, N., & Abdullah, A. Z. (2017). Production of lactic acid from glycerol via chemical
conversion using solid catalyst: A review. Applied Catalysis A: General, 543, 234-
246. doi:10.1016/j.apcata.2017.07.002

Saito, K., Hasa, Y., & Abe, H. (2012). Production of lactic acid from xylose and wheat straw
by Rhizopus oryzae. J Biosci Bioeng, 114(2), 166-169. doi:10.1016/j.jbiosc.2012.03.
007

Sandnes, J. M., Ringstad, T., Wenner, D., Heyerdahl, P. H., Kallgvist, T., & Gislerod, H. R.
(2006). Real-time monitoring and automatic density control of large-scale microalgal
cultures using near infrared (NIR) optical density sensors. J Biotechnol, 122(2), 209-
215. doi:10.1016/j.jbiotec.2005.08.034

Sangproo, M., Polyiam, P., Jantama, S. S., Kanchanatawee, S., & Jantama, K. (2012).
Metabolic engineering of Klebsiella oxytoca M5al to produce optically pure D-
lactate in mineral salts medium. Bioresour Technol, 119, 191-198. doi:10.1016/j.
biortech.2012.05.114

Simon, J., Gross, R., Ringel, M., Schmidt, E., & and Kroger, A. (1998). Deletion and site-
directed mutagenesis of the Wolinella succinogenes fumarate reductase operon. Eur.
J. Biochem., 251, 418-426.

Souza, C., Oliverira, K., Trevisan, H., & Laluce, C. (2002). S strategy to compare yeast



68

strains and improve cell survival in ethanol production processes above 30°C.
Applied Microbiology, 410-417.

Stanbury, P. F., Whitaker, A., & Hall, S. J. (2003). Principles of fermentation technology
(2nd ed.). Oxford, Amsterdam, Boston, London, New York, Paris, San diego, San
Francisco, Singapore, Sydney, Tokyo: Butterworth and Heinemann.

Subramanian, M. R., Talluri, S., & Christopher, L. P. (2015). Production of lactic acid using
a new homofermentative Enterococcus faecalis isolate. Microb Biotechnol, 8(2),
221-229. d0i:10.1111/1751-7915.12133

Tang, J., Wang, X. C., Hu, Y., Zhang, Y., & Li, Y. (2017). Effect of pH on lactic acid
production from acidogenic fermentation of food waste with different types of
inocula. Bioresour Technol, 224, 544-552. doi:10.1016/j.biortech.2016.11.111

Tango, M., & Ghaly, A. (1999). Kinetic modeling of lactic acid production from batch
submerged fermentation of cheese whey. American Society of Agricultural
Engineers, 42(6), 1791-1800.

Taskila, S., & Ojamo, H. (2013). The current status and future expectations in industrial
production of lactic acid by lactic acid bacteria. doi:10.5772/51282

Tester, R. F., Karkalas, J., & Qi, X. (2004). Starch composition, fine structure and
architecture. Journal of Cereal Science, 39(2), 151-165. do0i:10.1016/j.jcs.2003.12.
001

Thapa, L. P., Lee, S. J., Park, C., & Kim, S. W. (2017). Production of L-lactic acid from
metabolically engineered strain of Enterobacter aerogenes ATCC 29007. Enzyme
Microb Technol, 102, 1-8. doi:10.1016/j.enzmictec.2017.03.003

Thitiprasert, S., Kodama, K., Tanasupawat, S., Prasitchoke, P., Rampai, T., Prasirtsak, B.,
Thongchul, N. (2017). A homofermentative Bacillus sp. BC-001 and its performance
as a potential L-lactate industrial strain. Bioprocess Biosyst Eng, 40(12), 1787-1799.

doi:10.1007/s00449-017-1833-8



69

Thongchul, N., Navankasattusas, S., & Yang, S. T. (2010). Production of lactic acid and
ethanol by Rhizopus oryzae integrated with cassava pulp hydrolysis. Bioprocess
Biosyst Eng, 33(3), 407-416. doi:10.1007/s00449-009-0341-x

Utrilla, J., Gosset, G., & Martinez, A. (2009). ATP limitation in a pyruvate formate lyase
mutant of Escherichia coli MG1655 increases glycolytic flux to d-lactate. Journal of
Industrial Microbiology & Biotechnology, 36(8), 1057-1062. doi:10.1007/s10295-
009-0589-9

Valli, M., Sauer, M., Branduardi, P., Borth, N., Porro, D., & Mattanovich, D. (2006).
Improvement of lactic acid production in Saccharomyces cerevisiae by cell sorting
for high intracellular pH. Appl Environ Microbiol, 72(8), 5492-5499. doi:10.1128/
AEM.00683-06

Visakh, P. M., Aji, P. M., Kristiina, O., & Sabu, T. (2012). Starch-based
bionanocompositeds: Processing ad properties. In Y. Habibi & L. A. Lucia (Eds.),
Polysaccharides building blocks: A sustainable approach to the development of
renewable biomaterials (1 ed.): John Wiley & Sons, Inc.

Wang, Xu, Y., Mg, C., Gao, C., Li, L., Wang, Y., Xu, P. (2012). Efficient 2,3-butanediol
production from cassava powder by a crop-biomass-utilizer, Enterobacter cloacae
subsp. dissolvens SDM. PLoS One, 7(7), e40442. doi:10.1371/journal.pone.0040442

Wee, Y., Kim, J., & Ryu, H. (2006). Biotechnological production of lactic acid and its recent
applications. Food Techol. Biotechnol, 44(2), 163-172.

Wood, B. E., Yomano, L. P., York, S. W., & Ingram, L. O. (2005). Development of industrial
medium required elimination of the 2,3-butanediol fermentation pathway to maintain
ethanol yield in an ethanologenic strain of Klebsiella oxytoca. Biotechnol Prog, 21,
1366-1372.

Wu, Y., Ma, H., Zheng, M., & Wang, K. (2015). Lactic acid production from acidogenic

fermentation of fruit and vegetable wastes. Bioresour Technol, 191, 53-58. doi:



70

10.1016/j.biortech.2015.04.100

Xu, Y., Zhang, M., Roozeboom, K., & Wang, D. (2018). Integrated bioethanol production to
boost low-concentrated cellulosic ethanol without sacrificing ethanol vyield.
Bioresour Technol, 250, 299-305. doi:10.1016/j.biortech.2017.1
1.056

Yamada, R., Wakita, K., Mitsui, R., Nishikawa, R., & Ogino, H. (2017a). Efficient
production of 2,3-butanediol by recombinant Saccharomyces cerevisiae through
modulation of gene expression by cocktail delta-integration. Bioresour Technol,
245(Pt B), 1558-1566. doi:10.1016/j.biortech.2017.05.034

Yamada, R., Wakita, K., Mitsui, R., Ogino, H. (2017b). Enhanced D-lactic acid production
by recombinant Saccharomyces cerevisiae following optimization of the global
metabolic pathway. Biotechnol Bioeng, 114(9), 2075-2084. doi:10.1002/bit.26330

Yanez, R., Moldes, A., Alonso, J., & Parajo, J. (2003). Production of D(—)-lactic acid from
cellulose by simultaneous saccharification and fermentation using Lactobacillus
coryniformis subsp. torquens. Biotechnology Letter, 25, 1161-1164.

Yang, Y. T., Peredelchuk, M., Bennett, G. N., & and San, K. Y. (2000). Effect of Variation
of Klebsiella pneumoniae Acetolactate Synthase Expression on Metabolic Flux
Redistribution in Escherichia coli. Biotechnol Bioeng, 69, 150-159.

Yum, J. S., Wee, Y. J, Kim, J. N., & Ryu, H. W. (2004). Fermentative production of DL-
lactic acid from amylase-treated rice and wheat brans hydrolyzate by a novel lactic
acid bacterium, Lactobacillus sp. Biotechnology Letter, 26.

Yuwono, S. D., & Kokugan, T. (2008). Study of the effects of temperature and pH on lactic
acid production from fresh cassava roots in tofu liquid waste by Streptococcus bovis.
Biochemical Engineering Journal, 40(1), 175-183. doi:10.1016/j.bej.2007.12.004

Zhang, C., Zhou, C., Assavasirijinda, N., Yu, B., Wang, L., & Ma, Y. (2017). Non-sterilized

fermentation of high optically pure D-lactic acid by a genetically modified



71

thermophilic Bacillus coagulans strain. Microb Cell Fact, 16(1), 213.
doi:10.1186/s12934-017-0827-1

Zhang, X., Jantama, K., Shanmugam, K. T., & Ingram, L. O. (2009). Reengineering
Escherichia coli for Succinate Production in Mineral Salts Medium. Appl Environ
Microbiol, 75(24), 7807-7813. doi:10.1128/AEM.01758-09

Zhao, B., Wang, L., Li, F., Hua, D., Ma, C., Ma, Y., & Xu, P. (2010). Kinetics of D-lactic
acid production by Sporolactobacillus sp. strain CASD using repeated batch
fermentation. Bioresour Technol, 101(16), 6499-6505. doi:10.1016/j.biortech.2010.
03.069

Zheng, L., Xu, T., Bai, Z., & He, B. (2014). Mn(2)(+)/Mg (2)(+)-dependent pyruvate
kinase from a D-lactic acid-producing bacterium Sporolactobacillus inulinus:
characterization of a novel Mn(2)(+)-mediated allosterically regulated enzyme. Appl
Microbiol Biotechnol, 98(4), 1583-1593. doi:10.1007/s00253-013-4907-9

Zhou, L., Niu, D. D., Tian, K. M., Chen, X. Z., Prior, B. A., Shen, W., and Wang, Z. X.
(2012). Genetically switched D-lactate production in Escherichia coli. Metab Eng,
14(5), 560-568. doi:10.1016/j.ymben.2012.05.004

Zhou, S., Grabar, T., Shanmugam, K., & Ingram, L. (2006). Betaine tripled the volumetric
productivity of D(-)-lactate by Escherichia coli strain SZ132 in mineral salts medium.
Biotechnol Lett, 28(9), 671-676. doi:10.1007/s10529-006-0033-4

Zhou, Y., Dominguez, J. M., Cao, N., Du, J., & Tsao, G. T. (1999). Optimization of L-lactic
acid production from glucose by Rhizopus oryzae ATTCC 52311. Applied
Biochemistry and Biotechnology, 77-79.

Zhu, F. (2015). Composition, structure, physicochemical properties, and modifications of
cassava starch. Carbohydr Polym, 122, 456-480. doi:10.1016/j.carbpol.201
4.10.063

Zhu, S., Luo, F., Huang, W., Huang, W., & Wu, Y. (2017). Comparison of three fermentation



72

strategies for alleviating the negative effect of the ionic liquid 1-ethyl-3-
methylimidazolium acetate on lignocellulosic ethanol production. Applied Energy,

197, 124-131. doi:10.1016/j.apenergy.2017.04.011



APPENDIX



APPENDIX

Sequences of plasmid pKJ1011 used for deletion of frd gene

AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA
GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATT
AATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCG
GCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CTATGACCATGATTACGCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGG
CCGCCAGTGTGCTGGAATTCGCCCTTCCGGAGCTTATGCAGAAAACGGTCGATAA
GCTCGCCGAGCTGCAGGAGCGCTTCAAGCGCGTGCGGATCACCGACACGTCCAGC
GTGTTCAATACCGACCTGCTGTACACCATCGAACTGGGCCATGGTCTGAACGTCGCC
GAATGTATGGCGCATTCCGCCCTCGCGCGTAAAGAGTCCCGCGGCGCGCATCAGCG
CCTGGATGAAGGCTGCACCGAGCGCGACGACGTCAACTTCCTCAAGCATACCCTCG
CTTTCCGCGATGCCGATGGTCACACCAGTCTGGAGTACAGTGATGTGAAAATCACCA
CTCTGCCGCCGGCAAAACGCGTGTACGGTGCGGAAGCGGAAGCAGCCGAGAAGAA

GGAGACGACGAATGGCTGAGAACACTGCTTCCGGTAGTCAATAAACCGGNNAT

CGGCATTTTCTTTTGCGTTTTTATTTGTTAACTGTTAATTGTCCTTGTTCAA

GGATGCTGTCTTTGACAACAGATGTTTTCTTGCCTTTGATGTTCAGCAGGA

AGCTTGGCGCAAACGTTGATTGTTTGTCTGCGTAGAATCCTCTGTTTGTCA

TATAGCTTGTAATCACGACATTGTTTCCTTTCGCTTGAGGTACAGCGAAGT

GTGAGTAAGTAAAGGTTACATCGTTAGGATCAAGATCCATTTTTAACACAA

GGCCAGTTTTGTTCAGCGGCTTGTATGGGCCAGTTAAAGAATTAGAAACAT

AACCAAGCATGTAAATATCGTTAGACGTAATGCCGTCAATCGTCATTTTTG

ATCCGCGGGAGTCAGTGAACAGGTACCATTTGCCGTTCATTTTAAAGACGT
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TCGCGCGTTCAATTTCATCTGTTACTGTGTTAGATGCAATCAGCGGTTTCA
TCACTTTTTTCAGTGTGTAATCATCGTTTAGCTCAATCATACCGAGAGCGC
CGTTTGCTAACTCAGCCGTGCGTTTTTTATCGCTTTGCAGAAGTTTTTGAC
TTTCTTGACGGAAGAATGATGTGCTTTTGCCATAGTATGCTTTGTTAAATA
AAGATTCTTCGCCTTGGTAGCCATCTTCAGTTCCAGTGTTTGCTTCAAATA
CTAAGTATTTGTGGCCTTTATCTTCTACGTAGTGAGGATCTCTCAGCGTAT
GGTTGTCGCCTGAGCTGTAGTTGCCTTCATCGATGAACTGCTGTACATTTT
GATACGTTTTTCCGTCACCGTCAAAGATTGATTTATAATCCTCTACACCGT
TGATGTTCAAAGAGCTGTCTGATGCTGATACGTTAACTTGTGCAGTTGTCA
GTGTTTGTTTGCCGTAATGTTTACCGGAGAAATCAGTGTAGAATAAACGGA
TTTTTCCGTCAGATGTAAATGTGGCTGAACCTGACCATTCTTGTGTTTGGT
CTTTTAGGATAGAATCATTTGCATCGAATTTGTCGCTGTCTTTAAAGACGC
GGCCAGCGTTTTTCCAGCTGTCAATAGAAGTTTCGCCGACTTTTTGATAGA
ACATGTAAATCGATGTGTCATCCGCATTTTTAGGATCTCCGGCTAATGCAA
AGACGATGTGGTAGCCGTGATAGTTTGCGACAGTGCCGTCAGCGTTTTGT

AATGGCCAGCTGTCCCAAACGTCCAGGCCTTTTGCAGAAGAGATATTTTTA

ATTGTGGACGAATCGAATTCAGGAACTTGATATTTTTCATTTTTTTGCTGTT
CAGGGATTTGCAGCATATCATGGCGTGTAATATGGGAAATGCCGTATGTTT
CCTTATATGGCTTTTGGTTCGTTTCTTTCGCAAACGCTTGAGTTGCGCCTC
CTGCCAGCAGTGCGGTAGTAAAGGTTAATACTGTTGCTTGTTTTGCAAACT
TTTTGATGTTCATCGTTCATGTCTCCTTTTTTATGTACTGTGTTAGCGGTCT
GCTTCTTCCAGCCCTCCTGTTTGAAGATGGCAAGTTAGTTACGCACAATAA
AAAAAGACCTAAAATATGTAAGGGGTGACGCCAAAGTATACACTTTGCCCT
TTACACATTTTAGGTCTTGCCTGCTTTATCAGTAACAAACCCGCGCGATTT
ACTTAGATCTAGCGGCTATTTAACGACCCTGCCCTGAACCGACGACCGGG

TCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCA
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GGCGTAGCACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTA

CGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCT

GCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCG

GCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGAAAACGG

GGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAA

CTCACCCAGGGATTGGCTGAGACGAAAAACATATTCTCAATAAACCCTTTA

GGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAATATATG

TGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAA

CGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCA
TATCACCAGCTCACCGTCTTTCATTGCCATACGGAATTCCGGATGAGCATT
CATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGTGCTTAT
TTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGT
TATAGGTACATTGAGCAACTGACTGAAATGCCTCAAAATGTTCTTTACGAT
GCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTT
TAGCTTCCTTAGCTCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTA
GTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGTACCG

TGGTGATCCTGTTTGTCGCGCTGTTCTGGTAAGGAGGCTGGAATGATTAATCCC

AAACCAAAACGTTCTGATGAACCGGTATTCTGGGGGCTGTTTGGCGCTGGCGG

CATGTGGGGAGCGATTGTCGCCCCCGTTATCGTGCTGCTGGTGGGTATTATGCT

GCCGCTCGGACTGGCGCCCGCGGACGCCTTCAGCTACGAACGCGTGCTGGCTTT

CGCCCATAGCTTTATTGGCCGCGCATTCATTTTCCTGATGATTGTGCTGCCGCTA

TGGTGTGGACTTCACCGTATTCACCATGCGATGCATGATTTGAAAATTCACGTA

CCCAACGGTAAGTGGGTCTTCTACGGCCTCGCGGCGATTCTGACAAGGGCGAA

TTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGCATGCATCTAGAGGGCCC

AATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGT

CGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCC
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CCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAA
CAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGC
GCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCT
AGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTC
CCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTAC
GGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCA
TCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATA
GTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTT
TGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGAT
TTAACAAAAATTTAACGCGAATTTTAACAAAATTCAGGGCGCAAGGGCTGCTA
AAGGAAGCGGAACACGTAGAAAGCCAGTCCGCAGAAACGGTGCTGACCCCGG
ATGAATGTCAGCTACTGGGCTATCTGGACAAGGGAAAACGCAAGCGCAAAGAG
AAAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATAGCTAGACTGGGCGGTTT
TATGGACAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTT
GGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATG
GCGCAGGGGATCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGA
TTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTA
TTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTC
CGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGT
GCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGAC
GGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACT
GGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCCCACCTTGCTC
CTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTT
GATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGC
ACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGC

ATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCC
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GACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATG

GTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCG

GACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGC

GGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCG

CAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAATTGAAAAAGGA

AGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATT

TTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGA

AGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTA

AGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTA

AAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAAC

TCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCA

CAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCC

ATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGG

ACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT

TGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACA

CCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAA

CTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAA

AGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGA

TAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGC

CAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCA

ACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAA

GCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAA

ACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATG

ACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAA

AAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGC

AAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTA
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CCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACT
GTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCG
CCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGAT
AAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCA
GCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGA
CCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTT
CCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAG
GAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCT
GTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGG
GGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGC
CTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGG
ATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGA

CCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAG

Note: Normal letter are pCR2.1-TOPO-based vector, italic letters are fid’
gene (incomplete gene), bold letters are cat-sacB gene, underline letters are fid’’-

(incomplete gene).
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Sequences of pKJ1012 used for deletion of frd gene

AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA
GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATT
AATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCG
GCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CTATGACCATGATTACGCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGG
CCGCCAGTGTGCTGGAATTCGCCCTTCCGGAGCTTATGCAGAAAACGGTCGATAA
GCTCGCCGAGCTGCAGGAGCGCTTCAAGCGCGTGCGGATCACCGACACGTCCAGC
GTGTTCAATACCGACCTGCTGTACACCATCGAACTGGGCCATGGTCTGAACGTCGCC
GAATGTATGGCGCATTCCGCCCTCGCGCGTAAAGAGTCCCGCGGCGCGCATCAGCG
CCTGGATGAAGGCTGCACCGAGCGCGACGACGTCAACTTCCTCAAGCATACCCTCG
CTTTCCGCGATGCCGATGGTCACACCAGTCTGGAGTACAGTGATGTGAAAATCACCA
CTCTGCCGCCGGCAAAACGCGTGTACGGTGCGGAAGCGGAAGCAGCCGAGAAGAA

GGAGACGACGAATGGCTGAGATACCGTGGTGATCCTGTTTGTCGCGCTGTTCTGG

TAAGGAGGCTGGAATGATTAATCCCAAACCAAAACGTTCTGATGAACCGGTAT

TCTGGGGGCTGTTTGGCGCTGGCGGCATGTGGGGAGCGATTGTCGCCCCCGTTA

TCGTGCTGCTGGTGGGTATTATGCTGCCGCTCGGACTGGCGCCCGCGGACGCCT

TCAGCTACGAACGCGTGCTGGCTTTCGCCCATAGCTTTATTGGCCGCGCATTCA

TTTTCCTGATGATTGTGCTGCCGCTATGGTGTGGACTTCACCGTATTCACCATGC

GATGCATGATTTGAAAATTCACGTACCCAACGGTAAGTGGGTCTTCTACGGCCT

CGCGGCGATTCTGACAAGGGCGAATTCTGCAGATATCCATCACACTGGCGGCC

GCTCGAGCATGCATCTAGAGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAA

TTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCA

ACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGA

GGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGA

CGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCG
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TGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTC
CTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCT
TTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAG
GGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTG
ACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACA
CTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGG
CCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACA
AAATTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACACGTAGAAAGCCAGT
CCGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGAC
AAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACA
TGGCGATAGCTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATTGCC
AGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGG
CTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAG
ACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTC
TCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAA
TCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTC
TTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCA
GCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGAC
GTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCA
GGATCTCCTGTCATCCCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGA
TGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCA
AGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCG
ATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTC
GCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGG
CGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCAT

CGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTA
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CCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGC

TTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGA

CGAGTTCTTCTGAATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTC

GCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAA

CGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTAC

ATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGA

ACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATC

CCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGA

ATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATG

ACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGC

CAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCA

CAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATG

AAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACA

ACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAA

TTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGC

CCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTC

TCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGT

TATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCG

CTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACT

CATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGT

GAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTC

CACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTT

TTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTG

GTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTC

AGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCAC

CACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTA
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CCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGA
CGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCAC
ACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTG
AGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCC
GGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGA
AACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTC
GATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAAC
GCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCC
TGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGA
TACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAA

GCGGAAG

Note: Normal letters are pCR2.1-TOPO-based vector, italic letters are fid’

gene (incomplete gene), underline letters are frd’ (incomplete gene).
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Sequences of pKJ1014 for deletion of pflB gene

AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA
GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATT
AATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCG
GCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CTATGACCATGATTACGCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGG
CCGCCAGTGTGCTGGAATTCGCCCTTATGTCCGAGCTTAATGAAAAGTTAGCCACA
GCCTGGGAAGGTTTTGCGAAAGGTGACTGGCAGAACGAAGTCAACGTCCGCGACTT
CATCCAGAAAAACTATACCCCGTACGAAGGTGACGAGTCCTTCCTGGCTGGCGCAAC
TGACGCGACCACCAAGCTGTGGGACACCGTAATGGAAGGCGTTAAACAGGAAAACC
GCACTCACGCGCCTGTTGATTTTGATACTTCCCTTGCATCCACCATCACTTCTCATGA
CGCTGGCTACATCGAGAAAGGTCTCGAGAAAATCGTTGGTCTGCAGACTGAAGCTCC
GCTGAAACGCGCGATTATCCCGTTCGGCGGCATCAAAATGGTAGAAGGTTCCTGCAA
AGCGTACAATCGCGAGCTGGACCCGATGCTGAAGAAAATCTTCACTGAATACCGCAA
AACTCACAACCAGGGCGTGTTTGACGTTTACACCAAAGACATCCTGAACTGCCGTAA
ATCTGGCGTTCTGACCGGTCTGCCGGATGCCTATGGCCGTGGTCGTATCATCGGTG
ACTACCGTCGCGTTGCGCTGTACGGTATCGACTTCCTGATGAAAGACAAATACGCTC

AGTTCGTCTCTCTGCAAGAGAAACTGGAAAACACACTGCTTCCGGTAGTCAATAA

ACCGGNNATCGGCATTTTCTTTTGCGTTTTTATTTGTTAACTGTTAATTGTC

CTTGTTCAAGGATGCTGTCTTTGACAACAGATGTTTTCTTGCCTTTGATGT

TCAGCAGGAAGCTTGGCGCAAACGTTGATTGTTTGTCTGCGTAGAATCCTC

TGTTTGTCATATAGCTTGTAATCACGACATTGTTTCCTTTCGCTTGAGGTA

CAGCGAAGTGTGAGTAAGTAAAGGTTACATCGTTAGGATCAAGATCCATTT

TTAACACAAGGCCAGTTTTGTTCAGCGGCTTGTATGGGCCAGTTAAAGAAT

TAGAAACATAACCAAGCATGTAAATATCGTTAGACGTAATGCCGTCAATCG

TCATTTTTGATCCGCGGGAGTCAGTGAACAGGTACCATTTGCCGTTCATTT
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TAAAGACGTTCGCGCGTTCAATTTCATCTGTTACTGTGTTAGATGCAATCA
GCGGTTTCATCACTTTTTTCAGTGTGTAATCATCGTTTAGCTCAATCATACC

GAGAGCGCCGTTTGCTAACTCAGCCGTGCGTTTTTTATCGCTTTGCAGAAG

[TTTTGACTTTCTTGACGGAAGAATGATGTGCTTTTGCCATAGTATGCTTT
GTTAAATAAAGATTCTTCGCCTTGGTAGCCATCTTCAGTTCCAGTGTTTGC
TTCAAATACTAAGTATTTGTGGCCTTTATCTTCTACGTAGTGAGGATCTCT
CAGCGTATGGTTGTCGCCTGAGCTGTAGTTGCCTTCATCGATGAACTGCTG
TACATTTTGATACGTTTTTCCGTCACCGTCAAAGATTGATTTATAATCCTCT
ACACCGTTGATGTTCAAAGAGCTGTCTGATGCTGATACGTTAACTTGTGCA
GTTGTCAGTGTTTGTTTGCCGTAATGTTTACCGGAGAAATCAGTGTAGAAT
AAACGGATTTTTCCGTCAGATGTAAATGTGGCTGAACCTGACCATTCTTGT
GTTTGGTCTTTTAGGATAGAATCATTTGCATCGAATTTGTCGCTGTCTTTA
AAGACGCGGCCAGCGTTTTTCCAGCTGTCAATAGAAGTTTCGCCGACTTTT
TGATAGAACATGTAAATCGATGTGTCATCCGCATTTTTAGGATCTCCGGCT
AATGCAAAGACGATGTGGTAGCCGTGATAGTTTGCGACAGTGCCGTCAGC

GTTTTGTAATGGCCAGCTGTCCCAAACGTCCAGGCCTTTTGCAGAAGAGAT

ATTTTTAATTGTGGACGAATCGAATTCAGGAACTTGATATTTTTCATTTTT
TGCTGTTCAGGGATTTGCAGCATATCATGGCGTGTAATATGGGAAATGCC
GTATGTTTCCTTATATGGCTTTTGGTTCGTTTCTTTCGCAAACGCTTGAGTT
GCGCCTCCTGCCAGCAGTGCGGTAGTAAAGGTTAATACTGTTGCTTGTTTT
GCAAACTTTTTGATGTTCATCGTTCATGTCTCCTTTTTTATGTACTGTGTTA
GCGGTCTGCTTCTTCCAGCCCTCCTGTTTGAAGATGGCAAGTTAGTTACGC
ACAATAAAAAAAGACCTAAAATATGTAAGGGGTGACGCCAAAGTATACACT
TTGCCCTTTACACATTTTAGGTCTTGCCTGCTTTATCAGTAACAAACCCGC
GCGATTTACTTAGATCTAGCGGCTATTTAACGACCCTGCCCTGAACCGACG

ACCGGGTCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCAC
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TTATTCAGGCGTAGCACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAA

AAATTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAG

CATTCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCG

CCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGA

AAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTG

GTGAAACTCACCCAGGGATTGGCTGAGACGAAAAACATATTCTCAATAAAC

CCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAA

TATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGAT

GAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACT

ATCCCATATCACCAGCTCACCGTCTTTCATTGCCATACGGAATTCCGGATG

AGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGT

GCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGG

TCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCCTCAAAATGTTCTT

TACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCT

CCATTTTAGCTTCCTTAGCTCCTGAAAATCTCGATAACTCAAAAAATACGC

CCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCC

GACGCTATCCCGACTCAGTCCGTTCTGACCATCACCTCTAACGTTGTGTATGGT

AAGAAAACCGGTAACACCCCTGACGGTCGTCGCGCTGGCGCTCCGTTCGGACC

AGGTGCTAACCCGATGCACGGCCGTGACCAGAAAGGTGCTGTTGCCTCTCTGA

CCTCCGTTGCGAAACTGCCGTTTGCTTACGCGAAAGATGGTATTTCTTACACCT

TCTCTATCGTGCCGAACGCGCTGGGTAAAGACGACGAAGTTCGTAAAACTAAC

CTCGCCGGCCTGATGGATGGTTACTTCCACCACGAAGCGTCCATCGAAGGCGGT

CAGCATCTGAACGTCAACGTTATGAACCGCGAAATGCTGCTCGACGCGATGGA

AAACCCGGAAAAATATCCGCAGCTGACCATCCGCGTATCCGGCTACGCAGTAC

GTTTTAACTCCCTGACGAAAGAACAGCAGCAGGACGTTATTACTCGTACCTTCA

CTCAGACCATGTAAAAGGGCGAATTCTGCAGATATCCATCACACTGGCGGCCG
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CTCGAGCATGCATCTAGAGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAAT
TCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAA
CTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAG
GCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGAC
GCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGT
GACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCC
TTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTT
TAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGG
GTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGA
CGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACAC
TCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGC
CTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAA
AATTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACACGTAGAAAGCCAGTC
CGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGACA
AGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACAT
GGCGATAGCTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATTGCCA
GCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGC
TTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAGA
CAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCT
CCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAAT
CGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCT
TTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAG
CGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACG
TTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAG
GATCTCCTGTCATCCCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGAT

GCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAA
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GCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGA

TCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCG

CCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGC

GATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATC

GACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTAC

CCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCT

TTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGAC

GAGTTCTTCTGAATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCG

CCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAAC

GCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACA

TCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAA

CGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCC

GTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAAT

GACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGAC

AGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCA

ACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACA

ACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAA

GCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAAC

GTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATT

AATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCC

TTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTC

GCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTA

TCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCT

GAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCA

TATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGA

AGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCA
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CTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTT
TCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCA
GCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACC
ACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTAC
CAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGAC
GATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA
CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGA
GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCG
GTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAA
ACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACG
CGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCT
GCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGAT
ACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAG

CGGAAG

Note: Normal letter are pCR2.1-TOPO-based vector, italic letters are pfIB’
gene (incomplete gene), bold letters are cat-sacB gene, underline letters are pfIB’’-

(incomplete gene).
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Sequences of plasmid pKJ1015 for deletion of pflB gene

AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA
GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATT
AATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCG
GCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CTATGACCATGATTACGCCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGG
CCGCCAGTGTGCTGGAATTCGCCCTTATGTCCGAGCTTAATGAAAAGTTAGCCACA
GCCTGGGAAGGTTTTGCGAAAGGTGACTGGCAGAACGAAGTCAACGTCCGCGACTT
CATCCAGAAAAACTATACCCCGTACGAAGGTGACGAGTCCTTCCTGGCTGGCGCAAC
TGACGCGACCACCAAGCTGTGGGACACCGTAATGGAAGGCGTTAAACAGGAAAACC
GCACTCACGCGCCTGTTGATTTTGATACTTCCCTTGCATCCACCATCACTTCTCATGA
CGCTGGCTACATCGAGAAAGGTCTCGAGAAAATCGTTGGTCTGCAGACTGAAGCTCC
GCTGAAACGCGCGATTATCCCGTTCGGCGGCATCAAAATGGTAGAAGGTTCCTGCAA
AGCGTACAATCGCGAGCTGGACCCGATGCTGAAGAAAATCTTCACTGAATACCGCAA
AACTCACAACCAGGGCGTGTTTGACGTTTACACCAAAGACATCCTGAACTGCCGTAA
ATCTGGCGTTCTGACCGGTCTGCCGGATGCCTATGGCCGTGGTCGTATCATCGGTG
ACTACCGTCGCGTTGCGCTGTACGGTATCGACTTCCTGATGAAAGACAAATACGCTC

AGTTCGTCTCTCTGCAAGAGAAACTGGAAAACACGCTATCCCGACTCAGTCCGTTC

TGACCATCACCTCTAACGTTGTGTATGGTAAGAAAACCGGTAACACCCCTGACG

GTCGTCGCGCTGGCGCTCCGTTCGGACCAGGTGCTAACCCGATGCACGGCCGTG

ACCAGAAAGGTGCTGTTGCCTCTCTGACCTCCGTTGCGAAACTGCCGTTTGCTT

ACGCGAAAGATGGTATTTCTTACACCTTCTCTATCGTGCCGAACGCGCTGGGTA

AAGACGACGAAGTTCGTAAAACTAACCTCGCCGGCCTGATGGATGGTTACTTC

CACCACGAAGCGTCCATCGAAGGCGGTCAGCATCTGAACGTCAACGTTATGAA

CCGCGAAATGCTGCTCGACGCGATGGAAAACCCGGAAAAATATCCGCAGCTGA

CCATCCGCGTATCCGGCTACGCAGTACGTTTTAACTCCCTGACGAAAGAACAGC
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AGCAGGACGTTATTACTCGTACCTTCACTCAGACCATGTAAAAGGGCGAATTCT

GCAGATATCCATCACACTGGCGGCCGCTCGAGCATGCATCTAGAGGGCCCAAT

TCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGT

GACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCT

TTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACA

GTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGCGC

GGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAG

CGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCC

CGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGG

CACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATC

GCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGT

GGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTG

ATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTT

AACAAAAATTTAACGCGAATTTTAACAAAATTCAGGGCGCAAGGGCTGCTAAA

GGAAGCGGAACACGTAGAAAGCCAGTCCGCAGAAACGGTGCTGACCCCGGAT

GAATGTCAGCTACTGGGCTATCTGGACAAGGGAAAACGCAAGCGCAAAGAGA

AAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATAGCTAGACTGGGCGGTTTT

ATGGACAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTG

GGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGG

CGCAGGGGATCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGAT

TGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTAT

TCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCC

GGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTG

CCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACG

GGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTG

GCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCCCACCTTGCTCC
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TGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTG

ATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCA

CGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCA

TCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCG

ACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGG

TGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGG

ACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCG

GCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGC

AGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAATTGAAAAAGGAA

GAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTT

TGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAA

GATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAA

GATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAA

AGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACT

CGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCAC

AGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCA

TAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGA

CCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT

GATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACAC

CACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAAC

TACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAA

GTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGAT

AAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCC

AGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAA

CTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAG

CATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAA
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CTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGA
CCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAA
AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCA
AACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTAC
CAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTG
TTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGC
CTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATA
AGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAG
CGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGAC
CTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTC
CCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGG
AGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTG
TCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGG
GGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCC
TTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGA
TAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGAC

CGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAG

Note: Normal letter are pCR2.1-TOPO-based vector, italic letters are pfiB’

gene (incomplete gene), underline letters are pfIB’’ (incomplete gene)
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