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PAILIN BOONTAWAN : DEVELOPMENT OF LACTIC ACID
PRODUCTION PROCESS FROM CASSAVA BY USING LACTIC AQI
BACTERIA. THESIS ADVISOR : ASST. PROF. SUNTHORN

KANCHANATAWEE, Ph.D. 204 PP.

L-(+)-LACTIC ACID/ LACTIC ACID BACTERIA/ PHENOTYPIC AND
GENOTYPIC CHARACTERIZATION/ CASSAVA STARCH/ SPENT BEWER'S

YEAST EXTRACT/ FERMENTATION PROCESSES/ ELECTRODEI@ATION

Isolation and identification of lactic acid bactefrom fermented cassava waste
in Thailand were performed in this work. The phgpat and genotypic
characterizations using 16S rDNA gene sequenceklait acid bacteria population
were investigated. The most efficient strain idéedi wasPediococcus pentosaceus, and
it was used as the starter culture in subsequemefgation processes. The strain showed
homo-fermentative characteristic with high optigglure L-(+)-lactic acid. In order to
develop cheaper nutrient sources, cassava stastreated withoh-amylase and gluco-
amylase before being used as the main carbon saouteeeas spent brewer's yeast
extract was used as a supplementary nitrogen sdbifferent fermentation modes were
attempted, including the batches with non-contcbded controlled pH, intermittent fed-
batch, constant feed rate fed-batch, and expomefadbatch, respectively. The
experimental result was obtained from exponengalbatch system with the highest
lactic acid concentration of approximately 150 gfithin 72 h of the operating time. The
fermentation performance also exhibited a high petidn yields (groduc{Osubstrarp Of
more than 0.90. The lactic acid productivity of empntial feeding showed a high value;

however, the production yield of intermittent featdh was higher. As a result, this



feeding strategy was chosen fom situ lactic acid recovery process. Extractive
fermentation of L-(+)-lactic acid (lactate) was rixed out using the electrodeionization
(EDI) technique. The effect of initial lactate centrations on microbial growth was
initially investigated. A mathematical simulationf d¢he product inhibition was
successfully illustrated. It was found that thdicail lactate concentration at which the
cell growth severely hampered was approximatelg/®@0 Various operating conditions
were investigated to assess the EDI performance.syhtem was subsequently applied
for in situ removal of lactate from the fermentation brothe@fc deactivation constant
(kq) was substantially reduced from 0.026 to 0.0054 K resulting in much improved
half life of the biocatalyst. The highest lactabemcentration in the receiving solution was
obtained at 185 g/L. More than 95% optical purifyLe(+)-lactic acid was obtained
using a chiral HPLC column. This finding reveal&attP. pentosaceus was one of the
most promising strain for commercial L-(+)-lacticié production. In conclusion,
hydrolyzed cassava starch supplemented with speweb's yeast extract can be
effectively used to reduce the nutrients cost b¥8a8nd it might provide substrate for a

large scale lactic acid production.
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CHAPTER |

INTRODUCTION

1.1 Significance of the study

Low cost medium for lactic acid fermentation haeeib developed for economic
lactic acid fermentation. Agricultural products Buas corn, potato, and wheat containing
substantial amount of starch have been preferredaas materials for lactic acid
production. However, it is expected that cassavachviban be supplied constantly at
lower costs and riches in carbohydrate could be asea suitable renewable resource in
substitution of other agricultural products. Intla@cid fermentation, lactic acid bacteria
have complex nutritional requirements especiallgboa source and nitrogen source.
Yeast extract was generally reported as the moptagm@d nitrogen source, but it is an
expensive substance. Therefore, it is very atracto develop a more economical
method for lactic acid production using a cheapgogen source. Spent brewer’s yeast
extract is a nutritious waste product of the aldchbeverage and, therefore, could be
considered as a feasible, inexpensive alternatitegen source for lactic acid
fermentation. This research work focuses on theeldpwment of an efficient and
economical process for the lactic acid productioihis involves the screening of
potential lactic acid bacteria, media formulationthwa view to replace expensive
ingredients; such as, yeast extract and peptonerebgwable lower cost materials,
development of fermentation processes, and finallgitu lactic acid recovery using

electrodeionization (EDI) technique.



1.2 Research objectives

1.2.1 To isolate and identify potential lacticica bacteria with high
volumetric productivity and product yield of lactacid from various
sources.

1.2.2 To optimize fermentation conditions andtafle substrate for lactic
acid production.

1.2.3 To study lactic acid production by usingseas as carbon source and
spent brewer’s yeast extract extract as nitrogence in batch culture.

1.2.4 To optimize lactic acid productiarbatch and fed-batch processes.

1.2.5 To recover and concentrate lactic acid fri@mmentation broth using

electrodeionization (EDI) technique.

1.3 Research hypothesis

Isolated lactic acid bacteria could produce laatid as its major product, with a
high yield, and high growth rate. Cassava starchi@nproducts could be used for lactic
acid production by lactic acid bacteria at the mpitin production conditions. Lactic acid
could be recovered from fermentation broth, andceatrate with high yield by using

EDI technique.

1.4  Scope and limitation of the study

This work involves investigation of lactic acid graction starting from isolation
of potential lactic acid bacteria (LAB), media farkation, fermentation processes, and
in situ recovery of lactic acid using EDI technique. Thigmate objective of the whole
thesis is to improve value of the agricultural prodfor the efficient production of lactic

acid by fermentation processes. Lactic acid ferateat was performed using cassava



starch as the main substrate supplemented withgeitr source such as spent brewer’s
yeast extract extract. Effect of carbon sourcesratrdgen sources was investigated in
order to obtain optimum media formulation. In adbgit fermentations were carried out
in laboratory bioreactors either in batch or in-fedch system. Moreover, lactic acid
recovery process was investigated using EDI teclmitylass transfer characteristic was
studied in both abiotic and biotic system. Finatlgmbination of lactic acid fermentation
andin situ product removal via EDI technique was performes ptrformances in terms
of product yield and volumetric productivity weravestigated, and compared with

conventional fermentation methods.

1.5 Expected results

1.5.1 High lactic acid yield from feemtation processes under the optimum
condition will be obtained.

1.5.2 Microorganism can utilize cassava starchsgent brewer’s yeast extract
as carbon source and nitrogen source for lactid gmioduction,
respectively.

1.5.3 Successful continuous recovery of lactic doom fermentation broth

using EDI technique will be realized.



CHAPTER I

LITERATURE REVIEW

2.1 Lactic acid

Lactic acid was firstly discovered in sour milk 1780 by a Swedish chemist, Carl

Wilhelm Scheele, who initially considered it as @kncomponent. In 1789, Lavoisier

named this milk componengcide lactiqug which became the possible origin of the

current terminology for lactic acid. However, itsvim 1857 when Louis Pasteur discovered
that it was not a milk component, but a fermentatinetabolite generated by certain
microorganisms (Weet al., 2006).

Lactic acid (IUPAC systematic name: 2-hydroxyprapanacid), also known as
milk acid, is a chemical compound that plays a mlseveral biochemical processes. It is a
carboxylic acid with a chemical formula ogldsOs. It has a hydroxyl group adjacent to the
carboxyl group, making it an alpha hydroxy acid @HIn solution, it can lose a proton
from the acidic group, producing the lactate ioM{CH(OH)COO) . Lactic acid is soluble
in water and water miscible organic solvents bugoiable in other organic solvents
(Narayanaret al., 2004). Lactic acid exists as two optical isom@&@se is known as L-(+)-
lactic acid or §-lactic acid, and its mirror image is D-(-)-lacécid or R)-lactic acid. L-
(+)-lactic acid is the biologically important isomd-igure 2.1 illustrates the two optical
isomers of lactic acid, and some physiochemicgb@riies of lactic acid are shown in Table

2.1.
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Figure 2.1 Chemical structure of L-(+)-lactic acid and D-(@gtic acid.

Table 2.1 Physiochemical properties of lactic acid.

Properties

Value

Empirical formula
Chemical name
Dissolution constant ¢k
Molecular weight
Normal boiling point, °C

Melting temperature, °C

Density, d*°, g/ml

CsHeOs
2-hydroxypropanoic acid
1.37x10"

90.08 g/mol

122 °C at 14 mmHg

L:53°C
D: 53 °C
D/L: 16.8 °C

11

Source: (Datta&t al., 1995).



2.1.1 Application of lactic acid in polymer industry
Recently, a great interest in biodegradable lactidlymers has accelerated
researches on the production of pufe)- or D(-)-lactic acid as bulk raw material, and

efforts have been made to enhance the productwiteconomy of the(+)- or D(-)-lactic

acid production processes (Champomier-gettgal., 2002). The optically pure lactic acid

can be polymerized into a high molecular mass padtie acid (PLA) through the serial
reactions of polymerization, depolymerization, amthg opening polymerization
(Vijayakumaret al., 2008). Two molecules of lactic acid can be dehtglt to yield lactide,

a cyclic lactone. A variety of catalysts can polyine lactide to produce either heterotactic
or syndiotactic polylactide, biodegradable polyestith valuable ifter alia) medical
properties, which are currently attracting mucleratibn.

These polymers are transparent and their degradedio be controlled by adjusting
the composition, and molecular weight. Their phgsiproperties approach those of
petroleum derived plastics. Lactic acid esters &kayl/butyl lactate can be used as green
solvents. They are high boiling, non-toxic, anddeigradable components. Poly L-lactic
acid with low degree of polymerization can helpcontrolled release or degradable mulch
films for large-scale agricultural applications (@aet al., 2007). Moreover, polymers of
lactic acids are biodegradable thermoplastics. Tdwultant polymer, poly-lactic acid
(PLA), has numerous uses in a wide range of apgplits, such as protective clothing, food

packaging, mulch film, trash bags, and short-liég$, respectively.

2.1.2 Other applications
Lactic acid is used in the food industry for sav@spects. Lactic acid has a
long history of uses for fermentation and preseonabf human foodstuffs (Davisaat al.,

1995). Lactic acid can also be found iniou#s processed foods, usually either as a pH



adjusting ingredient, or as a preservative (eitgeantioxidant or for control of pathogenic
microorganisms). It has many pharmaceutical andmetis applications including
formulations in tropical ointments, lotions, antik@ solutions, humectants, parenteral
solutions, and dialysis applications, for anti ragent. In addition, technical grade lactic
acid is used as an acidulant in vegetable andde#tinning industries. Lactic acid is being
used in many small scale applications like pH d&djest in hardening baths for
cellophanes used in food packaging, terminatinghtager phenol formaldehyde resins,
alkyl resin modifier, solder flux, lithographic aréxtile printing developers, adhesive
formulations, electroplating and electro-polishbaghs, and detergent builders, respectively
(Vijayakumaret al., 2008)

Biological production of lactic acid has attraci@djreat deal of interest due to its
potential uses in many industries, and the produoadif polylactide polymer. Although the
biological production of lactic acid has some adagas over chemical synthesis, it still

requires the cheaper substrates for industrialldgias (Lim et al., 2008).

2.2 Lactic acid production

2.2.1 Lactic acid production by chemical reaction
Lactic acid can be manufactured by either chemisghthesis or

fermentation. The commercial process for chemigelthesis is based on lactonitrile.
Hydrogen cyanide is added to acetaldehyde in tbgepice of a base to produce lactonitrile.
This reaction occurs in liquid phase at high atrhesie pressures. The crude lactonitrile is
recovered, and purified by distillation. It is thdrydrolyzed to lactic acid, either by
concentrated HCI or by 430, to produce the corresponding ammonium salt aritlacid.
Lactic acid is then esterified with methanol toguoe methyl lactate before being purified

by the means of distillation, and is hydrolyzedwmster under acid catalyst to produce lactic



acid and methanol. The chemical synthesis methoduyges a racemic mixtumE -lactic

acid. This process is represented by the followaagtions (Narayanaat al., 2004).

(@)  Addition of Hydrogen Cyanide

Catalyst
CHsCHO + HCN » CHCHOHCN
Acetaldehyde Hydrogen cyanide baitile

(b) Hydrolysis by HSO,
CH3CHOHCN + HO + %HSO, ———» CBCHOHCOOH + Y(Nk),SO,
Lactonitrile Sulphuric acid Lactic acid Ammoniumtsal

(c) Esterification

CH;CHOHCOOH + CEHOH ———» GBHOHCOOCH + HO
Lactic acid Methanol Mgt lactate

(d)  Hydrolysis by KO

CH;CHOHCOOCH + HO —>  CBLCHOHCOOH + ChKDH
Methyl lactate Lactic acid Methano

2.2.2 Lactic acid production by fermentation processes

On the other hand, an optically puw()- or D(-)-lactic acid can be obtained
by microbial fermentation when the appropriate wacganism is selected. The optical
purity of lactic acid is crucial to the physicabperties of poly(lactic acid) (Antoniet al.,
2000), and an optically pung+)- or b(-)-lactic acid, rather than racenic-lactic acid.
Lactic acid can be polymerized to produce a higystatline PLA that is suitable for
commercial uses. As a result, the biotechnologicatiuction of lactic acid has received a
significant amount of interest recently, since ffes an alternative way to prevent
environmental pollution caused by the petrochemindlstry and the limited supply of

petrochemical resources (Han and Pan, 2009).



2.2.3 Microorganisms for the lactic acid producion

Microorganisms with a capability to produce laaid can be divided into
two groups namely bacteria and fungi (Litchfiel®986). Most investigations of lactic acid
production were carried out with lactic acid baeteand filamentous fungi. For example,
Rhizopus species utilize glucose aerobically to producdidaacid (Zhouet al., 1999).
Fungal fermentation has some advantages in wRIthopus oryzae requires not only a
simple medium and produceét)-lactic acid, but it also requires vigorous dierabecause
Rhizopus oryzae is an obligate aerobe (Tay and Yang, 20B2jzopus species such &R
oryzae and R. arrhizus have amylolytic enzyme activity, which enables themconvert
starch directly to L(+)-lactic acid (Yiet al., 1997). However, fungal fermentation showed
low production rate, below 3.0 g/L/h, is probablyedto the low reaction rate caused by
mass transfer limitation of substrate. The lowexdpict yield from fungal fermentation is
partially attributed to the formation of by-prodsicsuch as fumaric acid and ethanol (Wee
et al., 2006). Although there have been persistent atiengpproduce lactic acid through
fungal fermentation, LAB have been commonly usedtie production of lactic acid due to
the aforementioned disadvantages of fungal fernientaMoreover, lactic acid bacteria

were performed the desirable activities which theymote (Vijayakumaet al., 2008).

2.3 Lactic acid bacteria

The lactic acid bacteria are a group of Gram pasibacteria. Other main
characteristics include non-respiring, non-spomrenfog, cocci or rods, and produce lactic
acid as the major end product from the fermentatibnarbohydrates. They are the most
important bacteria in desirable food fermentatidiesng responsible for the fermentation of
sour dough bread, all fermented milks, cassavapftmlucegari and fufu), and most

fermented vegetables. Historically, bacteria frdme generad.actobacillus, Leuconostoc,
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Pediococcus and Streptococcus are the main species involved. Lactic acid baaterere
recently reviewed by Wessels and his colleaguessé@lset al., 2004). They lack the
ability to synthesize cytochromes and porphyrir@r(ponents of respiratory chains), and
therefore cannot generate ATP by creation of aoprgradient. The lactic can only obtain
ATP by fermentation, usually of sugars. Phosphafemase system (PTS) is a distinct
method used by bacteria for sugar uptake where dberce of energy is from
phosphoenolpyruvate (PEMtracellular redox balance is maintained throughdxidation

of NADH, concomitant with pyruvate reduction to tiacacid. This process yields two
moles ATP per glucose consumé&ihce they do not use oxygen in their energy prodogc
lactic acid bacteria happily grow under anaerolicditions, but they can also grow in the
presence of oxygen. They are protected from oxyggmoduct (e.g. kD,) because they
have peroxidases. Furthermore, they convert cadralg/to lactic acid plus carbon dioxide
and other organic acids without the need for oxytet described as microaerophilic as
they do not utilize oxygen. Some of the families Romofermentative which produce only
lactic acid with small amounts of alcohol.

The taxonomy of lactic acid bacteria has been basgeithe gram reaction and the
production of lactic acid from various fermentabkrbohydrates (Salminest al., 1998).
These organisms are heterotrophic and generallg lcamplex nutritional requirements
because they lack many biosynthetic capabilitiegstMpecies have multiple requirements
for amino acids and vitamins. Because of thesticlacid bacteria are generally abundant
only in communities where these requirements caprbeided. They are often associated
with animal oral cavities and intestines (elgnterococcus faecalis), plant leaves
(Lactobacillus, Leuconostoc) as well as decaying plant or animal matter sugtradting
vegetables, fecal matter, compost, etc (Yainal., 2003). Their growth lowers both

carbohydrate content of the foods that they ferpreamd pH due to lactic acid production. It
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is this acidification process which is one of thesindesirable side-effects of their growth.
The fermentation (and growth of the bacteria) I&lg®iting due to the sensitivity of lactic

acid bacteria to such acidic pH (Kostiretlal., 2005).

2.3.1 Natural habitat of lactic acid bacteria

LAB can be isolated from various natural sourdes. example, lactococci
can be found in milk and milk products. Previousdggs have shown their probiotic
activity such as the ability to inhibit the growdth other bacteria (Charalampopoukisal .,
2003). Diversity and density of lactic acid isothtttom Algerian raw goats' milk in arid
zones were studied by determination of morpholdgicaltural, physiological and
biochemical characteristics. Two hundred and sikdaacid bacterial strains were isolated,
115 of them belonging to lactic acid cocci and cth® the genudactobacillus. The
representative species of the total cocci weaetococcus sp. (76.16%),Sreptococcus
thermophilus (14.78%) and.euconostoc sp. (8.6%), respectively. The dominating species is
Lactococcus lactis subsp.lactis. Lactobacilli species found in local raw goatslkrand
their proportion werelLb. curvatus (25.25%), Lb. helviticus (10.98%), Lb. plantarum
(9.89%), Lb. reuteri (9.89%), Lb. casel (7.69%), Lb. brevis (5.49%), Lb. bulgaricus
(5.49%),Lb. paracasel (4.39%) and_b. acidophilus (2.19%) (Badist al., 2004). It has also
been reported that some lactic acid bacteria s@l&tom the gastrointestinal tract of fish
can act as probiotic (Olympé&i al., 1995).

The variation of the ecological parameters actinghe microbial association such
as the nature of cereal, temperature, size of inotuand length of propagation intervals
leads in each case to a characteristic speciesiagsn. Cereals are suitable fermentable
substrates for the growth of potentially probiaticcroorganisms. Previous studies showed

that four potentially probiotic straing.dctobacillus fermentum, L. reuteri, L. acidophilus
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andL. plantarum) were cultured in malt, barley and wheat medid.sfhins attained high
cell populations (8.1-10.1 legcfu/g). The malt medium supported the growth bsahins
more than barley and wheat media due to its chemacaposition, whild_. plantarum and

L. fermentum appeared to be less fastidious and more resisiaatidic conditions thah.
acidophilus andL. reuteri (Talamondet al., 2002). Another study showed that the natural
sour cassava starch fermentation was mainly duthdoaction of lactic acid bacteria.
Fermentation temperature and duration as well a&s cbmposition of the microflora
influenced the expansion properties of the finalse&a sour starch. However, some LAB
strains (such ad.actococcus lactis, Streptococcus sp., Enterococcus saccharolyticu,
Lactobacillus plantarum, and Leuconostoc mesenteroides) involved in the natural sour
cassava starch fermentation were isolated, idedtitind characterized using classical

microbiological techniques (Ampet al., 2001).

2.3.1.1 Lactic acid bacteria in food

Lactic adidcteria (LAB) are very important in the food arairg
industries because lactic acid and other organidsagroduced by these bacteria act as
natural preservatives as well as flavor enhancefd find increasing acceptance as
probiotic which aid in stimulating immune responsegreventing infection by
enteropathogenic bacteria, and treating and prangedtarrhea. Fermented foods constitute
a substantial part of the diet in many African doi@s are considered as an important
means of preserving and introducing variety inte thet, which often consists of staple
foods such as milk, cassava, fish and cereals.ekample, Ben saalga is a traditional
Burkinabé gruel obtained by cooking a diluted femted paste of pearl millePénnisetum
glaucum). This fermented food is widely accepted and coredi by the population,
particularly by young children. The processing eap millet into ben saalga comprises the

following successive main steps: soaking the grdfirst fermentation), grinding and
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filtration of humid flour, decanting (second fernt&tion) and cooking (Sanet al., 2002).
The production of this fermented food is still lahga traditional art associated with poor
hygiene, inconsistent quality presentation and tskbelf life. The preparation of this
indigenous food generally depends on a spontanepuhiance inoculation by naturally
occurring lactic acid bacteria (LAB) and the usestdrter cultures is still at very early
development stages. LAB play an essential roléenmajority of food fermentations, and a
wide variety of strains are routinely employed &arter cultures in the manufacture of
dairy, meat, and vegetable and bakery products.ddttfee most important contributions of
these microorganisms is the extended shelf liftheffermented product by comparison to
that of the raw substrate. Growth of spoilage aathqgenic bacteria in these foods is
inhibited due to competition for nutrients and firesence of starter-derived inhibitors such
as lactic acid, hydrogen peroxide and bacterio@asteriocins are heterogeneous group of
antibacterial proteins that vary in spectrum ofwitgt mode of action, molecular weight,
genetic origin and biochemical properties (Lee, 7)99%Currently, artificial chemical
preservatives are employed to limit the number ddroorganisms capable of growing
within foods, but increasing consumer awarenesgoténtial health risks associated with
some of these substances has led researchers mminexahe possibility of using
bacteriocins produced by LAB as biopreservatives vasdl as the application of
bacteriocinogenic LAB in starter cultures. Accoglino the generally poor sanitary
conditions of ben saalga and other traditional tertad foods, the use of selected
bacteriocinogenic LAB with antimicrobial activitygainst the most frequent foodborne
pathogenic bacteria could be an affordable wayrprove the safety of these fermented
foods. For examples, a total of 14,020 lactic dmdteria (LAB) are isolated froiNham
and two traditional Indonesian fermented foodJapai” (fermented tapioca), and

“Tempoyak” (fermented durian flesh). Chilli puree and freghat’'s milk are used as sources
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for the isolation of lactic acid bacteria (LAB), cathe total amount of 126 isolates are

obtained (Visessanguahal., 2006).

2.3.1.2 Lactic acid bacteria in agricultural products

The major genera found in the microflorafefmented or sour
cassava-starch wer&reptococcus, Bacillus, Lactobacillus and Saccharomyces with
amylase activity (Lacerdat al., 2005). Lactic acid bacteria predominated wheltbas
presence of moulds was not significant. Traditideaientation of cassava is dominated by
a lactic acid bacteria (LAB) population. A total 889 predominant strains isolated from
fermenting cassava were identified using phenotyl@sts and genotypic methods.
Moreover, fermented tapioca was used as sourcethdoisolation of lactic acid bacteria
(LAB). A total of 126 isolates were obtained. Indathn, by sequential screening for
catalase activity and Gram-staining, 55 were ddtechto be LAB, and out of which 16
were established to be homofermentative.

Moreover, Thailand is the world’'s largest exportdr tapioca
starch and starch derivatives with annual productié over 2 million tons of starch.
Development of lactic acid production using cassav¢éhe main substrate is very attractive
because it is a cheap source, contains high stametent with low quantity of impurities,

and also abundant in Nakhon Ratchasima provinceuKari, 2004).

2.3.2 Characterization of lactic acid bacteria
The lactic acid bacteria belong to two main groups homofermentors and
the heterofermentors. The pathways of lactic aaiddgction differ for both types.
Homofermentative produces mainly lactic acid whhsterofermentative produces lactic

acid plus appreciable amount of ethanol, acetat&carbon dioxide, respectively.
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The lactic acid bacteria are also divided into ¢hgeoups based on fermentation
patterns:

1. Homofermentative produces more than 85% lactic deotin glucose
(Salminenet al., 1998). One mole of glucose can be convertedvtonholes of lactic acid,

generating a net of 2 ATPs per mole of glucose huditzed.

Glycolysis
Glucose — > Pyruvate

NADH NAD"

2 Pyruvate g 2 Lactic acid

Lactate
dehydrogenase

2. Heterofermentative produces only 50% lactic acid eonsiderable amounts
of ethanol, acetic acid and carbon dioxide, oneenublglucose converted to one mole of
lactic acid, one mole of ethanol, and one mole ©% (Salminenet al., 2004). One mole of
ATP is generated per mole of glucose, resultingess growth per mole of glucose
metabolized. Because of the low energy yieldsjdaatid bacteria often grow more slowly
than microbes capable of respiration, and prodagalsr colonies of 2-3 mm.

Acetaldehyde + NADH +H ———» Ethanol + NAD
@H 1206 ——» CHCHOHCOOH + @HsOH + CQ
Glucose Lactic acid Ethanol Carlzboxide
3. Less known heterofermentative species whickdywre DL-lactic acid, acetic acid

and carbon dioxide.

The ability of lactobacilli to convert lactose tactic acid is employed in the
successful treatment of lactose intolerance. Pespftering from this condition cannot

metabolize lactose due to lack or dysfunction ef éssential enzyme systems. Lactic acid,
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by lowering the pH of the intestinal environment 40to 5, inhibits the growth of
putrefactive organisms arifl coli, which require a higher optimum pH of 6 to 7. Tlzag
differentiated from other organisms by their apilib ferment hexoses to lactic acid. The
lactic acid bacteria have limited biosynthetic @pilrequiring preformed amino acids, B
vitamins, purines, pyrimidines, and typically a augs energy source. A rich medium is
usually employed when cultivating LAB. These mu#ipequirements restrict their habitats
to areas where the required compounds are abun(@aminals, plants, and other
multicellular organisms). LAB can grow at temperatufrom 5-45 °C, and not surprisingly
are tolerant to acidic conditions. Most strainsake to grow at pH 6.

There are two main hexose fermentation pathways afea used to classify LAB
genera. Under conditions of excess glucose andelhaxygen, homolactic LAB catobolize
one mole of glucose in the Embden-Meyerhof-Par&ads$R) pathway (Figure 2.2) to yield
two moles of pyruvate. Intracellular redox balamcenaintained through the oxidation of
NADH, concomitant with pyruvate reduction to lacéicid. This process yields two moles
ATP per glucose consumed. Representative homolb&ti® genera includd.actococcus,

Enterococcus, Streptococcus, Pediococcus and group | lactobacilli.

Glucose

2 Pyruvate

2 Lactate =

Figure 2.2 Embden-Meyerhof-Parnas (EMP) pathway (Casey agi@é¢w, 1986).



17

Heterofermentative LAB utilizes the pentose phogetaase pathway. One mole
Glucose-6-phosphate is initially dehydrogenated o in6-phosphogluconate, and
subsequently decarboxylated to yield one mole of.d@e resulting pentose-5-phosphate
is cleaved into one mole glyceraldehyde phosph@af) and one mole acetyl phosphate.
GAP is further metabolized into lactate as in hosnmfentation, with the acetyl phosphate
reduced to ethanol via acetyl-CoA and acetaldehytbgmediates. Theoretically, the end
products (including ATP) are produced in equimajaantities from the catabolism of one
mole glucose. Obligate heterofermentative LAB ideluLeuconostoc, Oenococcus,

Weissella, and group Il lactobacilli.

2.3.3 Enzymes for lactic acid fermentation

Lactic acid is produced in the form of L(+) or-P{actic acid or as its
racemic mixture. Organisms that form the L(+) foon D(-) form have two lactate
dehydrogenases (LDH), which differ in their stepmasfity. SomeLactobacilli produce
L(+) form, which on accumulation induces a racemagsch converts it into D(-) lactic
acid until equilibrium is obtained. When this organ is grown in continuous culture, a
shift in pH from acidic to alkaline causes it tatat@olize sugar in a heterofermentation
mode by the phosphoketolase split pathway. Thidigmghat lactate dehydrogenases in
lactic acid bacteria are under the control of notycallosteric affects, but also gene

expressions (Narayanahal., 2004).

2.3.4 Catabolic pathways in lactic acid bacteria
Lactic acid bacteria ferment sugars resultindgi@mo-, hetero-, and mixed
acid fermentation. The two major pathways for redesimilation of glucose and xylose in
lactic acid are the Embden-Mayerhof-Parnas (EMPYhway and the pentose

phosphoketolase (PK) pathway (Vijayakuragal., 2008) shown in Figure 2.3.
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Figure 2.3 Catabolic pathways in LAB. Homofermentation (Aheterofermentation (B)
and mixed acid fermentation (C). i59phosphate, BP = 5 bisphosphate, LDH
= 5 lactate dehydrogenase, PFL = 5 pyruvate forratee, and PDH = 5

pyruvate dehydrogenase (Hofvendahl and Hahn-HaQ&@a0).

Glycolytic pathway of excess sugar and limited gety are reported an in-depth
account of the biochemical pathways for the botmttoand hetero-fermentative (Wessels
et al., 2004). Homofermentation gives only lactic acidtas end product of glucose
metabolism, and the Embden-Meyerhof-Parnas pathsvaged (Thomast al., 1979). In
heterofermentation equimolar amounts of lactic acatbon dioxide and ethanol or acetate
are formed from glucose via the phosphoketolasbwaat (Axelsson, 2004). The ratio of
ethanol and acetate formed is dependent on thex rpdtential of the system (Kandler,
1983). Reduction potential is a measure of thedray of a chemical species to acquire
electrons and thereby be reduced. This pathwayesl by facultative heterofermentors,
such ad.b. casei, for the fermentation of pentoses, and for thenftation of hexoses and

pentoses. Mixed acids are formed by homofermergoch as lactococci during glucose
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limitation (Fordyceet al., 1984), and during growth on other sugars or ate@sed pH and

decreased temperature. Ethanol, acetate and fommattrmed in addition to lactic acid.
The homofermentative pathway is used, but the réiffee is in the metabolism of pyruvate
in which lactic acid is also metabolized into fotmand acetyl-CoA by pyruvate formate
lyase (PFL). In the presence of oxygen PFL is imat#d, and an alternative pathway of
pyruvate metabolism becomes active via pyruvateydielyenase (PDH), resulting in the

production of carbon dioxide, acetyl-CoA and NADHbfvendahl and Hagerdal, 2000).

2.4 Isolation and screening of lactic acid bacteai

The seemingly simplistic metabolism of lactic adidcteria has been exploited
throughout the history of agriculture. Domesticatiof lactic acid bacterial strains passed
down through various sources. Lactic acid bactareaalso critical for the production of
sourdough, and numerous indigenous food fermentatidhey are indigenous to food-
related habitats, including plant (fruits, vegeémhl and cereal grains) and milk
environments. In addition, they are naturally agged with the mucosal surfaces of
animals, e.g., small intestine, colon, and vagiree isolates are obtained from plant, dairy,
and animal habitats, implying wide distribution aspkcialized adaptation to these diverse
environments. Identification and classificationbaicteria is a hard task since the beginning
of microbiology. It could be worthwhile to begingwiding some basic definitions taken
from the edition of Bergey's Manual of Systemat@ctriology (1994). Classification is
the arranging of new isolate belongs to one of naxaic groups (taxa) on the basis of
similarities or relationships. Nomenclature is #msignment of names to the taxonomic
groups according rules (Morelli, 1997).

Identification of lactic acid bacteria may be asi@d using classical microbiological

methods that are relatively simple to perform, thiely often lack discriminatory power, and
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reproducibility at species level (Ehrmann and Vog2D05). For reliable species
identification, both phenotypic and genotypic mekhare used to obtain unambiguous
identifications (Vandammet al., 1996). The term LAB is not limited to a stnctlefined

taxonomic group of microorganisms, but it comprigsesvide range of phylogenetically
related genera of Gram positive bacteria with sevieiochemical, and ecological features

in common (Hofvendahl and Hahn-Hagerdal, 1997).

2.4.1 Physiology of lactic acid bacteria

Lactic acid bacteria comprise a wide range of genecluding a
considerable number of species. It belongs to tbstridia branch of the gram positive
bacteria. Lactic acid bacteria belong to the Grasitive phylum with a low G+C (guanine
plus cytosine) contenb0%) (Schleifer and Ludwing, 1995). In PCR expernitse the
GC-content of primers are used to predict theirealting temperature to the template DNA.
DNA with high GC-content is more stable than DNAwiow GC-content which indicates
a higher melting temperature.

Nevertheless, the latter are also consideredcéis kcid bacteria, because of similar
physiological and biochemical properties and tharigly of some common ecological
niches such as the gastro-intestinal tract (GITgi(Ket al., 1998). Important physiological
features for taxonomic considerations are cell wathposition, cellular fatty acids, other
characteristics of the cell, carbohydrate ferméwmapatterns, resistance to different NaCl
concentrations, growth on different nutrient medieowth at defined temperatures, and
resistance against antibiotics (Kleshal., 1998). Some of physiological characteristics are
interesting for their function as probiotics, a-pmndition of which is survival in the gastro-
intestinal tract. This is based on their resistandew pH and /or bile and their temperature

growth ranges (Fuller, 1989).
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Moreover, lactic acid bacteria unable to synthe®iZ P by cellular respiration, but
lactic acid produced from energy-conserving ferragoh of sugars (Hofvendahl and
Hagerdal, 2000). They have high acid tolerance sumdtive pH 5.0. This gives them a
competitive advantage over other bacteria. On therdhands, the optimal temperature for
growth varies between from 20 to 45 °C (Dieksal., 1995). Most of them are considered
GRAS (generally regarded as safe), but some sti@iresg. streptococci are pathogenic.
The most important species wiBifidobacterium seemed to be possible to differentiate
based on their biochemical reactions, namely unfouetose-6-phosphate phosphoketolase
pathway (Kleinet al., 1998). However, the classifications of lacticdatiacteria were
focused on intense taxonomic study with an increpsirgency for a polyphasic approach

involving both phenotypic and phylogenetic charaztgion of bacteria.

2.4.2 Phenotypic characterization

In some carbohydrate fermentation patterns, sashthose of lactose,
maltose, trehalose, and D-xylose, and could noidbgtified to the species level on the
basis of phenotypic characterization. Different mustgpic methods are used to identify
lactic acid bacteria important for fermentationhieslogy. The primary objective of the
microbiological analysis (e.g. control of food qtal food preservation, efficiency of
starter cultures and the monitoring of particulmedes/strains) were performed, the
taxonomic level of the microbial discrimination @egls upon the sensitivity of the
technique used and may range from genus (or spdoiatrain level (subtyping) (Guarneri
et al., 2001). In general, more than one method is usuadeded to obtain both
identification and typing of unknown isolates. Haxweg these methods are not sufficient to
characterize sub-species and strains in a genuss, iew methods have been developed

depending on genotypical features and effectivegdufor the definition of the bacteria.
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Recently, detection and identification of micraamgms were performed mainly
through biochemical and phenotypic methods. Thetioeed methods are labor intensive,
time consuming and do not always give unequivoesallts. In response to this situation,
more robust genetic methods based upon molecutdodyi have been recently developed
for the identification and subtyping of bacteriaol€cular techniques provide outstanding
tools for the typing, taxonomy and evolution of tesi@ involved in processes (Germosid

al., 2003).

2.4.3 Genotypic characterization

The genetic interrelationships of members of ldwic acid bacteria have
been studied extensively in 16S rDNA sequence, &@MA-DNA hybridization
experimentsTherefore, a method that is universally suitabletiie lactic acid bacteria with
a high resolving power both on the species andaspecies level would be a highly
valuable tool. In this regard, PCR based genonmgefiprinting techniques are believed to
have the most potential, and are easy to perfordig{#zel and Atasever, 2009). Previous
studied examines nine other lactic acid bacterrges representing the phylogenetic and
functional diversity of lactic acid-producing micnganisms. Phylogenetic analyses,
comparison of genomic content across the group,recahstruction of ancestral gene sets
reveal a combination of gene loss and gain dutregcb-evolution of lactic acid bacteria.
Among PCR-based techniques, it is widely recognibed RAPD-PCR could be a rapid
and reliable method for infra- and inter-specifiéfedentiation of most food-associated
bacterial species. Several studies have reportegtess in using RAPD-PCR for
differentiation of lactic acid baceteria strainsa(Bzziet al., 2000) (Olive and Bean, 1999).
Although variability of RAPD fingerprints have bee@tserved, reproducibility could be

achieved under carefully controlled conditions ((eai et al., 2001).
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Methods to understand the link between structdiaérsity and functioning of
complex ecosystem need to be developed so thajuistions of how diversity influences
functions can be addressed (Amaatral., 1995). Among the methods designed to gain
access to the physiology and genetics of microasgas) metagenomics, the genomic
analysis of a population of microorganisms, hasrgetwas a powerful centerpiece. It could
be useful to identify which organisms are preserd@dosystem, what they do, and how their

genetic information can be beneficial to mankindriBazzcet al., 2009).

2.5 Nutrient requirement for lactic acid fermentation

All lactic acid bacteria require a source of rernts for metabolism. The
fermentative bacteria require carbohydrates, eiigrple sugar such as glucose and
fructose or complex carbohydrates such as starcelrose. The energy requirements of
lactic acid bacteria are very high. Limiting amouwitavailable substrate can stop their
growth. It is necessary to supplement the fermamanedia with sufficient nutrients for
rapid lactic acid production. If small amounts éfi@ nutrients were supplemented to the

process, then the efficiencies of lactic acid fartagon would be improved significantly.

2.5.1 Carbon sources
The biotechnological production of lactic acioérfr cheap raw materials is
necessary. This is because polymer producers drat otdustrial users usually require
large quantities of lactic acid at a relatively law@st. Raw materials for lactic acid
production should have the following characterssticheap, low levels of contaminants,
rapid production rate, high vyield, little amount by-product formation, ability to be
fermented with some pre-treatment, and year-rowadadbility (Vickroy, 1985). However,

this is still economically unfavourable becauseridfned carbohydrates are too expensive
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that they eventually result in higher productiostso Therefore, there are attempts to select
cheap raw materials for the economical lactic aecatuction. Cheap raw materials, such as
wheat starch, cellulosic materials, whey, and nsa@as have been used for lactic acid
production. Among these, starch and cellulosic neteare currently receiving a great deal
of attention, because they are cheap, abundantesmaivable. Consequently, inexpensive
starch, starch derivatives or starch containingievasaterials as substrate would offer great

advantages when combine with minimal preprocesamgsupplementation (Wee, 2006).

Alternative carbon sources

Cassava is grown for its enlarged starch-filledtspwhich contains nearly
the maximum theoretical concentration of starchaairy weight basis among food crops.
Fresh roots contain about 30% starch and very ljitbtein. Tapioca Manihot esculenta
Crantz) is known by various names in different oagi of the world. It is called “tapioca”
or “cassava”’, and “tapioca” is the name given ® sharch. The chemical compositions of
cassava grown in Thailand are shown in Table @dssava starch, a dominant source of
starch in Thailand, possesses a strong film, gh@ate, good water holding property, and
stable viscosity. Unlike other starch sources, sagtcorn, rice and wheat, tapioca roots
contain high starch content and a very low quantitympurities. Thai tapioca starch
industry has over fifty years experience resultinghighly developed processing
technology being used by most Thai manufactureos(kari, 2004). The most important
characteristics of native Thai tapioca starch istevim color, absence in unpleasant odor,
possesses high ratio of amylopectin to amylose2@0and provides a high peak viscosity
which is very useful in many applications. Amylope is a soluble and highly branched
polymer of glucose found in plants. It is one oé tlwo components of starch, the other

being amylose. Glucose units are linked in a lingay with a-(1—4) glycosidic bonds.
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Branching takes place with- (1—6) bonds occurring every 24 to 30 glucose units. In
contrast, amylose contains very fewWl—6) bonds, which causes it to be hydrolyzed more
slowly but have higher density. These charactedsttan be further improved by

modification (Srirothet al., 1999).

Table 2.2 Chemical composition of starch sources

Chemical Starch sources

composition Cassava Wheat Potato Maize

(% dry basis) root (whole grains) (whole grains) (whole grains)
Moisture 70.0 68.3 75.8 75.0
Starch 24.0 26.2 19.9 19.0
Fiber 2.0 2.0 1.1 2.7
Protein 1.0 1.2 1.8 3.2
Other substances 3.0 2.3 1.4 0.1

Source: (Tonukari, 2004; Parigi-Bini and Chiericdlt876).

2.5.2 Nitrogen sources

Biotechnological production of lactic acid on eitha glucose or a lactose
based medium requires supplementation, for exanyplest extract (Hujanen and Linko,
1994). Supplementation with yeast extract had anifstgnt effect on lactic acid
concentration, volumetric productivity, and subtraonversion. The most common and
effective supplement therefore seems to be 10 fgyeast extract (Aeschimann and von
Stockar, 1990). When a yeast cell is inactivatednadural digestion process called
“autolysis” starts. During this process the yeastis1n enzymes breakdown proteins and
other parts of the cell. This causes the releaggepfides, amino acids, vitamins and other
yeast cell components which, once the insolublepmrants have been removed, is called

“Yeast Extract”.
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Yeast Extract is rich in nitrogen, vitamins andest nitrogenous growth factor
stimulating compounds, and therefore is used asgmedient in media for the cultivation
of microorganisms. Moreover, all published repdwse shown that lactic acid production
increases with the concentration of the supplen(especially yeast extract) (Lured al.,
1992). The typical composition of yeast extrad® i12% of total nitrogen content (organic
and inorganic compound), 50-75% of protein contélf.2% of fermentable nitrogen
content, 4-13% of total carbohydrate content, aey Vittle of lipid content, respectively.
In microbial fermentations, the cost of the fernagioh medium can account for almost
30% of the total cost (Rivas al., 2004). Most studies reported on lactic acid pobidn by
lactic acid bacteria were performed in media coitg expensive nutrients such as yeast
extract and peptone (Mercier al., 1992). In this context, the search for alterrggtilow-
cost media for lactic acid fermentation has an obsieconomic interest. However, the
development of an alternative nitrogen source igprarequisite for the economical
production of lactic acid, because yeast extraet rislatively expensive nitrogen source for
industrials use. Therefore, it is essential to tgve more economical method for lactic

acid fermentation, using materials as a cheapeygah source.

Alternative nitrogen sources

Nutritional requirements of LAB are fastidious, Itave media have to be
supplemented with various peptide sources and gréadtors (Amrane, 2000). According
to literature, yeast extract is the best sourcgroivth factors for LAB among the different
nitrogen sources tested (Barretteal., 2001). Various amounts of B vitamins have been
studied to replace yeast extract. Yeast extradbérhl clearly the most significant effect on
lactic acid production of LAB, particularly in theeginning of growth, with lactic acid
concentration increasing linearly with the increageyeast extract level (Hujanen and

Linko, 1996).
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Basically dead yeasts are consider, this wastgidrarepresents a potential source
of nutrients, particularly after being subjectedatatolysis. Autolysis is the hydrolysis of
cellular components by hydrolytic yeast enzymgsafle, protease, etc.) (Vakhlu and Kour,
2006). The main events that occur during this meaae breakdown of cell membranes,
release of hydrolytic enzymes, liberation of ingldar constituents, and hydrolysis of
intracellular biopolymers into products of a low lexular weight (Guilloux-Benatier and
Chassagne, 2003). Literature studies have considdre use of yeast autolysates as
nutrients in wheat fermentations and alcoholic patidn by recombinariEscherichia coli
(Jones and Ingledew, 1994). Autolysates of brewesgst biomass have been used for
growth ofLactobacillus plantarum in whey orBacillus thuringiensis kurstaki (Saksinchagt
al., 2001). Spent brewer’s yeast extract is a by-prbdiéialcoholic fermentation. Thailand
has several large breweries, and there is an ahtimdeste yeast products generated from
the industrial. Brewer’s yeast is currently usecaasngredient for animal feed. If brewer’
yeast extract can be efficiently use as a raw nadtéor the production of value-added
products with commercial importance, then a comaigle reduction in fermentation costs
would be possible. The disposal of excess brewgrast wastes can be detrimental to
environmental quality, leading to research inton®es yeast wastes utilization. In order to
compensate the costs for evaporation and powdesfnbrewer’'s yeast extract as an
equivalent but a cheaper nitrogen source for cotapleplacement of yeast extract in the

medium.

2.6 Lactic acid fermentation processes
Fermentation is defined as an energy yielding ggsovhereby organic molecules
serve as both electron donors and electron acseptbe molecule being metabolized does

not have all its potential energy extracted fromHence, lactic acid bacteria are widely



28

used as a low cost method for food preservatiofebimentation and generally no or little
heat is required during the fermentation. In fertagon, pyruvic acid molecules are turned
into waste product and a little bit of energy (omlyo ATP molecules per molecule of
glucose is produced by the homofermentative pathtiagugh the Embden-Meyerhof
pathway. Yeast extract clearly exhibits the magigicant effect on lactic acid production,
especially at the beginning of growth, with theti@@cid concentration increasing nearly
linearly with an increase in yeast extract levdle Tmportance of yeast extract at the early
stages of fermentation was probably caused byrtlieaacids and vitamins that are crucial
for growth. However, if the medium contained a might quantity of yeast extract from
brewing as a source of nitrogen and growth factbies amount of commercial yeast extract

could be reduced or even replaced without a degeredactic acid production.

2.6.1 Batch fermentation

Lactic acid production in batch fermentation isdely studies in batch
fermentation by lactic acid bacteria (Yun and R3@01). The species afctobacillus used
to ferment sugar depends mainly upon the type difoteydrate being employed. Strains of
L. delbruecki find favor when production is based on maize sutie;inoculum is grown
up in batches and these are added directly to dfmaeintor containing several thousand
gallons of medium. For whey fermentation, straifd.obulgaricus are necessary because
this species is able to utilize the milk sugart@ae). The fermentation proceeded for up to
six days, and the concentration of sugar in theiumeddropped to around 0.2 per cent
(Brock and Madigan, 1991). An amylolytic lactic @ég@roducingL. amylovorus produced
36 g/L of lactic acid in mixed cultures with casei at 37 °C in 48 h, when initial barley
flour concentration was 180 g/L woth a yield of 2Q3avanainen and Linko, 1995). Lactic
acid production was investigated for batchEwterococcus faecalis RKY1, using wood

hydrolyzate and corn steep liquor. When wood hydrate (equivalent to 50 g/L glucose)
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supplemented with 15-60 g/L corn steep liquor weeduas a raw material for fermentation,
up to 48.6 g/L of lactic acid was produced withuraktric productivities ranging between
0.8 and 1.4 g/L/h with a yield of 97.2% (Weteal., 2006). Literature reviews of lactic acid

production from various materials shown in Tabl& 2.

Table 2.3 Lactic acid fermentation from agricultural resasdy batch fermentation.

Raw materials Organisms Lactic acid reductivity
(g/L) (g/L/n)
Waste paper Rhizopus oryzae NRRL 395 49.1 1.8
Molasses L. delbrueckii NCIMB 8130 90.0 3.8
Corn starch L. amylophilus GV6 76.2 0.8
Wheat hydrolyzate L. lactisATCC 19435 106.0 3.3
Acorn starch hydrolyzate L. rhamnosus HG 09 57.6 1.6

Source: (Weet al., 2006).

Moreover, an amylolytic lactic acid bacterium wagpable to produce 18.3 g/L of
lactic acid from starch with a product yield of 61fbased on total carbohydrates
consumed) (Zhand and Cheryan, 1991). However, tlagormdisadvantage of batch
fermentation is that lactic acid concentration anaductivity decrease due to inhibition of
high substrate concentration. This phenomenon i typical property of batch
fermentation. On the other hand, as the time ggethé concentration of lactic acid are

increased but it can inhibit cell growth and pradiecmation.
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2.6.2 Fed-batch fermentation

Lactic acid production byactobacillus casel fermentation using different
fed-batch feeding strategies was studied. Accorthripe experimental results, exponential
fed-batch culture is an effective method for thenfentation of_-lactic acid. In exponential
feeding glucose solution (850 g/L), the maximuntitaacid concentration was obtained at
210 g/L.L-lactic acid yield, the maximal dry cell weight apbductivity were up to 90.3%,
4.30 g/L, and 2.14 g/L/h, respectively. Compariwith the traditional batch culture, the
exponential feeding glucose and yeast extract milslhowed 56.5% improvement in
lactic acid production, 68.6% improvement in dryl @eight and 59.7% improvement in
productivity, respectively (Ding and Tan, 2006). t&a fed-batch, andcontinuous
fermentations are the most frequently used metfardactic acid production. Higher lactic
acid concentrations may be obtained in batch addbétch fermentation than in continuous

fermentation.

2.7 Factors affecting on lactic acid fermentation

However, there are still several researches tkatlrio be addressed in order to
produce lactic acid within the targeted cost, depelent of high performance lactic acid
producing microorganisms and lowering the coshefraw material. Many factors affected
in lactic acid fermentation have been investigatéde optimization of fermentation
processes requires profound knowledge of the faaletermining microbial metabolism,

and the influence of process parameters.

2.7.1 Effect of temperature
Temperature and pH are the key environmentalnpaters that affect the

fermentation process (Yuwono and Kokugan, 2008)v kemperature has been reported to
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positively influence the outgrowth of contaminatimgcroorganism, thereby influencing the
performance of the lactic acid production were sigated (Neysens and Vuyst, 2005).
The temperature giving the highest productivity éowhan the temperature resulting in
highest lactic acid mass concentration and yieldigrien and Linko, 1996).

For Lactobacillus amylophilus, which is known to grow at 15 °C but not at 45 °C,
the optimal temperatures were 25 °C and 35 °C faximum productivity and vyield,
respectively (Yumoto and lkeda, 1995). Some previoeported investigated the
cultivation temperature on the solid-state fermimba of lactic acid production by
controlling the growth temperatures at 22, 30, &% 40 °C. The results from measuring
the residual starch and reducing sugar in 4 h ahdrlicated that there was increased in
starch hydrolysis and reducing sugar accumulatisnthe temperature increased from
22-30 °C, and a further increase from 30-40 °C Itedun a slight improvement for the
saccharification in bothRhizopus oryzae 2062 and Rhizopus oryzae 36017 cultures.
Therefore, the lactic acid production and biomassvth were affected by the temperature

(Huanget al., 2005).

2.7.2 Effect of pH

The fermentation pH is either set at the begigrand then left to decrease
due to acid production or it is controlled by amisidn of alkaline solutions. The optimal
pH for lactic acid production varies between 5.d &0. A pH below 5.7 was optimal for
Lactobacillus strains, which are known to tolerate lower pH tlhastococci. The previous
studies investigated the influence of culture pHlamtic acid fermentation from molasses
where lactic acid fermentations were performed ¢ar éermentor at 38 °C and pH 5.0-9.0.
Although the optimum pH for cell growth d&nterococcus faecalis RKY1 was seen to be
8.0, the lactic acid fermentation at pH 7.0 was pleted faster than that at pH 8.0. The cell

growth at pH 5.0 almost ceased after 10 h of fetatem, the highest lactic acid mass
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concentration was obtained at pH 7.0 with a conipargield with pH 6.0 (Weet al.,
2004). Moreover, some reported showed the effestaabus initial pH on the lactic acid
production of the immobilized.actobacillus delbrueckii during the batch fermentation of
liquid pineapple waste. At initial pH 6.5, cell gt to utilize glucose earlier and at a faster
rate than at other initial pH. Maximum lactic acidncentration was attained at initial pH
6.5. Further increase in initial pH beyond 6.5 does improve the lactic acid production
(Idris and Suzana, 2006). It is possible that tighér initial pH brought too much stress on

the microorganism metabolic abilities (Vijayakunegal., 2008).

2.7.3 Effect of incubation period

Previous reported represented that an increasaciose utilization and
subsequent lactic acid production was found ingabaime up to 36 h and thereafter no
improvement in both the functions was observed ¢Raret al., 2010). This could be
attributed to the growth of the culture reachethw stationary phase and as a consequence
of metabolism, microorganisms continuously chargedharacteristics of the medium and
the environment. The incubation period of 48 h haen generally used for lactic acid
production using different lactobacilli cultures g@lhi et al., 2000). In addition, the
different optimal conditions reported by various risers for maximum lactic acid
production could be explained by the differenceshim nature of the strains and medium

composition used in their studies.

2.7.4 Effect of agitation
Different lactic acid bacterial strains differgdtheir requirement for growth
conditions. The consequence of agitation speedacticlacid fermentation efficiency was

carried out. For the stralmactobacillus rhamnosus, the maximum lactic acid concentrations
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could be achieved when fermentation was carriedabyiH 6, temperature of 40 and
agitation speed of 150 rpm, which was in accordamitle a previous report (Hofvendahl
and Hagerdal, 2000) the optimal condition for kacicid is pH 5.0-6.8, temperature 30-

45°C with continuously agitating at 100-200 rpm (Timkamet al., 2008).

2.8 Inhibition of lactic acid fermentation

The major problems associated with lactic aciddpotion are substrate inhibition,
end-product (lactic acid) inhibition, and by-protudormation, respectively. There are
different strategies to check the end-product ittiloitb for example neutralization of lactic
acid with suitable alkali, but there are fewer mpés to account for the substrate inhibition
(Porroet al., 1999). End product inhibition occurs due to irs@H of extracellular medium
during lactic acid production that results in disance of NADH/NAD ratio. It has been
evidenced that conversion of pyruvate to lactiaaeiquires high cytosolic NADH and a

high NADH/NAD" ratio increasekih activity (Garriguest al., 1997).

2.8.1 Substrate inhibition
At high concentrations, some substrates alsobinline enzyme activity.
Uncompetitive inhibition is substrate inhibition wh occurs at high substrate
concentrationslt happens when two molecules of substrate can tonithe enzyme, and
thus block activity. Some paper showed that higteinactose concentration of 100 g/L in
cheese whey reduced both the specific growth madesabstrate utilization rate due to the

substrate inhibition phenomenon (Tango and Gh&99).



34

2.8.2 End-product inhibition

For microorganisms, limitation of growth and agibduction by the end-
product is well known. Lactic acid production preses traditionally suffer from end-
product inhibition. The inhibition mechanism of fecacid is probably related to the
solubility of the undissociated lactic acid withihe cytoplasmic membrane and the
insolubility of dissociated lactate, which causegidfication of cytoplasm and failure of
proton motive forces (Weet al., 2006). It eventually influences the transmembrphie
gradient and decreases the amount of energy alailab cell growth (Goncalvest al.,
1997). The inhibition of growth inLactobacillus acidophilus were investigated, by
acidification of cytoplasm via the acid produced|dw an organism-specific threshold pH
level of 4.4 (Kashket, 1987). However, the mecharfisr lactic acid inhibition of growth is
not fully understood. The accepted mechanism ofbitibn by weak organic acids is
related to the solubility of the non-dissociatedriavithin the cytoplasm membrane and the
insolubility of the ionised acid form (Gatgt al., 1991). This causes acidification of the
cytoplasm and the collapse of the motive forceylteg) in inhibition of nutrient transport
(Bender and Marquis, 1987). In addition, effectirdfibition by acetic acid on anaerobic
bacteria is related to the accumulation of metaboltermediates of terminal reactions
(McDonaldet al., 1990). It suggested that the capacity of lactiibéa tolerate lower pH
values than other lactic acid bacteria, sucl&esptococcus andLeuconostocos, originates
from their more basic cytoplasmic pH values, allogvihigher concentrations of non-
dissociated acids to be tolerated. In additiongiild also be related to the higher activity of
the ATPase responsible for the extrusion &f &t related to the more efficient excretion of
lactic acid by lactobacilli (Gatjet al., 1991). The lactic acid is excreted liactobacillus
helveticus as transported lactate ions and by simple diffugaf the non-dissociated form

of lactic acid). This could be due to the decressatracellular pH, which reduces ATPase
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activity, since it has been shown the ATPases tisdlérom different lactic acid bacteria
have different pH optima, ranging from 5.5 to 7&pending on their origin (Sturr and
Marquis, 1992).

Therefore, to alleviate the inhibitory effect aftic acid during the fermentation, it
must be removed selectivaly situ from the fermentation broth. Recently, various raftés
have been carried out to remove the lactic acidulsaneously as it is formed. There are
studied the reactive extraction of lactic acid frdm fermented broth. They indicated that
in situ extraction was possible with the use omelbctylamineand with adjustment of the
fermentation broth t@ pH 5.0 by ammonia. In thestudy, the system of electrodialysis
fermentation with a level meter was the most effitisystem and a higher yield could be
obtained if the glucose concentration in the biahld be controlled to remain at a lower

level (Hanoet al., 1993).

2.9 Extractive fermentation

The fermentation medium contains lactic acid srgalt or the mixture of both.
A class of advantageous processing approachesvas/oemoval of lactic acid from the
fermentation broth or other mixture, while leavihg lactate (at alkali condition) behind in
the fermentation broth. The separation can, in smstance, occur within the fermentor or
it can be conducted on solution material removexinfithe fermentor. As lactic acid is
formed and accumulated, pH of the fermentationhogmies on lowering, that affects the
productivity of microorganism. At the highest contation, biomass and lactic acid
concentration diminished, indicating that highen@entrations also inhibits the process by
product inhibition (Luncet al., 1992). The influence of lactate concentratiortt@specific
growth rate, and it has been observed that thigitidn was reduced when the culture

broth was neutralized by ammonia instead of sodmydroxide, but; this phenomenon is



36

not well explained (Belfareat al., 1993). However, conventional method in contrgjliof
pH is carried out by addition of lime and thus cerimg lactic acid to calcium lactate to
avoid this problem. Downstream processing of thisttb includes precipitation and
acidification of calcium lactate to lactic acid.t&lnatively, lactic acid can be continuously
removed from the fermentor by adsorption, extractomembrane separation.

Extraction and purification of lactic acid fromrfeented medium is a difficult
operation. It is impossible to crystallize the afridm an aqueous solution because of its
low melting point (53 °C) and distillation of comteated solutions under reduced pressure
often leads to some loss of lactic acid (Gugtal., 2007). The several processes involving
salt formation have been used to extract acid. \®@i#tht secondary and tertiary alklyamines
are sufficiently stable to be extracted from aquesalutions using organic solvents. The
solvent is then evaporated off and salt decomptseajive free lactic acid. Moreover, the
method for extracting lactic acid is by esterifioat This involves preparing an ester of
lactic acid, distilling this to remove impuritiesdirecovering lactic acid and alcohol after
hydrolysis. Esterification is used to prepare hyghde lactic acid for use in manufacture of

bioplastics.

2.10 Purification techniques of lactic acid

A number of approaches can be used for separafitactate salt from fermented
medium including extraction by organic solventsn-exchange separation, adsorption,
vacuum distillation, and membrane separations. Bathese exhibits some advantages and
disadvantages that are also reported with fermentgbrocesses. The choice of the
separation process should be based on the effieirdt economically usage of these
extractants. Technological advancements in the m@jocess components-fermentation,

primary and secondary purification, polymerizatiohemical conversion of lactic acid and
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its derivatives would enable low cost large voluamel environment friendly production of
lactic acid. Recent advancements in membrane bsejgdration and purification would
enable lactic acid production without producingt sal gypsum by products. In recently
issued patents, an osmotolerant strain of lactit la@cteria and a configuration of desalting
electrodialysis, water splitting electrodialysigdann exchange purification, a concentrated
lactic acid product containing less than 0.1% pnateeous components can be produced by

a carbohydrate fermentation (Narayaetal., 2004).

2.10.1 Adsorption

Recovery of carboxylic acids from fermentationoths presents a
challenging separation problem, because of thetediloomplex nature of fermentation
broths. Important characteristics of extractants swlid sorbents are a high capacity for the
acid, a high selectivity for the acid as opposedwatter and substrate (e.g., glucose),
regenerability, and, depending upon the process$igtoation, the biocompatibility with
microorganisms. Many fermentation processess, aadhat for lactic acid production, are
subject to end-product inhibition. If a solid sanbean be useth situ or in an external
recycle loop, higher overall yields can be achieffatkling, 1999). However, elution steps
are the most difficult and problematic part as mdavolume of eluent is required with

adjusting of the pH.

2.10.2 Solvent extraction
Solvent extraction has been used for the putiioaof carboxylic acid such
as lactic acid and succinic acid. But these sot/ensitu are toxic as they rupture the cell
membrane causing the metabolite to leak out. Ldvagncalcohols such as 1-octanol and 1-

decanol were found to be less toxic than otherediis. In addition, they reduce the toxicity
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of solvents on the cells. Bio-compatibility andgeriof the solvent are the major concern

when using solvent extraction processes (Heiraj., 2001).

2.10.3 Membrane separation processes

As mentioned earlier, lactic acid production pssss traditionally suffer
from end-product inhibition. An undissociated lactcid passes through the bacterial
membrane and dissociates inside the cell. It eadigtinfluences the transmembrane pH
gradient and decreases the amount of energy alailab cell growth (Goncgalvest al.,
1997). In parallel with fermentation kinetic stusliethe use of membranes to extract
fermentation products from the aqueous phase wesduced many years ago in order to
improve the traditional production processes (Deigal., 1998). In many particular
systems, membrane separations are the most eédetitiniques. Membrane separation has
been widely used for purification concentrationflofid mixtures. Theory of membrane
transport is concerned with chemical nature of thembrane, physical structure and
physio-chemical
properties of the mixture to be separation. Thenmiaterest will be focused on the
absorption of organic compounds into the membramace and the diffusion across the
membrane matrix (Liet al., 2000). However, the fermentation step is needwedah
economically favorable production. So, this workllwie emphasized on membrane

separation technigue coupling with lactic acid femation.

2.10.3.1 Electrodialysis (ED) technique
Electrodialysis (ED) is usually considered asdesalination
process, but there is much wider scope for thieriigge because ED is, in many cases, a

powerful separation method when charged compouads to be separated from a solution.



39

For instance, ED can be used to recover free laatid from fermentation broth.
Electrodialysis of the permeate allows good laatied separation and concentration, up to
13% w/v of lactic acid. The acid can further be wamtrated by evaporation. The
fermentation step is needed for an economicallpra@ve production (Lunét al., 1992).
Electrodialysis fermentation (EDF) is promising &ese it can remove produced lactic acid
continuously from the fermentation, and maintaia piH of the broth. In this study, an EDF
method with the conventional fermentation methods weompared with EDF with
continuous medium feed in order to increase theymtivity of lactic acid. However, the
acid can further be concentrated by evaporatiorchvimcrease the cost of the process

(Habovaet al., 2004).

2.10.3.2 Electrodeionization (EDI) technique
Using present technology, the volumetric produttiwf lactic
acid fermentation is known to be rather small asuamlation of lactic acid inhibits the

process by product inhibition. Unfortunately, owitg its physicochemical properties,

lactic acid can not be continuously extractednfrthe fermentation medium by simple
operation, which means that a large proportionhef tost of lactic acid production is
associated with recovery and purification operaionhe pH of the fermentation broth
decrease and the fermentation is inhibited wheticlacid is produced. Therefore, the
recovery of lactic acid from the fermentation brashvery important for increasing its

productivity. Electrodeionization (EDI) utilizes emical-free regeneration. EDI is a
continuous process where ion exchange resins ang bentinuously regenerated by the
DC electric field. Compared with deionization pres@f water, there is no breakthrough of

ions as happens in conventional ion exchange apesattherefore the quality of the water
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remains at a constant high level of purity. Thectie field also provides a bacteriostatic
environment inside of the EDI cell, inhibiting tgeowth of bacterial and other organisms.
EDI has significantly lower operating costs thannwventional ion exchange
processes. Only a relatively small amount of elegtower is needed to provide high purity
water (Widiaseet al., 2004). The lack of acid and caustic regenerati@ans less operator
attention and lower labour costs. Capital costs aso expect to be lower, especially
because no chemical storage, pumping and neutrahizeaquipment is required. Moreover,
EDI has a significantly smaller footprint than centional ion exchange processes. In an
EDI device, the space within the ion depleting canpents (and in some cases in the ion
concentrating compartments) is filled with eledlig active media such as ion exchange
resin. The ion exchange resin enhances the trangp@ns and can also participate as a
substrate for electrochemical reactions, such &girsgp of water into hydrogen (B and
hydroxyl (OH) ions. Different media configurations are possillech as intimately mixed
anion and cation exchange resins (mixed bed or MByeparate sections of ion exchange
resin, each section substantially comprised ohsesf the same polarity e.g., either anion
or cation resin (layered bed or LB and single bedS®). Figure 2.4 shows the
electrodeionization process using a combinatioiofselective principle and materials as
ion exchange resins sandwiched between two elextr@hode (+) and cathode (-)) under a
DC voltage potential. Literature reviews on separabf lactic acid from fermentation
broth using EDI technique is scarce. Only one eelatork can be obtained for recovery of
citric acid production (Wenten, 2004). Hence, itviry interesting to investigate EDI

technique foin situ recovery ofL(+)-lactic acid from fermentation broth.
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Figure 2.4 Schematic diagram of electrodeionization (EDI) sxcfor recovery of lactic

acid from fermentation broth.

2.11 In situ product removal system

Biocatalytic processes for the manufacture of srhahly functionalized molecules
frequently have limited productivity. A common reasfor this is the presence of the
reaction products that can cause inhibitory or dozffects (making poor use of the
enzyme), or promote unfavourable equilibria (giviogy conversions). In each case, the
product needs to be removed as soon as it is formetdier to overcome these constraints
and hence increase the productivity of the biogataprocess. Thereforén situ product
removal and the process research are requiredsfomplementation (Lye and Woodley,
1999).

The productivity of biocatalytic processes is freqtly limited by the need to
operate the reaction under conditions unsuitedhéobiocatalyst (microorganism). Indeed,

this differentiates biological from chemical caty in that the optimal environment for the
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biological catalyst has been carefully evolved émreration under natural physiological
conditions, whereas chemical catalysts are desidoeda specific conversion at user-
defined conditions. Inevitably, the need for highogess productivities outside the
environment for which the biocatalyst was evolvedds to compromises over bioreactor
design and operation. In several cases, howevarpimnises are not sufficient and it is
necessary to maintain one environment around theatalyst while the bulk of the reactor
operates under different conditions. This philogopsf compartmentalization is, in
principle, an effective strategy to overcome thebpem of low productivities. It has already
been successfully applied to cases where the sistoncentrations need to be different
for the reactor and the biocatalyst. A further nisefdr compartmentalization of the product
owing to inhibitory (reversible loss of catalytictavity), or toxic (irreversible loss of
catalytic activity) effects on the biocatalyst tooguct degradation and/or to unfavorable
reaction equilibrium.

In situ product removal methods address these limitatimnselectively removing
the product from the vicinity of the biocatalystamn as it is formed and can also provide
further benefits for the subsequent downstreamgssingin situ product removal methods
can increase the productivity or yield of a givelochtalytic reaction by any of the
following means: (1) overcoming inhibitory or toxeffects; (2) shifting unfavourable
reaction equilibria; (3) minimizing product lossewing to degradation or uncontrolled
release; and (4) reducing the total number of dtn@am-processing steps (Freenehal .,
1993). Despite these advantages, however, thecagiph ofin situ product removal to the
production of small molecules has been slow exaef limited number of well-known
cases. The primary examples are of low-value, kighme products, such as the removal
of organic acids and solvents from fermentationcesses. In conclusion, the potential of

the technology can be fully exploited (Lye and Wlegd1999).
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MATERIALS AND METHODS

3.1 Chemical agents and nutrients

All chemicals used for chemical reaction evemnalytical grades, and some
chromatographic grades for chemical analysis by EiPAnd were purchased from Fluka,
United Kingdom; Himedia, India; and Merck, Germarbactic acid (p.a. purity) was
obtained from Sigma-Aldrich (Montreal, Que., Canadand was used as standard for
HPLC analysis. Yeast extract, MRS medium, beefagxtand peptone were obtained from

Difco (Difco laboratories, Detroit, MI, USA).

3.2 Screening and identification of selected isdks of lactic acid

bacteria

3.2.1 Isolation methods

Lactic acid bacteria (LAB) in this study werelsed from several different
sources. Lactic acid bacteria were isolated frompdes of starchy raw materials such as
two types of cassava starch, three types of cagshags, one types of rice vermicelli, seven
types of bran, and three fermented cassava wastasshva starch processing factories in
Nakhon Ratchasima, Thailand. Each of these (10ap separately blended with 100 ml
0.85% NaCl solution; 10 ml of this blended sampies subsequently added to 100 ml
MRS broth in a 250 ml Erlenmeyer flask. The flaskere shaken in an incubator
(New Brunswick Scientific, USA) at 200 rpm, 3C for 24-48 h (Mohd Adnan and Tan,

2007). The aliquot of the culture from each of tlasks was diluted serially. The samples
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were also serially diluted with 0.85% NaCl solutiand 100uL of each dilution were
isolated by spread-plating onto MRS agar platesdufslicate set of culture plates were
incubated for 24-48 h at 3@ in under anaerobic condition using the Gas Paskem
(Merck Anaerocult type C) (Booysehal., 2002; Muyanjeet al., 2003). The samples were
serially diluted in physiologic saline up to ®£Gand appropriate dilutions were spread on
MRS agar plates. From each dilution, 0.1 mL volumksolated strains were pour-plated
in duplicate on MRS agar, and they were cultivatetémperature 3 for 24 hours under
anaerobic condition. The colonies were randomlyfécent colony types) picked from
plates with 30-300 colonies. Several representatains displaying the general
characteristics of lactic acid bacteria were chdsem each plate for further studies. Each

of the isolates were repeatedly streaked in otdepurify the isolates, which were

maintained on MRS agar slants for immediate useiarid% glycerol for storage a0

°C. All isolates of LAB were selected to identifyethactic acid yield in MRS medium by

HPLC analysis.

3.2.2 Morphological characterization

For the primarily selection, the isolates which hhd highest of %yield
were selected for this experiments. Besides tHates®which had highest %yield in group
of heterolactic bacteria, were also selected. @wltphology was observed by Gram’s
staining under bright field microscopy. Gram-pas&tibacteria were stained dark blue or
violet by crystal violet and safranin-O. Gram pogitbacteria stain violet due to the
presence of a thick layer of peptidoglycan in theail walls, which retains the crystal
violet. Catalase activity was initially tested blagng a drop of 3% hydrogen peroxide
solution on the cells(Guyatt al., 1998). Immediate formation of bubbles indicatbéd t

presence of catalase in the cells. For gasduoton determination, bacterial were
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added in MRS test tubes containing the Durdme {INomuraet al., 2006) to determine
whether the isolate strains produces carbon diodigiang fermentation (COfrom glucose
or gluconate). The identification procedures weeterdnined according to the criteria
established in Bergey's Manual of Determinative tBeology. An isolate was deemed to
be a homo-fermentative lactic acid producer if ag gas produced (no G&om glucose
or gluconate). Plates were incubated at 30 °C 404 h (Holtet al., 1994). All tests were

performed in duplicate.

3.2.3 Biochemical characterization

The previous procedure was repeated in ordeurifyghe isolates, and to be
able to select the high ability in term of growthdagood characterization. According to
these tests, the isolates were selected as pdteatiic acid bacteria. Biochemical
characterization of isolated strains was carriedusing APl 50 CHL tested kit following
the manufacturer’s instructions (BioMerieux, Matdtolite, France). The APl 50 CHL
system was used to determine the biochemical seestitarbohydrates or sugar utilization
of the lactic acid bacteria. Reproducibility wagified by repeated analysis using cultures
grown on MRS agar and sub-cultured in liquid MRSdmam prior to inoculation. The
cultures were inoculated in 10 ml MRS broth for rowght. Culture was harvested by
centrifugation at 12,009 for 1 min, then the mixture solutions were washeite with
sterile physiological saline (0.85% sodium chloyidad pellets or cells were suspended in
APl 50 CHL medium (APl systems, BioMérieux). Usirgjerile Pasteur pipettes,
homogenized suspensions of the cells in the mediith,subsequent vortex mixing, were
transferred into each of the 50 wells on the APIG strips of 49 different compounds
(and one control). This was done for all isolated &pe strains. All wells were overlaid
with sterile mineral oil (Merck, Germany) to affeataerobiosis. Strips were moistened and

covered as recommended by the manufacturer andatedi at 30C. Changes in color
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from violet to yellow were monitored after 24 h a#f8l h. Then the APILAB Plus software
version 5.0 from BioMérieux and Analytab Produat@mputer database were used for
comparison of carbohydrate assimilation and/or &mation patterns and bacterial
identification (Muyanjeet al., 2003).

The selected isolates of lactic acid bacteria egagirmed for their cell morphology
using scanning electron microscopy (SEM) at theteda microscopy laboratory of the
Instrument Buildings of the Center for ScientificdaTechnological Equipment, Suranaree

University of Technology.

3.2.4 Phenotypic and genotypic characterization oflactic acid bacterial

strains

The strains which showed the high performanceaatid acid production
were selected for phenotypic and genotypic charaeteéon. Cell morphology and cell
characterization were investigated. Growth abiityhe isolates was performed at different
NaCl concentration at 1.5, 2.5, 5, and 7.5 % (Wie@perature between 15, 30, 45, and
50 °c, respectively. The initial pH ranging from 3.0045.0, 6.0 and glucose fermentation
patterns were investigated. All tests were dorguiplicate.

The isolate which could produce high lacticdageld and able to grow in wide
range of environmental condition was consideredh® best strain for further studies.
Application of molecular genetic techniques to itifgriactic acid bacteria has resulted in
significant changes in their taxonomic classificati These techniques have been
considered as an appropriate technique for therdiftiation and characterization of lactic
acid bacteria. DNA extractions according to the hmds of Pitcheret al. (1989)
were carried out. Reference strains were obtaimech fDSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braumseig, Germany), LTH (Universitat

Hohenheim, Germany) and ATCC (American Type CultCiodlection).
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3.2.4.1 DNA extraction
Isolated strains were collected from MRS agarengrown to middle
log phase in MRS broth (to an optical density of &t a wavelength of 600 nm), and
harvested using centrifugation technique (8@)bmin, 4°C). The cell pellet was rinsed
twice with sterile saline solution (0.85%, w/v, NaGand was suspended in 50 sterile
distilled water before the cells were boiled inct Wwater bath (95C) for 15 min. The DNA
of isolates collected from MRS plate was extraeteti phenol-chloroform, as described by

Dellaglioet al., 1973. DNA extracts were frozen at <Z

3.2.4.2 PCR amplification of 16S rDNA

DNA templates for PCR amplification were pregghiby previous
method as described earlier (Marmur, 1961). DNAimgdor 16S rDNA regions was
amplified by means of PCR witlhaq (Thermus aquaticus) polymerase, as described by
Kawasaki (Kawasakgt al., 1993), Yamada (Yamad# al., 2000), and Katsura (Katsuea
al., 2001). A PCR product for sequencing 16S rDNA aagiwas prepared by using the
following two primers, 20F (5-GAG TTT GAT CCT GGTCA G-3), positions 9-27 on
16S rDNA by theE.coli numbering systems; (Brosiw al., 1981) and 1500R (5-GTT
ACC TTG TTA CGA CTT-3’), position 1509-1492 on 1688BNA by theE.coli numbering
system; (Brosiugt al., 1981). One hundred of a reaction mixture contained 15-20 ng of
template DNA, 2.Qumole each of the two primers, 2.5 unitsTaiy polymerase , 2.0 mM
MgCl, 0.2 mM dNTP and 1@l of 10x Taq buffer, pH 8.8, containing (NHLSO, which
was comprised of 750 mM Tris-HCI, 200 mM (WLEO, and 0.1% Tween 20. The PCR
amplification was programmed to carry out an ihitlanaturation step at € for 3 min,
25 cycles of denaturation at 9€ for 1 min, annealing at 5@ for 1 min and elongation at

72°C for 2 min, followed by a final amplification stegt 72°C for 3 min (Brosiust al.,
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1981). The PCR product was analyzed by 0.8% (wfHgra@se gel electrophoresis and

purified product. After purification PCR product svatored at -20C for further step.

3.2.4.3 Direct sequencing of 16S rDNA

Direct sequencing of the single-banded andfipdriPCR products
(ca. 1500 bases on 16R rDNA by tBeColi numbering system; (Brosiws al., 1981) was
carried out. The primers 20F, 520R (5’-GTA TTA CGQ&G CTG-3'), position 536-519),
for partial sequencing and additional 1500R, 520FCAG CAG CCG CGG TAA TAC-
3’, position 519-536), 920F (5’- AAA CTC AAA TGA AT GAC GG-3’, position 907-
926) and 920R (5'-CCG TCA ATT CAT TTG AGT TT-3'),0pitions 926-907) for full
length sequencing were used for sequencing of DB&\r Tenpul of a sequencing reaction
mixture contained 5-20 ng of template DNAs, gl@f BigDye™ terminator ready reaction
mixture, 5-20 ng of DNA template, 1.6 pmole of seaeing primer, 1.5l of 5x BigDye™
sequencing buffer and deionized water. The PCRicgamcwere carried out as follows: an
initial denaturation step at 9€ for 30 sec, 25 cycles of denaturation af@dor 10 sec,
annealing at 50C for 5 sec and elongation at 80 for 4 min. Eightyul of freshly prepared
ethanol/acetate solution was added to the sequgn@action mixture in 1.5 min
microcentrifuge tube and mixed well with a briefrtex. The mixture was left to stand at
room temperature for 15 min and centrifuged atntiagimum speed of 14,500 g for 20 min
at room temperature. The ethanol solution was iniatelg removed carefully from the
tube with an aspirator equipped with a fine tipeThsulting DNA pellets were washed by
adding 250ul of 70% ethanol to the tube, and vortexed brieflige precipitated DNA was
collected by centrifugation for 5 min at the maximsgpeed. The remaining ethanol was
carefully removed from the tube with an aspiratquipped with a fine tip. The DNA

obtained was dried in a heat box at'@0for 1 min, and the dried DNA was stored at either
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4 °C or -20°C. The DNA pellets were suspended in d0of a terminator sequencing
reagent, mixed on a vortex and spun down. The d@ostthnded DNA was completely
separated by heating at 95 for 2 min, and immediately placed on ice, urggady to load

on instrument. The DNA sequencing was performethbyanalyzer and using the standard
of the database for identification of the nearesjuences. The sequences were then
compared to those in GenBank (National Center famteBhnology Information; www.
ncbi.nig.gov). For phylogenetic tree analyzed, iplétalignments were generated using

Multiple Alignment, which was based on Fast FouTieansform (MAFFT).

3.3 Medium formulation of lactic acid fermentation by lactic acid

bacteria

Since a potential lactic acid bacterium was isoldtem fermented cassava waste, it
was expected that the strain possessed high artiglabtivity. The first step to examine its
fermentation performance was to test its abilityht@lrolyze cassava starch. In order to
accomplish the experiment, 3. of sample (culture) was put into a hole on staagar
plates containing 2.0% agar and 1% starch at pHThe® plates were incubated at 30 °C for
24 h. Diameters of the clear zone around the haleewneasured with a present of iodine
solution as shown in Figure 3.1. Amylase activitythis research was the value of the
diameter of the clear zone surrounding the holenjus the diameter of the hole (Y) as

present in Figure 3.2 (Laloknaehal., 2009).
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Figure 3.1 Schematic representation for detection of amylolgctivity: a) Starch agar,
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2009).



51

3.3.1 Amylase activity assay

In order to correctly assay theamylase activity, 0.1 ml of appropriately
diluted enzyme solution was incubated with 0.8 m&@olution containing cassava starch
in 0.1 mol/L of citrate-phosphate buffer (Petmnal., 2008). The reaction was stopped by
the addition of 0.1 ml of 1 mol of 23Qu. After incubation, residual starch contents after
different lengths of time were determined colorinuadly at a wavelength of 620 nm. The
iodine complexing ability of starch according thethod of Giraudet al., 1993 by adding
0.1 ml of the reaction mixture to 2.4 ml of an glisolution containing (g/L in distilled
water): Kl, 30; $, 3, diluted to 4%. One enzyme unit was definethasamount of enzyme

hydrolyzing 10 mg starch in 30 min.

3.3.2 Cassava starch hydrolysis

Prior to fermentation, cassava starch was predessth two distinct steps
by enzymatic hydrolysis. The liquefaction byamylase (Sigma-Aldrich, USA) was firstly
used with the concentration of 0.5 Unit/mg starcB=2C for 24 h, then enzyme was added
into the cassava starch. Stability of enzyme agtishould be checked before use in the
process. The-amylase breaks down long-chain starch, ultimagediding maltotriose and
maltose from amylose, or maltose, glucose and ldeitrin from amylopectin. Secondly,
the saccharification step for liberation of glucaselecules was carried out using gluco-
amylase (Oriental Yeast Co. Ltd. Tokyo, Japan) wite working concentration of 0.5
Unit/mg starch at 40C for 24 h. For the preparation of hydrolyzed caasstarch, 100 g of
cassava starch was produced equivalent to 40 odge. When the starch hydrolysis was

completed, the slurry was cooled to room tempeeaf@ihengdongt al., 2009).
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3.3.3 Effect of carbon sources on lactic acid ferentation

The optimum conditions for growth and fermentatigere investigated by
using the selected lactic acid bacterium. To irgast the requirements for complex carbon
sources, the experiments were performed eithertiognione of the organic carbon sources
from the modified MRS medium. Lactic acid bacteviaich express high stereo-selectivity,
and high yields of lactic acid production were stdd. The selected lactic acid bacteria
(10% inoculums size) were inoculated into the mediMRS medium. Effects of glucose
concentrations were investigated. The initial gheegoncentrations varied between 20-200
g/L in batch cultures. In addition, the effectsdifferent concentrations of cassava starch
(1-10%), hydrolyzed cassava starch (1-10%), glucygep, and different sugars were
investigated. For cultivation, the following mo@ifi MRS medium has been used: 20 g/L
carbon sources, 15 g/L nitrogen sources, 5 g/Lusndicetate, 2 g/L triammonium citrate, 2
g/L NaHPQO,.2H,0, 0.1 g/L MgSQ.7H,0, 0.05 g/L MnSQ4H,0, and 1 ml Tween 80, pH
at 6.0 (Dinget al., 1997). All tests were performed in six parallelLitre bioreactors
(working volume 700 mL) of MultiforS benchtop bioreactor system, INFORS-HT,
Switzerland. The fermentation was carried out witlie period of 0-72 h. All experiments
were performed at 30C and agitation speed of 200 rpm. Sampling was ey 3 h
interval for the first 12 hours, and then every @duhinterval for further analysis. The

optimized condition and medium were further usegrocess development.

3.3.4 Effect of nitrogen sources on lactic acid fermentabn
To investigate the requirements for organic niogsources, the
experiments were performed either omitting onehef érganic nitrogen sources from the
modified MRS medium (20 g/L of carbon source). Thighly effective lactic acid

bacterium which possesses desirable characteristick as homo-fermentative ability,
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good fermentation performance was selected. Théerdift nitrogen sources were
investigated such as peptone, whey, corn steeprligqgast cell, and spent brewer’s yeast
extract, respectively. The effect of different centations of nitrogen sources (5-20 g/L)
were also investigated following modified MRS. Spkerewer’s yeast extract was prepared
according to a previous work (Saksinckiaal., 2001). However, it was reported that spent
brewer’s yeast extract lacks of growth factors ey iron. Therefore, 2 mg/L of ferrous
sulfate (FeSg) was added. As a result, a cost-effective fermemtamedium using spent
brewer’s yeast extract was developed. Spent brewegdst extract showed its high content
of protein, vitamins, minerals, and also growthtdas which necessary for the growth of
lactic acid bacteria. Commercial yeast extract <& Dollars per kilogram (Bét al.,
2011), and the production cost for our spent breamggast extract was approximately 15
Euros per kilogram. Compared with commercial MRSlim@, the calculated production
cost for this newly developed fermentation mediumsv80% cheaper. All tests were
performed six parallel 1 Litre bioreactors (workiigjume 700 mL) of Multifor§ benchtop
bioreactor system, INFORS-HT, Switzerland, and dangpwas performed for further
analysis. The optimized condition and medium walfarther used in process development.

All experiments were carried out in duplicate.

3.3.5 Preparation of spent brewer’s yeast extract
Spent brewer’s yeast was collected from localerees. The solid content
of 20% (w/v) were resuspended using distilled wated then transferred to a glass bottle.
The slurry was autolyzed for 24 h at D with stirring. The autolyzate was then heated to
85 °C and kept at this temperature for 15 min to invaté residual enzyme activity. It was

centrifuged at 6,000 rpm for 15 min. The clear snpt&ant was poured off and concentrated
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by evaporation technique. The concentrate was gubsdly spray-dried. The spent

brewer’s yeast extract powder was stored’@tfér further use (Saksincheial., 2001).

3.3.6  Effect of others factor on lactic acid fermntation

The culture was inoculated into the medium toedwine the optimum
condition for lactic acid fermentation processefe Tmain aim of this study was to
investigate the effects on the amelioration of itacicid production. The fermentation
experiments were conducted. The experimental swaege investigated as followed:

(&) The temperature giving the highest proditgtivas in some cases lower
than the temperature resulting in highest LA cotregion and yield, whereas in others the
same temperature gave the best results in all @asgHofvendahl and Hagerdal, 2000).
The effects of temperature between °8) 37 °C, 40°C, 45°C, 50°C, or 55°C were
investigated for lactic acid fermentation (BusaiZ(02). All of determinations were
analyzed and the optimum temperature was selectddrther study.

(b) Some enzymes have ionic groups on theivadite, and these ionic
groups must be in the correct form (acid or basdunction. Variation in the pH of the
medium results in changes in the ionic form ofdl#&ve site. Therefore, the activity of the
enzymes were significantly affected the reactiote rior cell growth and lactic acid
production. The effects of initial pH (4.0, 5.0067.0, or 8.0) were investigated for lactic
acid fermentation (Yuwono and Kokugan, 2008). Thenoum pH was selected for further
study.

(c) Batch experiments were determined the efféelgitation rate on lactic
acid production in order to obtained the optimuimes speed for improving the lactic acid
productivity at the initial operation in batch fezntation mode. Agitation speeds were

varied at 100, 200, or 300 rpm. The optimum agitaspeed was selected for further study.
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(d) To evaluate the end product inhibition, tlaetic acid solution was
individual added in the medium to make up the @esiactic acid concentration ranging
from 0O to 90 g/L for investigates of cell growthlactic acid fermentation.

All experiments were carried out in six parallelitre bioreactors (working

volume 700 mL) of Multifor§ benchtop bioreactor system, INFORS-HT, Switzerland

3.4 Lactic acid fermentation processes
3.4.1 Batch fermentation

All fermentations were performed in a 2 L or 10bloreactor (Sartorius,
Germany) containing initial 1.2 L of fermentatioredium. The operating temperature of
30°C was set for all experiments with the agitatioaexpof 200 rpm in order to ensure the
homogeneity of the system. The inoculum size of 1086 was prepared in MRS medium
at 30°C for 12 h using an incubator (New Brunswick SafentUSA) at 200 rpm agitation.
The medium formulation which yields the best perfance was chosen for batch
fermentation in bioreactor. All experiments werefpened at optimal growth temperature
at 30°C, pH 6.0 without aeration. The pH was monitoredalygyH sensor (Mettler Toledo,
Switzerland) and automatically maintained by thdigah of 5M NH,OH. Fermentation
ended when either glucose was completely consumed aet change in its concentration
for more than 6 h. Samples were withdrawn asepjical regular intervals for further

analysis.
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Figure 3.3 Equipment for fermentation processes of lactid pcoduction.

3.4.2 Fed-batch fermentation

The suitable conditions (section 3.4.1) were usedactic acid production
in fermenter. In fed-batch modes, the bioreactos watially operated as batch cultures
with a working volume of 1.2 L at 38C, for 17 h prior to adding the feeding solution of
hydrolyzed cassava starch (5 times concentratiomedium equivalent to 200 g/L of
glucose) plus 15 g/L of spent brewer’'s yeast ektrdbe culture volume can also be
maintained practically constant by feeding the emiated medium solution. The feeding
solution was pumped into the bioreactor using adab#e speed peristaltic pump (Cole
Parmer, USA). Intermittent feeding was carried lbytthe addition of feeding solution to
keep the concentration of glucose in an appropratge (5-10 g/L) (Wt al., 2009). In
constant feed rate, the feeding solution was seg@@lt the flow rates between 0.01-0.3 g/s,

respectively.
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For exponential fed-batch fermentation, the salbbstrmass feeding rates were
manipulated by using Equation (1) which is deriweith the assumption of a constant
biomass yield and maintenance coefficient througktmeiexperiment.

F = (“ + mjVOXOe“t (1)
XIS

Where \4 is the initial volume, X is the initial cell concentration before fed-batch
u is the specific growth rate,x% the biomass yield on substrate, m represent mainten
coefficient, t is the fed-batch time, respectivéijorz et al., 1995). The substrate feeding

began at the end of batch mode by using a compaterolled peristaltic pump.

3.5 Analysis of fermentation broth

During fermentation, a 10 mL samples were withdravmder aseptic conditions.
After centrifugation at 12,000 rpm for 10 min, teepernatant was collected for further

analysis.

3.5.1 Reducing sugar

Reducing sugars present in the broth were estndily using 3,5-
dinitrosalicylic acid reagent (DNS method) (Millek959). Reducing sugar present in the
broth was estimated. This method tests for thegmass of free carbonyl group (reducing
sugars). This involves the oxidation of the aldehydnctional group present in, for
example, glucose and the ketone functional groupfrirctose. Simultaneously, 3,5-
dinitrosalicylic acid (DNS) is reduced to 3-aminmirosalicylic acid under alkaline
conditions. The 0.5 mL of supernatant was taken emged with 0.5 mL of 3,5-

dinitrosalicylic acid- reagent in the 16 mL testbéu The development of color was
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conducted by boiling the reaction tube for 5 miheTconcentration of reducing sugar was

calculated against standard glucose concentrafiOrRel.Oumol/mL.

3.5.2 Growth and biomass measurement
Growth and biomass was measured with spectroptedty (Hitachi, Japan)

by optical density at a wavelength of 600 nm wavglk against the medium as blank and
gravimetrically, respectively. The gravimetric celhss concentration measurement began
by using a manifold filtration unit. For the detenation of dry weight, ten millilitres of
cell suspensions were centrifuged at 12,000 fpnil0 min, washed twice with deionized
water, and dried at 105 °C until a constant wewgds achieved (24 h). The cell density was
then converted to dry weight (g/L) using an appiedpr calibration curve. Dry weight of
biomass was calculated from a calibration curvevbeh O.D. and dry cell weight (1 Gd9
unit=0.34 gdry weight/L). Cell cultures were appropriatelyutdd in sterile medium to
obtain OBy of less than 0.4, and calibration curves betwe&goPand dry cell weight
were established for each of the strains. Spegifievth rate i) was calculated as (1/X) x
(dX/dt). Growth and lactic acid yield () and Ys;g were calculated as the slope of the
linear regressions of either biomass or lactic aeidus residual substrate (as total sugars)
during then exponential growth phase.

The percentages of substrate conversion were asdculusing the following

expression:

~100x(S,-S) ) (2
—

-0

GC

S = initial glucose concentration (g/L)
S = final glucose concentration (g/L), to time wheraximum of lactic acid

concentration.
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3.5.3 Lactic acid analysis

During fermentation, a 10-ml sample was colleatader aseptic condition.
The result is expressed as lactic acid and thel y#&l) was calculated as the grams of acid
that were produced from 100 g of reducing sugans@wmed. At specific intervals of time,
the vials were removed and the fermented brothceagrifuged at 12,000 rpm for 10 min
and the supernatant was analyzed by HPLC. Theredltmedium was filtered through 0.45
um membrane filter. Organic acids were analyzed IWLE (Merck—Hitachi). Five
microliters of the sample was injected into the KEP&ystem equipped with an Aminex
HPX-87 H column (Bio-Rad Co., USA) and RI detectbhe column temperature was
maintained at 65C. The mobile phase was 10 mM3D, at flow rate of 0.6 mL/min
(Thang and Novalin, 2008).

The titratable acidity is expressed as % lactid &I H3CHOHCOOH, molecular
weight = 90) and is determined by titration witlh N NaOH using phenolphthalein as
indicator according to the AOAC (1975) method. Tiatable acidity (as lactic acid) was
calculated using the relationship (reproducibiit9.01% of lactic acid):

mL x N x90x100 (3)

% titratable acidity.
V x100(

Where; mL = volume of 0.1 N NaOH used; N = nornyadift 0.1 N NaOH;
V=Volume of sample used.
The result is expressed as lactic acid and the Y#é) was calculated as the gradient

of the curve obtained by plotting product concdidraagainst substrate concentration.

Yo s :M (4)

substrate
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3.5.4 Determination of lactic acid isomers

Analysis of D(-) and L(+) lactic acid concentoats were measured
enzymatically based on colorimetric determination using the Test-Combination of
Boehringer (Mannheim, Germany) by measuring theodiasice at a wavelength of 340
nm. In this method, known amounts of production immedwere taken during fermentation
and centrifuged at 12,080 for 10 min. The supernatant was used directly for
determination of lactic acid concentration. Theagssare specific for either D-lactic acid or
L-lactic acid. The smallest differentiating absarba for the assay is 0.005 absorbance
units. This corresponds to 0.107 mg/L of sampletsm at the maximum sample volume
of 1.50 mL (or to 1.60 mg/L with a sample volume 100 mL). The absorbance of the
solutions (Al) was read against blank at 340 nrerafipproximately 3 min and the
reactions were initiated by addition of 0.02 mL(DfLDH)/(L-LDH) suspensions and then
the second absorbance of the solutions (A2) wess rat the end of the reaction
(approximately 20 min). In situations where thectea did not stop after 20 min, the
absorbances were read at 5 min intervals untibtisorbance either remained the same, or
increased constantly over 5 min. The D-(-) and )-é&ttic acid were also determined by
enzyme test kit according to the manufacture’surcsion.

Enantioseparation process was carried out by tanduction of neutralized
and purified lactic acid samples into a HPLC (Agiléechnologies, USA) equipped with a
chiral column (Sumichiral OA-6100, S.A.S Corp., da)p diode array detector (DAD). The
column was set at room temperature. The mobileghbaasisted of 2 mmol/L CuQGn

H,O/acetonitrile solution (98:2) with the flow raté lomL/min.
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3.6 EDI experimental set-up

Experimental set-up for separation of lactic domn solution using EDI technique
was shown in Figure 3.4. All experiments were earout at room temperature, around 25-
30 °C. The body of the EDI cell was constructed frontyparbonate. Cation and anion
exchange membranes were Neosepta BP-1, and AMHuy@ma, Japan). The effective
surface area of each membrane was 96. &t diluted compartments were filled with
mixed-bed ion-exchange resins (purolite strong a&ation-exchange, C-100E and strong
base anion resins, Amperlite IRA-400): 50%/50% @ig4 Platinum and stainless steel were
used for anode and cathode, respectively. Thenaltespacer for each compartment was 8
mm. The EDI process involved two independent steeafeed solution stream and
concentrated solution stream. The concentratedmstr@as split and pumped through both
concentrated compartments and electrode compaimnsrdoncentrate and electrodes rinse,
respectively. The EDI system was operated contislyohe flow rate of the feed solution
was operated at 4 L/h. The influences of variougrajing conditions on electrical
resistance and ions transfer rate were assesstat. tAé experimental run, samples were
taken for analysis of lactic acid by either titostiwith NaOH solution (0.01 N) and HPLC

measurement.
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Figure 3.4 Experimental set-up for separationL¢¥)-lactic acid from fermentation

broth using EDI technique.

3.6.1 Adsorption characterization
In the study of equilibrium, 5 g of dry resin ah@0 mL of either aqueous
lactic acid solutions (the concentration betwe&0@y/L) were contacted in 250 mL flask at
30°C. The initial pH was fixed at 6.0. Temperature ahblwere the same as in equilibrium
studies. After contacting phases with magnetigisgruntil the equilibrium was reached,

samples of the supernatants were withdrawn angzstfor lactic acid by HPLC.

3.6.2 EDI technique characterization
A DC programmable power supply was in-house canttd, and was used
to produce direct electric current. It could suppbitage, and current density in the range
of 0-70 Volts, and 0-45 mA/chrespectively. An adjustable power supply was isfigc

constructed, and was used to produce direct current
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3.7 Membrane bioreactor set-up forin situ lactic acid removal by EDI

technique in fed-batch fermentation

The regenerated culture from agar slant in MRS iamedvas transferred to the
bioreactor. The inoculum sizes were a volume edemtao 10% of the reactor working
volume. The fermentation medium was sterilized at 2€1for 15 min. In the fermentation
processes, the culture pH was automatically cdetitoht desired values (6.0) by the
addition of 5SM NHOH. The bioreactor was operated under anaerobiditom, agitation
at 200 rpm, and temperature at 30 °C. Impellerépees monitored, and regulated using an
external electric control unit. In order to avoidllcdamage due to direct contact with the
electrodes, a submerged microfiltration (ceramiomene size 0.@m) membrane module
was internally installed to process only the cladfbroth. It was used for extracted the
bacterial cells of the fermentation broth. The wiittration permeate was re-circulated
across the feed side and concentrated side byistghic pump, and then was directly fed
into the EDI stage. Back washing was carried ouogeally when filtration rate was too
slow. Fed-batch fermentation of lactic acid couplwwith EDI experimental set up was

operated as shown in Figure 3.5.
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Figure 3.5 Membrane bioreactor set up for fed-batch fermeoriaif lactic acid by EDI

technique.

However, the influence of lactate conceiarato fermentation performance by
the biocatalyst has been studied intensively. Towpling of a biological reaction with a
membrane in only one unit is a very interestingfigomation for the reaction where the
continuous elimination of metabolites is necessaiyaintain a good productivity.
The recovery of lactateR] from the feed stream was calculated using théoviohg
equation:

_ Cc,fVc,f _CC,iVC,i
CF,iVF,i _CF,fVF,f

x100% %)

Where Cc; is the final lactate concentration of the concertsolution,Vc; is
the final volume of concentrate solutioQc; is the initial lactate concentration of
concentrate solutiorVc; is the initial volume of concentrate solutioiGg; is the initial
lactate concentration of feed soluti®, is the initial volume of feed solutiQiC; is the
final lactate concentration of feed solution, ang is the final volume of feed solution,

respectively.
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3.8 Viable cell measurement by fluorescence microspy

Measurement of cell viability was accomplishedngsfluorescence microscopy
method. Propidium iodide (PI; Sigma) was used #sarescent probe that binds to DNA,
but cannot cross an intact cytoplasmic membraneafAntahet al., 2003). In addition, '4
6-diamidino-2-phenylindole (DAPI) was an AT-selgetiDNA stain which caused a 20-
fold enhancement in fluorescence when it combingth WNA. In order to avoid any
clumping of cells, the cell were centrifuged anesuspended to 25% of the original broth
volume using phosphate buffer solution (pH 7.2)e Working concentrations of DAPI and
Pl in the buffer solution were 1 mg/mL. The stairsaimples were then fixed into glass
slides and examined under a microscope. Pl fluerescwas measured at 630 nm, whereas
DAPI was measured at 525 nm.

The number of viable cells Fwere compared with the number of viable celhat t
beginning of the runy, ), and the ratios at time (t) were subsequentiyg ds calculate the

deactivation constant {kas follows;

X —k 4t
Cx ko 6
c? ©)

Take natural logarithmic on both sides of the ¢éignagives

In—-=—kgt (7)

A plot of In GJ/CY against time (hours) results in a straight lined ahe

deactivation constant {kcan be directly estimated from the slope. In &oldj the half-life
or the period of time it takes for a substance wmiag decay to decrease by half of the
biocatalyst can then be calculated as;

In2
tys :k_d (8)



CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Screening and isolation of lactic acid bacter (LAB) for lactic acid

production

4.1.1 Isolation of LAB

The aim of this section was to isolate, and terycaout taxonomic
determination of the potential strain for biopracelevelopment of lactic acid production.
MRS agar was employed as a selective media fomtisol of lactic acid bacteria.
Approximately 20 colonies were randomly picked frphates containing 20 to 200 lactic
acid bacteria. Plates were examined by eye, andiffeeent colony types were individually
picked. They were propagated twice and streakedRS8 broth to obtain the pure cultures.
Experimental results revealed that fifty bacteisalates were obtained. All of them showed
Gram-positive and catalase-negative characteriétitotal of fifty isolates of LAB were
isolated from the different sources. Initially, tls®lated strains were named according to
their origin. For example; twenty-three isolatesnirfermented food were named as N(n),
five isolates from bran were named as N(n)B(n), amehty-two isolates from fermented
cassava waste of cassava starch processing factoidakhon Ratchasima, Thailand were

defined as MB(n), respectively.
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4.1.2 Selection of LAB for lactic acid productin
All isolates of LAB were used to identify the famcacid yield in MRS
medium at pH 6.0. The concentrations of lactic awgle determined by using HPLC. The
lactic acid yield can be calculated as % yielddwihg the Equation (9):

Gramsof Iacticacidproduced><
Gramsof totalsugarconsumed

% Yield =

100 (9)

Experimental results for product yield were shawiable 4.1.

Table 4.1 The lactic acid yield by all isolates of LAB.

No. Isolate code number % Yield of lactic acid prodction
1 N10 26.56
2 N11 30.45
3 N12 90.78
4 N13 42.34
5 N14 40.23
6 N15 31.08
7 N16 20.81
8 N17 12.54
9 N18 15.89
10 N19 32.14
11 N20 49.98

12 N21 20.34




Table 4.1(Continued).

No. Isolate code number % Yield of lactic acid production
13 N22 30.87
14 N23 2.98
15 N24 40.65
16 N25 5.47
17 N26 10.89
18 N27 3.54
19 N28 10.98
20 N29 32.34
21 N30 23.32
22 N31 20.19
23 N32 18.43
24 N1B1 80.52
25 N2B2 42.34
26 N2B3 29.87
27 N2B4 60.89
28 N3B2 13.11
30 MB12 19.43
31 MB20 78.43
32 MB21 80.42

68



Table 4.1(Continued).

No. Isolate code number % Yield of lactic acid prodction
29 MB10 80.98
33 MB30 76.48
34 MB40 85.17
35 MB50 79.89
36 MB51 34.56
37 MB52 90.13
38 MB61 75.45
39 MBG63 13.54
40 MB64 31.09
41 MBG65 46.78
42 MB72 6.67
43 MB73 2.32
44 MB74 31.09
45 MB75 46.78
46 MB76 50.15
47 MB77 54.65
48 MB78 21.76
49 MB79 17.43
50 MB80 5.76
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From Table 4.1, it could be seen that 10 isolatesd produce high yields of
lactic acid (more than 75%) whereas other 40 isslamay be classified as
heterofermentative LAB because of their low yiefdaztic acid production. As a result, 10
isolates with the high of product yield were sedectfor subsequent characterization
experiments. However, they could be readily distislged by microscopic examination.
The determinations of the strains were further $tigated according to their
morphological, cultural, physiological, and biochieah characteristics by the procedures

described in the Bergey’s Manual of Systematic Baitegy (Holtet al., 1994).

4.1.3 Morphological and phenotypic characterization of LAB
In this section, the 10 isolates were furthetegsor morphological and
phenotypic characterization. The single coloniesarfiple isolates grown on MRS medium
agar were illustrated in Figure 4.1. Microscopic@tvation showed typical morphological
characterization of the example isolated straineaped as short rods, long, thin and cocci

shaped, etc. Gram’s stains of the isolates weresho Figure 4.2.

(A) (B)

Figure 4.1 Samples of lactic acid bacteria colonies growMMBRS medium agar.
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Figure 4.2 Photomicrograph of the isolates under brightifraicroscopy x1000).
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Figure 4.2 (Continued).

The morphological and physiological (catalase &gt CQ production) of the 10
isolated strains were investigated. This diversifyspecies is relative and dependent
primarily on the nature of the material isolated #me different criteria used for each study.
According to Table 4.2, morphological and physiatagj characteristics of the 10 isolates
strains giving details on cell morphology (rod, cgand ovoid shape) that were subdivided
into two groups: cocci (46%), and rods (54%). Femhore, microbial growth capacity, and
gas production (homo- or hetero-fermentative) wevestigated. For the bacterial growth
in MRS medium, growth caused turbidity of the madiuThe growth after inoculation,

profuse growth, good growth, and poor growth warsented as 50 % (+++), 40 % (++),
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and 10 % (+), respectively. Bacterial growth deead culture medium with its ability to
produce a high concentration of biomass. The vanaif different nutrients in the medium
are needed for lactic acid bacterial strains. Tiwaig of complex nutrients, i.e., skimmed
milk, yeast extract, and peptone were used tofgadtie complex demands of the bacteria.
A complex medium, especially, MRS medium is usuaipployed and supported the
growth when cultivating of LAB.

These findings showed that lactic acid bacterdated in this study were grown
well and some strains showed good performance ofoHactic acid fermentative, and
suitable to use as starter culture in the subségi@ementation processes. For further
consideration, isolates which produced gas wereadied because they deemed to be
hetero-fermentative. The MB 40 was also chosenusecaf its possessed high % lactic
acid yield and high growth, although it produced gad belonged to hetero-fermentative
group. In conclusion, four isolates namely MB52, 40B N12, and N1B1, respectively,
were selected according to their high growth rated were further investigated for

morphological and phenotypic characterizations.
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Table 4.2 Cell morphology and growth performance of laetbid bacterial strains.

Strain  Cell Color Form Elevation Margin  Microbial Gas

code shape growth  production
(turbidity)

N12 Cocci White Circular Flat Entire +++ -

N1B1 Rod White Circular Raised Entire +++ -

MB50 Cocci White Punciform Flat Entire ++ -

MB40 Rod White Circular Raised Undulate +++ +

MB30 Rod White Irregular Flat Undulate ++ -
MB10 Rod White Circular Flat Entire ++ -
MB20 Rod White Punciform Flat Undulate ++ -
MB2B1 Cocci White Circular Raised Entire + +
MB52 Cocci White Circular Flat Entire +++ -

MB61 Cocci White Circular Flat Undulate ++ -

Legend: profuse growth (+++), good growth (++),dete to poor growth or a

positive reaction (+), no growth or no reaction (-)

Table 4.3 showed general characteristics of the iolated strains. Most strains
possessed cocci or short rods shape with theiszaglranging from 0.5-1.bm. The strain
MB52 had a special characteristic of tetrad cedlaoization. Morphology revealed white,
circular, and smooth colonies for MB52, and N12 welas MB40 and N1B1 colonies were
white, circular, and convex, respectively. For pblgyical characterization, most strains
grew at 30-45C except MB52 and N1B1 which tolerated the tempeeatip to 50C. The
ability to grow at high temperature is a desirabdé as this could translate to increased rate
of growth and lactic acid production. A high ferntetion temperature could reduce

contamination by other microorganisms (Mohd Adnad &an, 2007). Furthermore, MB52
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was the most tolerant to high NaCl concentratiomgared to the other three isolates. It
grew in the concentration for of salt up to 7.5%ilgttthe rest could grow in up to 5% salt
concentration. Bacteria adapt to hyper-osmolantyabcumulation, synthesis and transport
of compatible solutes to restore turgor. It waslwetumented that osmo-protectants could
play additional positive roles, and beneficial effehave been demonstrated on membrane

integrity, protein folding and stability, thermoegpection (Baliardat al., 2003).

Table 4.3 Morphological, and physiological characteriaatiof the isolated strains

(Codes MB52, MB40, N12, and N1B1).

Characteristics Strain code
MB52 MB40 N12 N1B1
Cell morphology Cocci in Short rods Cocci Short rods
tetrads
Cell diameter size 0.6-1.0 mm  0.5-0.8 mm 0.5-1@ m 0.5-1.5um
Gram stain reaction + + + +

Spores formation - - - -

Colony morphology White, White, White, White,
circular, Circular, Circular, Circular,
smooth convex smooth convex

Catalase activity - - - -
Fermentation types Homo Hetero Homo Homo
Glucose fermentation + + + +
Growth temperatures:

15°C + - + +

30°C + + + +

50°C + - - -
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Table 4.3(Continued).
Characteristics Strain code
MB52 MB40 N12 N1B1
Growth (pH):
3 - - - -
4 + + + +
5 + + + +
6 + + + +
NacCl concentration
(%ow/v):
1.5 + + + +
2.5 + + + +
5.0 + + + +
7.5 + - - -

Legend: positive (+), negative (-).

From these studies, accumulation of osmo-protéctan compatible solutes had
been considered to be the potential lactic acidebiac Similarly, a higher tolerance to
lactic acid was a desirable trait for an industgthin of LAB as it could produce more
lactic acid in the fermentation broth without adsedy affecting itself. The strain MB52
could be protected to be able to grow at higherINa@Gcentration compared with the other
isolates. During fermentation process, lactic agad being produced by the cells whereas
alkali was pumped into the broth to prevent exeesseduction in pH. The free acid would
be converted to its salt form of lactate which wbiuricrease the osmotic pressure on the
cells. Therefore, an LAB strain with high osmo-talece would be desirable for industrial
application. These rapid screening processes resulted in daonnat MB52 in a wide

range of tested conditions.
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Homo-fermentative lactic acid bacteria grow sabsally faster than other
bacteria present in the same ecological niche. fgsslts in very rapid domination of this
type of bacteria in a wide range of environmentse higher growth rate of lactic acid
bacteria is a result of their simple primary meteno, and their ability in adaptation to rich

environments.

4.1.4 Biochemical properties of LAB strains

From the previous section, nutritional requireisesf the selected lactic acid
bacteria had been determined, and the commonlyigibggal reactions had been carried
out: for example; Gram staining, the catalase @st| spore formation, etc. It was now
necessary to identify the strains according torthigichemical properties. In this work, all
of the four LAB strains of the culture collectiorem investigated. For identification of the
lactic acid bacteria, APl 50 CH test kit (bioMené&¥) was used. The APl 50 CHL test kit
is a standard system associated with the studyhefasssimilation-fermentation of 49
different compounds (plus one control). When theetand the cupules were completely
filled, then these were incubated the strips abftenum temperature at 30 °C for 24 to 48
hours (shown in Figure 4.3). Lactic acid bacteoald live in the absence as well as in the
presence of the atmospheric oxygen indicating tthey are facultative anaerobes (Jensen
and Seeley, 1953). Base on the result, 4 straihg\Bfisolated were well grown and were
able to utilize several sugars. During incubatisngars fermentation resulted in the pH

reduction of the corresponding media. This resulteml change of color in the strips.
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The first tube, which did not contain any actingriedient, was used as a negative
control. Interpretation of each test as positive, (Regative (-), and doubtful (?) was
tabulated as shown in Table 4.4. The experimemsiilts of biochemical profile were
identified using API's computer database for congmar of assimilation and/or
fermentation patterns. Moreover, the result froms gprocedure were also used for other
purpose, for example, epidemiological grouping itgpes of the interested lactic acid
bacteria, taxonomical analysis of a group of laciid bacteria, and classification of an

unknown bacterial population into homogeneous gsoup

Table 4.4 Biochemical characterization of the tested strayp#&PI 50 CHL test kit.

Cultures MB52 MB40 N12 N1B1

Sugars

Glycerol - - - -
Erythritol - - - ;
D-arabinose - - - -
L-arabinose + + + -
D-ribose + + + -
D-xylose + - + -
L-xylose - - - -
D-adonitol - - - -
Methyl-BD- - - - -
Xylopyranoside

D-galactose + + + -
D-glucose + + + -

D-fructose + + + -




Table 4.4 (Continued).

Cultures MB52 MB40 N12 N1B1

Sugars

D-mannose + + + -
L-rhamnose + - - +
Dulcitol - - - -
Inositol - - - -
D-mannitol - + - -
D-sorbitol - - - -
Methyl-aD- - - - -
Mannopyranoside

Methyl-aD- - - - -

Glucopyranoside

N-acetylglucosamine + + + -
Amygdalin + + + )
Arbutin + + + +
Esculin + + + +
Salicin + + + .
D-cellobiose + + + -
D-maltose + + + .
D-lactose (bovine origin) + + + -
D-melibiose + + - -
D-saccharose (sucrose) + + + -
D-trehalose + + + .

Inulin + - - -
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Table 4.4 (Continued).

Cultures MB52 MB40 N12 N1B1

Sugars

D-melezitose - - - -
D-raffinose - - - -
Amidon (starch) + - + -
Glycogen - - - -
Xylitol - - - -
Gentiobiose + + + -
D-turanose - - - -
D-lyxose - - - -
D-tagatose + - - -
D-fucose - - - -
D-fucose - - - -
D-arabitol - + . )
L-arabitol - + - -
potassium gluconate - + - -
potassium 2- - - - -
ketogluconate

potassium 5- - - - -

ketogluconate

Legend: positive (+), negative (-).

Table 4.5 detailed the identification results bé t4 isolated strains. From this
phenotypic affiliation, it was observed that thiifethe four isolates had metabolic traits

identity of more than 99.6% whilst one isolate gssed identity of 98.00%. As a result, the
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isolates MB52, MB40, N12, and N1B1 were classifis®. pentosaceus, L. brevis, L.lactis,

and L. delbrueckii, respectively. The agreements of APl 50 CHL dayanmthematic

analysis (T-test) were also determined with theeslranging from 0.83-0.99.

Table 4.5 Identification results of the 4 isolated strairysAP| 50 CHL test kit.

Samples Significant strains Performance of identification % T-test
codes identity
MB52  P. pentosaceus Excellent identification 99.9 0.99
MB40 L. brevis Excellent identification 99.9 0.83
N12 L. lactis Very good identification 99.6 0.95
N1B1 L. delbrueckii Very good identification 98 0.93

Among the strains tested?. pentosaceus showed a good agreement with the
objectives of this work especially its high growahd good tolerant for osmotic pressure.
As a result, this strain was suitable for furthepbocess development. The distribution of
the lactic acid bacteria species are related toecubdr studies. In addition, phenotypic
identification is based on physiological, biocheahiand chemotaxonomic methods
(Montel et al., 1991). These methods are sufficient for a prelary characterization but
not for unequivocal identification purposes. Selarwlecular techniques have been
applied for LAB identification which permits accteaand fast identification. Previously, it
is difficult to identify closely related type stra because of some similarities in phenotypic
characteristics. The use of molecular approach cfassification and identification of

microorganism is now a regular technique which mles a powerful tool for determining
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the phylogenetic and evolutionary relationships rofcroorganisms. Therefore, the

significant LAB characterization has been demonetran the next section.

4.1.5 Genotypic characterization

Despite the wide application of LAB , they arereatly differentiated by the
determination of DNA-DNA similarity, their G+C camt and, with more difficulty, by
physiological characterization (Tanasupaetadl., 1993). On the other hands, biochemical
identification is not accurate for determining tenotypic differences of microorganisms.
The molecular technique (genotypic characterizatiaas been applied in this experiment.
Moreover, these methods are fast, practical, eapgiform, inexpensive, and do not need a
high level of technical skill. A preliminary estitian of taxonomic distribution was used as
criteria in our selection of code strains MB52, MB4N12, and N1B1 for further
investigations. We carried out the identification using selective PCR amplification and
subsequent sequencing of the 16S rDNA genes dir&ciin the isolated LAB. The four
strains were identified on the basis of their 1E&8NA homologies with entries in the
GenBank-EMBL database$hus, its application as an additional taxonomitedon for
distinguishing these bacteria from other membertheffamily was indicated by genotypic
characterization.

DNA extraction and gel electrophoresis were deileed under comparison
with standard sequence which was needed to gdbdbieresults. DNA were extract, and
used as template for PCR amplification. PCR prawgere detected for the partial
nucleotide sequences. In addition, using 16S rDNAegsequences to infer organismal
phylogeny has been criticized, as it assumes tim& molecule reflects organismal
evolutionary history. The results of % similaritydastrain homology of four isolates were

shown in Table 4.6.
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The results were interpreted in relation to therenity accepted, belong to a
species, for which the namé@ediococcus pentosaceus, Lactobacillus delbrueckii,

Lactococcus lactis, andLactobacillus brevis.

Table 4.6 The similarity of 16S rDNA sequence of four iseicompared with strains

from database.

Isolates Compared with strains from database
Strains homology Accession %Similarity
No.
MB52  Pediococcus pentosaceus strain NSO1 16S GU358408 100%

ribosomal RNA gene, partial sequence
MB40  Lactobacillus brevis HQ702478 99%
16S ribosomal RNA gene, patrtial

sequence
N1B1  Lactobacillus delbrueckii strain SDa4-56 HQ720141 98%
16S ribosomal RNA gene, patrtial
sequence
N12 Lactococcus lactis strain IMAU40136 FJ749404 99%

16S ribosomal RNA gene, partial

sequence

For the biochemical tested when these strains \geoe in rich carbohydrate or
substrate medium, they were known to exhibit a Haotw acid fermentation pattern. It
appears that, under aerobic or anaerobic condjtit@se degradation was typically of the
homolactic typeP. pentosaceus could also produce lactic acid with a high yieldthe
appropriate carbohydrates were used as carbonesoM@reover,P. pentosaceus could
utilize a flavoprotein enzyme system for the tramspf electrons to oxygen, resulting in
hydrogen peroxide production (Dobrogosz and Std8é2). The significant of oxidative

metabolism in organisms such as the lactic acidebacdid not contain cytochromes. It
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was showed the properly and predominant LAB fothier experimental studies in lactic

acid fermentation.

Figure 4.4 showed the nucleotide pattern of igolastrain by the genotypic

technique. The total congruence of the phylogensties allows taxonomic assignments to

be made with much more conviction than if basebdlA sequence. The partial sequence

of 16S rDNA of the isolate MB52 (Figure 4.4) wagabed from the sequence analysis,

and compared with other sequence from GenBankds¢ga When examined by BLAST

similarity analysis, the 16S rDNA sequence fromlasess MB52 was produced closely

related 100% withPediococcus pentosaceus (shown in Figure 4.5)

51
101
151
201
251
301

GIACTGATTG AGATTTTAAC ACGAAGTGAG TGGECGAACGG GTGAGTAACA
CGTGGGTAAC CTGCCCAGAA GTAGGGGATA ACACCTGGAA ACAGATGCTA
ATACCGTATA ACAGAGAAAA CCGCCATGGIT TTCTTTTAAA AGATGGECTCT
GCTATCACTT CTGGATGGAC CCGCGGCGTA TTAGCTAGIT GGTGAGGTAA
AGGCTCACCA AGGCAGIGAT ACGTAGCCGA CCTGAGAGGG TAATCGGCCA
CATTGGGACT GAGACACGEC CCAGACTCCT ACGGGAGECA GCAGTAGEGA
ATCTTCCACA ATGGACGCAA GICTGATGGA GCAACGCCGC GIGAGTGAAG

Figure 4.4  Relevant parts of the nucleotide sequences (®p0rbm the isolated strain

(MB52) which present homology with the nucleotiéggion of partial 16S

rDNA.



86

Query 1 GTACTGATTGAGATTTTAACACGAAGT GAGT GGCGAACGGGT GAGTAACACGTGGGTAA 60

FEEEEEErrrrerrr e e e e e e e e e e e e e e e e e e e e e e e et e e e ey
Sbj ct 70 GTACTGATTGAGATTTTAACACGAAGTGAGT GGCGAACGGGT GAGTAACACGTGGGTA 129

Query 61 CTGCCCAGAAGTAGGGGATAACACCTGGAAACAGATGCTAATACCGTATAACAGAGAAAA 120

CEErrerrrrrerrrer et e e e e e et e e e e e e e e e e e e e e ey
Sbj ct 130 CTGCCCAGAAGTAGGGGATAACACCTGGAAACAGATGCTAATACCGTATAACAGAGAAAA 189

Query 121 CCGCATGGTTTTCTTTTAAAAGATGGCTCTGCTATCACTTCTGGAT GGACCCGCGGCGTA 180

FErrerrrerrerrererer e e e e e e e e e e e e e e e e e e e
Sbj ct 190 CCGCATGGTTTTCTTTTAAAAGATGGCTCTGCTATCACT TCTGGATGGACCCGCGGCGTA 249

Query 181 TTAGCTAGTTGGT GAGGT AAAGGCT CACCAAGGCAGTGATACGTAGCCGACCTGAGAGGG 240

FEEEEEErrrrerrree e e e e e e e e e e e e e e e e e e e e et e e e e
Sbj ct 250 TTAGCTAGTTGGT GAGGT AAAGGCT CACCAAGGCAGT GATACGTAGCCGACCTGAGAGGG 309

Query 241 TAATCGGCCACATTGGGACT GAGACACGGCCCAAACT CCTACGGGGGGCAGCAG 294

CECEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
Sbj ct 310 TAATCGGCCACATTGGGACT GAGACACGGCCCAAACT CCTACGGGGGGCAGCAG 363

Figure 4.5 Nucleotide sequence alignment between the isoM&52 (upper line) and
Pediococcus pentosaceus NSO1 16S (GU358408; below line) which were
performed in the GenBank data library by using Bdsocal Alignment

Search Tool program (BLAShitp://ncbi.nim.nih.gov/BLAST.

The phylogenetic construction was carried out frantibrary data which was a
collection of database entries (as shown in Figuég. In particular, the isolated strain was
identified, even though it was placed in a bran€lploylogenetic tree (indicated with a
brighter line) which was reliably judged by thetsafre. The closest relative of the isolated
strain wasP. pentosaceus. As a result, phylogenetic tree construction coméid that this
strain belonged t@. pentosaceus. Of the remaining strains, a group was identibgdPCR,
and were allocated in the correct library unitriorease its identification ability. From the
results of phylogenetic tree, biochemical analysisthe strains were related, and had

significant clearly in particularly specification.
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Figure 4.6  Construction of phylogenetic tree obtained Wit isolated strain (MB52)

based on 16S rDNA.

In conclusion, a more rapid, and accurate methoddootype determination is the
molecular biological approach of identifying ba@ebased on the DNA sequence of the
gene that codes for 16S rDNA (Barnetyal., 2001). Phylogenetic analyses, comparison of
genomic content across the group, and reconstrucifoancestral gene sets reveal a
combination of gene loss and gain during the cdegm of lactic acid bacteria.

The high resolution of scanning electron microgcoyakes it an ideal technique for
studies of the cell surface. The scanning eleatnmroscopy (SEM) was also investigated

using 10,008 magnifications as shown in Figure 4.7. The baatexells (P. pentosaceus)

clearly showed tetrad characteristic with the sizapproximately Jum in diameter.
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Figure 4.7 SEM micrograph of the isolated lactic acid bactesieain(P. pentosaceus).

4.2 Medium formulation of lactic acid bacteriain fermentation

processes

4.2.1 Investigation of amylolytic activity
The amylase activity dP. pentosaceus was investigated in this section. The
result of amylolytic activity characterization wasown in Figure 4.8. During hydrolysis
reaction, the starch molecules in the agar plare Wweoken down due to amylolytic activity
and produce a clear zone surrounding its colongalCtone diameter of the sample was
measured, and the amylolytic activity was roughdtireated using the method previously
described. It was obviously seen thHat pentosaceus was able to produce amylolytic

enzyme which produce a clear zone with a diamdtapproximately 5.0 mm.
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Figure 4.8 Formation of clear zone resulting from hydrolysitghe starch agar.

The sample was then further characterized faartglase activity. The extracellular
enzymatic activities of the culture were determinag taking the sample from the
beginning of the stationary phase (Petebwal., 2008). During the incubation, the bacteria
secreted amylolytic enzymes into the fermentatiosttbin order to hydrolyze the large
molecule of starch into smaller molecules of fertable sugars prior to taking back into
the cell. The time course of hydrolysis reactionswiustrated in Figure 4.9. During
hydrolysis reaction, the concentration of starchutsmn constantly reduced with time.
Amylolytic activity gradually increased to 0.3 U/miithin 30 h before reached its plateau
throughout the experiment. However, a small reductof starch concentration was
observed at only 0.36 g/mL from 60 h of operatids.a consequence, it was be able to
conclude that low amylolytic activity was obtaineghen only P. pentosaceus was

employed as the sole biocatalyst.
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Figure 4.9 Time course of amylase activity and starch hydugtyinitial concentration

20 g/L of cassava starch, 3G, pH 6.0, agitation speed of 200 rpm, amylase

activity (open square), and starch content (clcspare).

In addition, the strain possessed poor productiatyamylase activity which would
result in low volumetric productivity. Although thhomofermentative lactic acid is highly
productive, its direct application in starch fernaions is restrained by the absence of high
amylolytic properties. On the other hand, the mastsial method for overcoming this
particular problem is the preliminary treatmenttloé starchy material with-amylase or
amyloglucosidase mixture. External supplementabbrthe enzyme is very necessary,
otherwise the future industrial application wouldt fbe possible. Therefore, subsequent
lactic acid fermentation experiments By pentosaceus were carried out with the help of
enzymatic hydrolysis of cassava starch. In the megieriment, bioprocess developments
were carried out, and the effect of various carbources, nitrogen source, and operating

factors on lactic acid fermentation performanceensvestigated.
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4.2.2 Effect of glucose concentration

The improvement of lactic acid production has rbetudied under the
control of various operating factors and media congmts. The fermentative production of
lactic acid is interesting due to the prospect sing readily available, and cheap raw
agricultural materials. Experiments concerning thiguences of various carbon sources
were investigated with the objective of establigham inexpensive fermentation medium.
Pediococcus pentosaceus was locally isolated from cassava waste. Thisirstshowed its
high yield, and volumetric productivity. It was geally known that glucose was a readily
metabolizable carbon source. However, an insigtd substrate utilization performance
was necessary since high concentration of glucostddead to high osmotic pressure of
the cells resulting in substrate inhibition (Hofdahl and Hagn-Hagerdal 2000). Initial
glucose concentrations were varied between 20-A0ihgatch cultures (Goncalvesal.,
1991). Specific growth rates were measured dutiregeixponential phase at each glucose
concentration by plotting the natural logarithmcefl concentrations against time (data not
shown). The kinetic of substrate inhibition could bxpressed by an extended Monod

model as followed (Luong 1987),

PN R o (10)
Ks + Cq Cs

Whereasuimnax is the maximum specific growth rate ih Ks is the substrate
saturation constant (g/L),<ds the initial glucose concentration (g/L),<ds the critical
glucose concentration in which the cell cannot g(g#.), and n is the power constant,
respectively. In Figure 4.10 (A), the effect oftiai glucose concentration on specific
growth rate was presented. The calculated valuedlyapncreased at low glucose
concentration until reached its maximum point &50h". However, specific growth rate

decreased after initial glucose concentration ede@e85 g/L before reduced to its lowest
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value of 0.05 H at 200 g/L of glucose concentration. The criticahcentration of glucose
(C's) which was calculated from the model was approséfye210 g/L. This experimental
result revealed that the strain could tolerate higimotic pressure, and still grew at
relatively high glucose concentration. In additidh, pentosaceus was also reported to
tolerate high salinity of fermentation media uplt@5 M of NaCl (Baliardat al., 2003).
Figure 4.10 (B) showed the experimental lag timseobed for different initial glucose
concentrations. Experimental results showed thatab time (T) increased with increasing
initial glucose concentration. The relationship estn lag time and initial glucose
concentration could be established by using a nemtiBelehradek function (Eq. 11).
T =x + AC{ (11)

Wherex, A, andy are the empirical constants of the equation. Thetic
parameters of the above equation were solved &grgaPlot with the values of 0.44,
0.35, and 0.54, respectively (Lahal., 2008). The experimental results and model were i
good agreement with%df 0.9929.

These results indicated that substrate inhibitaden place at high levels of glucose.
The specific growth rate was a key control paramietehe industrial production of lactic
acid. The condition of the inoculum had a strorfiuence on the duration of the lag phase.
In general, the length of the lag phase will begppraonal to the age of the inoculum. A lag
phase may also occur if the inoculum is transfefreth one set of growth conditions to
another. As a result, it was suggested that inyasbn of glucose concentration is
necessary for cost/time saving and improving laeiad fermentation. Optimization of
biomass productivity required that the specificvgfo rate and biomass yield were as high
as possible. In conclusion, the experimental datdahfe threshold of glucose concentration
was in good agreement with the critical concerdgratiThis was clearly due to substrate

inhibition, a traditional property of batch fermatibns.
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Figure 4.10 Specific growth rate (A), and lag time (B) as wndtion of glucose
concentration. Initial glucose concentrations e 20-200 g/L were
investigated on batch fermentation at °&) initial pH 6.0, and agitation

speed at 200 rpm.
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4.2.3 Influence of various carbon sources on lactacid production

The lactic acid bacteria for industrial procesaveh to metabolize the
carbohydrates into optically pure lactic acid tlgbthomofermentative pathway and have
to require a simple medium composition. Moreowrr pentosaceus could also produce
lactic acid with a high yield if the appropriaterlsahydrates are used as carbon sources.
The homofermentative characteristics of carbohgdnagtabolism oP. pentosaceus were
identified. In this section, lactic acid fermentettiby using various carbohydrates as the
main carbon source were investigated in modifiedSMiitoth containing 20 g/L of the
following carbon sources: lactose, sucrose, maltasd fructose, respectively (Yuhal.,
2003). In this work, the several carbon sourcesewiested in order to get the suitable
carbon source for lactic acid production, and is\aso possible to use agricultural product
in the local area, especially, cassava starchitamuioduct.

However, it was interesting to see how this stgriew on different kinds of
monosaccharide including the large molecule of azsstarch. Nowadays, research effort
was focused on investigation for effective nutnabresources including novel progressive
fermentation techniques. These enable the achieveafdoth high substrate conversion,
and high production yields. Lactic acid productidrasl been studied under the control of
various operating factors and media components thélobjective to achieve high product
concentration and low fermentation cost (Ding arah,T2006). Figure 4.11 showed the
fermentation performances of various sugars in $eoincell concentration, and lactic acid
production, respectively. The maximum cell growthdathe highest lactic acid
concentration were obtained after 24 h of the feaieon time. These experiments were
operated with non controlled pH: therefore; pHesfnentation broth rapidly decreased due
to accumulation of lactic acid. The fermentationsvedmost ceased after 24 h when pH

reached a value of around 3.0 (data not shown¥atn, there were several reports
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demonstrating that lactic acid fermentations cdagdoperated, or only work at all, under
conditions where the pH exceeded th&apf the lactic acid producedp = 3.86). This
was because lactic acid in an un-dissociated fawergly inhibited cell growth (Wasewar,
2005).

On the other hands, the maximum cell concentratafnglucose, sucrose, fructose
and maltose were obtained at 2.92, 2.32, and 2/B8wvbereas the highest lactic acid
concentrations were 17.60, 13.01, and 14.94 g/kpeeively. When considered the
volumetric productivity, the corresponding valuesrg calculated as 1.61, 0.89, 1.19, and
1.11 g/L/h, respectively. As a result, the suitatdebon source folP. pentosaceus was in

the order of glucose > fructose > sucrose > maltespectively.
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Figure 4.11 Time course of cell growth (A) and lactic acidguction (B) as the function

of different carbon sources By pentosaceus.
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4.2.4  Effect of cassava starch and hydrolyzed ssava starch on

fermentation performance

In this work, the development of lactic acid pwotion process using cassava
as the main carbon source was investigated. Thisegdure was the main objective of this
work since cassava was relatively cheap (approeiynd.15 Dollars/kg or five bath/kg
(Sriroth et al., 2006)) compared with commercial glucose. In &aldj it contained high
starch content with low quantity of impurities, amatso readily available in Nakhon
Ratchasima province. The effect of initial concatitn of cassava starch and hydrolyzed
cassava starch (HCS) on lactic acid production iwasstigated by an addition of cassava
starch into the fermentation medium at initial cemcations of 1, 2, 4, and 10%,
respectively. For HCS experiments, pretreatmenstafch by using enzymatic process
(amylase and gluco-amylase enzyme) was carriedTbete are many sugars released from
hydrolysis step including glucose, fructose, angeemlly maltose. These sugars were
already investigated in the previous work. The lissin Table 4.7 showed thd®.
pentosaceus could utilize all types of carbon source. Gluceoses the most favorable carbon
source with the maximum specific growth rate of4018', and maximum lactic acid
concentration 17.30 g/L which resulted in the pdbun yield of nearly 90%. Fructose,
maltose, and sucrose also exhibited their goodpeence in term of specific growth rate
and lactic acid production with the value betweeh9@.22 H, and 13.01-14.94 g/L,
respectively. However, as the refined sugars angersive and it is not economical
attractive for industrial production. The experirta@mresults for all initial cassava starch
concentrations revealed that cassava starch pesdess specific growth rates, and product
concentrations. The low specific growth rates iatkd that there was low activity of
amylolytic enzyme resulting in slow break down a@issava starch molecule. Generally,
lactic acid bacteria are deficient in amylolyticacacters especially for the highly branched

starch. Cassava starch contains percentage of gagtin of approximately 80%,
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therefore, it is necessary to hydrolyze the casstarah prior to beginning the fermentation
for their utilization. Traditionally, the gelatiredl cassava starch can be treated with amylase
(liquefaction) and gluco-amylase (saccharificatitmpet the hydrolyzed product. The pre-
treatment witha-amylase and gluco-amylase resulted in hydrolysisagsava starch into
glucose including low molecular weight oligosacaties in whichP. pentosaceus could
directly utilize. As a result, the fermentation foemance of lactic acid fermentation using
hydrolyzed cassava starch was greatly enhancedcifSpgrowth rate increased in
comparison with the corresponding starch mediundrblyzed cassava starch showed its
high potential to be used as the representativbooasource; although, the final acid
concentration was lower than the others (refineghmss) especially glucose and fructose).
This was probably due to the lower amount of aéélaeducing sugar in the hydrolyzed
cassava starch. However, these results showedhyldablyzed cassava starch possessed
comparable fermentation performance with other alaydrates. Glucose is the most
efficient carbon source; however, it is expensieenpared to hydrolyzed cassava starch
(approximately 0.50 dollars/kg or 15 Baths/kg).

These experimental results confirmed that pretftreat of cassava starch generally
increases the lactic acid yield, fermentation edficy, and lactic acid productivities. These
observed results showed the potential for furthgsrovement of lactic acid production in

order to obtain higher fermentation performanceaamately 40%.
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Table 4.7 Comparison of lactic acid concentrations and $pegrowth rates obtained

from fermentation by. pentosaceus.

Carbon sources Specific growth rate () Maximum lactic acid

concentration (g/L)

Glucoset 0.29+ 0.05 17.30+0.23
Sucroser 0.19+ 0.07 13.01+ 0.34
Fructoset 0.22+0.10 14.94+ 0.41
Maltose+ 0.21+0.09 13.05+ 0.50
Xylose 0.17+0.11 7.82+0.41
Lactose 0.13+ 0.05 6.93+ 0.25
1% of starcht 0.09+ 0.02 5.12+0.28
2% of starcht 0.11+ 0.04 8.43+0.19
4% of starcht 0.14+ 0.03 11.16+0.19
10% of starch: 0.15+ 0.02 19.12+0.28
1% of hydrolyzed starch 0.11+ 0.05 9.06+ 0.33
2% of hydrolyzed starch 0.14+ 0.01 11.25+ 0.39
4% of hydrolyzed stareh 0.17+ 0.05 13.80+ 0.21
10% of hydrolyzed stareh 0.20+ 0.10 30.84+0.17

. The initial concentration of sugars was 20 g/bw(rl to 6). Mean values of two

replications of analysis standard deviation with significant differencepof 0.05.

This study clearly demonstrated that lactic aaiddpction was affected by the
carbon source used in the fermentation procesdes.cassava starch was particularly an

alternative substrate to the sugars used in thper@xent. However, it was necessary to
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hydrolyzed cassava starch into fermentable sugaosigh enzymatic treatment. These data
obtained could surely be used for improvement ciidaacid production by using different

feeding strategies.

4.2.5 Influence of yeast extract concentration

In order to increase lactic acid production, tiotnal depletion was the main
concern for carbon and nitrogen sources. The effiesitrogen source was examined in this
work. A recent work had clearly demonstrated thegitjplic deficiency was the main factor
affecting growth (Amrane and Prigent, 1998). Maiitlyogen sources have been used for
lactic acid fermentation including corn steep lig€@orneliuset al., 1996), malt sprout
extract, casein hydrolysates (Hujanen and Link®6)9 yeast extract, and also spent
brewer’s yeast extract as the main objective f@& study. Initially, the influence of yeast
extract concentrations on lactic acid fermentatiomm modified MRS medium were
investigated by supplemented with the concentrati@tween 5-20 g/L, lactic acid
fermentations were performed using 250 mL shalsk$lat 30°C with pH 6.0.

Figure 4.12 showed the time course of lactic @catiuction and cell growth during
fermentation at various concentrations of yeastaekt At 5 g/L of yeast extract, lactic acid
fermentation was not completed, and the cell gromdl almost stopped after 12 h because
the nutrient was depleted. On the other hand, thgimmum lactic acid productivity was
obtained at 15 g/L whereas dry cell weight (3.1B) gas obtained at 20 g/L of yeast
extract. From these finding, the increase of yeastact concentration between 15 and 20
g/L had very little effect on increasing the lacmd production.

Cessation of growth was due to nutritional limdas, deficiency in peptide sources
(amino acids) or in growth factor. These resultglied that the lactic acid fermentations

should be severely affected by yeast extract cdratgons added to the medium. According
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to the results, the yeast extract concentratioh5agy/L was recommended for the further

experiments.
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Figure 4.12 Time course of cell growth (A) and lactic acicguction (B) in batch lactic

acid fermentation from modified MRS medium supplated with different

concentration of yeast extract.
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4.2.6 Effect of various nitrogen sources on lactiacid production

In order to develop a economical fermentatioaghand effective nitrogen
source is also necessary to reduce the fermentatbgh Supplementation of nitrogen
source into the fermentation medium is importanbrder to maintain a high yield and
productivity. The possibility of using peptone, geaell (YC), corn steep liquor, and spent
brewer’s yeast extract was considered as the swlegen source. These substances could
improve nutritional quality of the fermentation nn@w, because they contain growth
promoting compounds in addition to organic nitrogamd some carbonaceous compounds.
The main advantage of this study was substantiaédimg the fermentation cost of the
media formulation compared to expensive commey@ast extract. The choice of nitrogen
supplementation mainly depended on the local dvisitha In Nakhon Ratchasima
province, there are several large factories produenotor fuel grade ethanol (MFGE)
which also use cassava starch as the main subdtteaely 2 million liters of MFGE are
being produced everyday which ensure the avaitghofi nitrogen source in this region. In
this work, the effects of different nitrogen sowd®ving the same elemental nitrogen level
(15 g/L) were compared for fermentation performan@nd the experimental results were
shown in Table 4.8. During the experiment, hydnslys organic nitrogen source results in
liberation of amino acids which enhanced the laaticd production. In comparison with
typical nutrients such as commercial yeast ex@adt peptone, spent brewer’s yeast extract
was a comparable supplementing nitrogen source witih conversion yield and
volumetric productivity. The effect of yeast cellpplemented in modified MRS medium
was investigated. Yeast cell was not often usedtles sole source of nitrogen
supplementation because it lacked of several gakemherals. As a result, the utilization
rate of glucose and formation of lactic acid wagniicantly lowered than those observed

with the fully supplemented medium.
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When supplemented with yeast cell, the maximuntidaacid concentration was
obtained at only 10.39 g/L. On the other handsn abeep liquor was also investigated as
another cheap nitrogen source resulting in the mamxi acid concentration and dry cell
weight of 12.12, and 2.35 g/L, respectively. Theuie of spent brewer’'s yeast extract
(medium 4) showed a high concentration of lactia aghich relatively closed to the
commercial yeast extract supplementation (13.4Q gAd 17.30 g/L, respectively). This
result revealed that spent brewer’s yeast exti@ddde effectively used as nitrogen source
to replace an expensive commercial yeast extrdu. yEast cell was autolyzed resulting in
liberation of water soluble portions such as pudnd pyrimidine bases, as well as vitamins
B, respectively. Moreover, it also contained nigus substances such as amino acids,
peptides, vitamins, and several organic acids diofy pyruvic and glyceric acid (Jiarey
al., 2010). Normally, commercial yeast extract possgsl8 essential elements such as Al,
Ba, Cd, Co, Cr, Cu, Fe, Ga, Mg, Mn, Mo, Ni, Pb, Sn, Ti, V, and Zn, respectively. The
information was of general interest and of paricumportance when the ash of yeast
extract was demonstrated to be essential for gro@ththe other hand, the physical of
spent brewer’s yeast extract were determined shdhatdappeared the light yellow color,
total nitrogen 17.0%, amino nitrogen 3.0%, sol&l086, NaCl 4.0%, and residue 10.0%,
pH approximately 6.5-7.5. However, it was alreadparted that spent brewer's yeast
extracts lack of iron element (Saksinckaal., 2001). Iron was, therefore, added in spent
brewer’s yeast extract to fulfill this nutritionqeirement for the lactic acid fermentation
(medium 5). The experimental result confirmed tmpartance of iron as the final lactic
acid concentration increased from 13.40 to 15.%5 Hherefore, this high concentration of
lactic acid was attributed to the addition of niiga source with essential trace elements.
The control medium without nitrogen source (medidyresulted in 5.15 g/L of product
concentration whereas medium without both carbahraimogen sources yielded lactic acid

concentration of only 0.94 g/L. Volumetric prodwdly, and maximum dry cell weight
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were also increased to 95% and 91%, respectivegnwiompared between MRS medium,
and the medium without carbon and nitrogen soufbeés reflected the complex nutrient

demands of this fastidious lactic acid bacteriura ttuits limited biosynthesis capacity.
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Table 4.8 Media formulation with different nitrogerowgces (the concentration of 15 g/L) for lacticid fermentation by

P. pentosaceus based on modified MRS medium.

Medium Nutrient supplementation Lactic acid Cell concentration  Substrate conversion
formula concentration (g/L) (g/L) (%)
1 Commercial yeast extract 17.30+ 0.15 2.90+ 0.25 95.90+ 0.04
2 Peptone 16.21+ 0.23 2.80+0.17 93.70+ 0.12
3 Yeast cell 10.39+ 0.19 2.14+0.09 75.10+ 0.19
4 Spent brewer’s yeast extract 13.40+ 0.07 2.76+0.32 89.90+ 0.20
5 Spent brewer’s yeast extract + 0.2% 15.55+ 0.14 2.79+0.25 91.00+0.11
ferrous sulfate
6 Corn steep liquor 12.12+ 0.08 2.35+ 0.45 82.70+ 0.08
7 Except nitrogen source 5.15+0.10 1.48+0.26 42.19+ 0.14
8 Except carbon source and nitrogen 0.94+0.11 0.25+0.19 -

source
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In conclusion, the supplementation of nitrogenresesi with trace elements resulted
in beneficial increase in lactic acid productionbstrate utilization, and cell growth. The
medium composition had been investigated for maspeets, especially, fermentation
performance. The addition of nutrients and highgirieant mass concentrations generally
had a positive effect on the lactic acid productigedia formulation studies demonstrated
a significant effect on growth of the bacterialleeTherefore, this could be concluded that
the pronounced difference in lactic acid productionMRS supplemented with spent
brewer’'s yeast extract as nitrogen source couldiplysbe due to some other growth-
promoting factors present in these nutrients. Funtore, this cheap and readily available
spent brewer’s yeast extract could significantijuee the fermentation cost, and make the

production process more profitable.

4.3 Influence of factors on lactic acid fermentatn

4.3.1 Effect of various temperature on lactic adi production
This work examined the optimum environment cdoditfor microbial
growth, and lactic acid production. Temperaturepé&atgons of bacterial growth under
different temperature regimes were studied. Betbelerstanding of the temperature effects
on lactic acid fermentation will facilitate impravent of the production process. The
temperature were monitored and controlled during férmentation process at elevated
temperatures of 30, 37, 40, 45, 50, and°65with fermentation time 30 h as shown in
Figure 4.13. The results showed that optimum teatpez and time for the lactic acid
production was 30C for 24 h on the basis of lactic acid contentmperature is the most
important factor on nutrient utilization and celability. Higher temperature stimulated the

rapid growth of lactic acid bacteria resulted imapid decline in pH, and consequently
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suppressed the growth Bf pentosaceus. AlthoughP. pentosaceus could grow at 50C, the

optimum temperature for its growth were observawben 30-37C.
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Figure 4.13 The influence of temperature on lactic acid femtaBon on modified MRS

medium (20 g/L of glucose) . pentosaceus.

In industrial fermentation processes, the opegatemperature of the fermenter is
often raised to optimum level to increase microbaaktivity which depends on the
characteristics of the microorganism used as webrathe environmental conditions. Cell
changes during fermentation at different tempeestwvere shown in Figure 4.14 (A). The
cell count showed a similar trend. The resultsaathid that temperature had a pronounced
influence on the growth of these microorganismsnduliactic acid fermentation.

Moreover, the temperature affects the rate oftmaucal reactions, the activity of
extracellular enzymes, the generation time, ancttieity of the microorganisms involved.

Some literatures reported that the rate of reactmmnmicroorganisms increases with
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increasing temperature until a limiting maximum parature is reached (5%), after
which the growth rate decreases very rapidly (Re16§6). However, when the temperature
of the medium is above or below that required fatiraum growth, the microbial activity is
substantially reduced and the organisms may evigntdiz. In Figure 4.14 (B), it was
showed that the cell growth could modeled with fdiferent phases: lag phase. (= O,
duration time 0-6 h), exponential or log phase~ umax duration time after 6-12 h),
declining growth |t < pumax duration time after 12-16 h), stationary phase- (0, duration
time 16-20 h), and death phase< 0, duration time after 20 h). Declining growtbrmally
occurred in cultures when either a specific requert for cell division was limiting or
something else was inhibiting reproduction. In fiiigse of growth, biomass was often very

high and there was no further cell growth.
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Figure 4.14 Effect of temperature on growth or dry cell weigh), and viable cell count

(B), and substrate utilization (C) during batchmientation.
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Figure 4.14(Continued).

The fermentation conditions of various temperatuege studied, the pH value of
the fermentation broth decreased from 6.0 to vaessthan 4.5 as fermentation proceeded
reaching conditions unfavorable for cell growth.llGepulation was a measure of the
increase in biomass over time and it was determir@d the exponential phase. Growth
rate was one important way of expressing the x&agicological success of a species or
strain in adapting to its natural environment. Hueation of exponential phase in cultures
depended upon the size of the inoculums, the groatth and the capacity of the medium
and culturing conditions to support cell growthiof@ass estimated need to be plotted over
time, and logistical constraints. Cell count ang ckll weight (DCW) are common units of
biomass determination. Similarly, at temperatureeeded 50C, the cell could not grow.
These confirmed that the lactic acid product yiadl the cell mass were affected by the

temperature folP. pentosaceus. Moreover, cell number and lactic acid productiorthe
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fermentation broth depended on the prevailing domts of temperature. For this reason
the control of temperature were necessary durinticlacid fermentation. At 306C and
37 °C, the yield and productivity of lactic acid wersasimilar. The production yield and

volumetric productivity were calculated with theng at the exponential phase of the cell

growth.

Table 4.9 Effect of initial culture temperature on lacticid production performance.

Temperature Yxis Yeis Volumetric productivity
°C) (g/L/h)
30 0.15 0.84 1.09
37 0.15 0.84 1.10
40 0.14 0.83 0.96
45 0.14 0.82 0.76
50 0.13 0.79 0.63
55 0.10 0.77 0.47

Temperatures were affected cell growth and laatid production in fermentation
processes. It was, therefore, important that thedatation temperature must be maintained
as stable as possible since bacteria grow optimtlyin a narrow temperature range. In
general, subsequent experiments were conductdukaemperature of 30C in order to
reduce the cost of electricity of the productiomgass. For this reason, the controls of

temperatures were necessary during lactic aciddetation for lactic acid production.
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4.3.2 Effect of various initial pH on lactic acidproduction

In this section, the effects of different pH lven the production in batch
fermentation were investigated. The effect of pHcetl growth, and substrate metabolism
were performed. The initial pH of the medium wadntaned at 4.0, 5.0, 6.0, 7.0, or 8.0,
respectively, with 5M NEOH after the pH dropped to these points due tgtbduction of
lactic acid. Time course of cell growth during fembations at various pH of the cultures
were shown in Figure 4.15(A), substrate utilizati(frigure 4.15(B)), and lactic acid
production (Figure 4.15(C)). Fermentation endee@rati8 h of fermentation, and it was
observed that either glucose was completely dapl@teo change in glucose concentration
to lactic acid and the cell growth was almost cdakeaddition, Table 4.10 summarized the
fermentation parameters of experiments at variouisure pHs, including lactic acid
production, lactic acid concentrations, lactic agidlds, and productivities, respectively.
Lactic acid yields based on total sugar consumee vanged between 89.47 and 91.53% at
pH 4.0-8.0, and the highest yield of 91.53% wasaioletd at pH 6.0, and lactic acid

productivity reached its highest value of 1.40 b/at pH 6.0.
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Figure 4.15 Time course of cell growth (A), substrate utilizati (B), and lactic acid
production (C) in batch lactic acid fermentationoftified MRS medium) at

different culture pH.
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Figure 4.15(Continued).

Table 4.10 Effect of culture pH on lactic acid production foemance in batch culture of

P. pentosaceus.

Culture Lactic acid Yeis Maximum Volumetric

pH (g/L) DCW (g/L) Productivity
(g/L/n)
4.0 16.23 0.91 3.0 1.28
5.0 16.28 0.89 3.12 1.36
6.0 17.3 0.92 3.18 1.40
7.0 17.28 0.91 3.15 1.40
8.0 16.94 0.91 3.13 1.31

Lactic acid yield (%) = (lactic acid produced {g)al sugar consumed (g)) x100.
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In addition, the maximum specific growth rate.{) has been plotted as a function
of pH as shown in Figure 4.16. This was in accotdasince theinaxwas obtained early in
the fermentation where the lactic acid concentratwas very low. Some literatures
reported that low levels of biomass and lactic amdcentration were synthesized at pH
values lower than 5.5 (Bat al., 2004). This effect could resulted from partiaddaof the
enzymatic activity involved in the biosynthesis bfomass and lactic acid. The
experimental results showed that the high levebiofmass and lactic acid were obtained
when pH was maintained in the pH range 5.0-7.0 whth optimum pH 6.0. The results
showed that at each pH value, the reciprocal ofptieductivity of lactic acid was linearly
correlated to the reciprocal of the specific grovdte. Moreover, for pH values lower than
5.0 the limitation of lactic acid production mugt @ifferent from that obtained at higher pH
values: the glucose consumption was much lower, iamglok longer time to attain the
maximum values of lactic acid concentration. Theximam cell mass obtained for the
different pH values did not present significantiatons (Goncalvest al., 1997). As a
result, it was indicated that the optimum pH foll geowth of P. pentosaceus was seemed
to be 6.0; lactic acid fermentation at pH 6.0 waspleted faster than other pH. It could be
concluded that the microorganism, especially, taatid bacteria, did not alter its metabolic
pathway in the pH range of 5.0-7.0. Furthermoretdase in initial pH beyond 6.5 did not
improve the lactic acid production. It was possithlat the higher initial pH brought too
much stress on the microorganism metabolic alslifiéjayakumaret al., 2008). Therefore,
the optimum pH for lactic acid production was estied to be 6.0, because the lactic acid
productivity should be considered as one of thacatifactors for economical lactic acid
fermentation. From this findind?. pentosaceus seems to be suitable LAB for further study

on lactic acid fermentation under the conditiopbif6.0 and temperature 3G.
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Figure 4.16 Effect of pH on maximum specific growth rate f pentosaceus on lactic

acid fermentation.

4.3.3 Effect of various agitation speed on lacti@cid production

Agitation is important for adequate mixing, masmssfer and heat transfer,
respectively. It assists not only the mass transétween the different phases presented in
the culture, but also maintains homogeneous cheénchphysical conditions in the culture
by means of mixing. However, at high agitation spélee biomass concentration may
decrease because of cell damaged by the impelteslagar force, while at low agitation
speed the liquid or fermentation broth could nanbgeneous well and the substrate could
not completely utilized. On the other hand, hightadgpn speed could disrupted the cell by
shear forces promoted cell loss (Senthuggal., 1999). The properties of fermentation

broth were affected by power requirement and affeoess of mixing. Moreover, mixing is
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a physical operation which aims to promote homotgneliminating gradients of
concentration.

The effects of agitation speed on lactic acid pohidn were studied. The influence
of cultivation factors on the lactic acid fermerdas was observed typically for cell
growth, substrate and product concentrations, otisiedy. Experimental data on lactic acid
production, substrate utilization, and cell growtlere obtained at different agitation as
shown in Figure 4.17Among the three agitation speeds (100, 200, and@®), it showed
that 100 rpm of the speed significantly affectesl fidrmentation performance. It was clearly
due to non-homogeneous condition (lacks uniforrmtynedium composition) occurred in

the fermentation system.
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Figure 4.17 Effect of agitation speed on the cell growth, @dg sugar concentration
and lactic acid production . pentosaceus: 100 rpm (A), 200 rpm (B), and

300 rpm (C).
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Figure 4.17 (Continued).

Table 4.11 summarized the comparisons of diffeagitation speed on fermentation
performance. Yield of biomass £)¥) and volumetric productivity wei@13 (0.96 g/L/h),
0.15 (0.97 g/L/h), and 0.15 (0.97 g/L/h) at theexpef 100, 200, and 300 rpm, respectively.
As a result, the latter two agitation speed produaetic acid of approximately 18 g/L, and
there was no significantly different. Some previpagper reported that agitation rate at 200
rom enhanced fluid-to-particle mass transfer. Havewthe medium might affect the
rheological properties; optimum mixing was requirecorder to just promote the contact
between the bacteria and liquid media. Mixing wasraportant operation in fermentation
which was the main objective to achieve homogerditye system. Without agitation, the
bacteria will sediment at the bottom and could fdly utilize the carbon source. In
addition, the morphology of the microorganism coultlongly influence the product
formation, since it affected broth rheology and semuently the mass and heat transfer

capabilities of the fermentation broth. In thistgat, the optimum conditions for enhanced
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lactic acid production were obtained. Therefore, dlgitation speed of 200 rpm was chosen

for the subsequent experiment.

Table 4.11 Result of lactic acid productivity at different tagion speeds of

fermentation.

Agitation speeds Yxis Yeis Volumetric productivity
(g/L/n)
100 rpm 0.13 0.72 0.96
200 rpm 0.15 0.85 0.97
300 rpm 0.15 0.84 0.97

4.4 Lactic acid fermentation methods

4.4.1 Lactic acid fermentation in batch process ith non-controlled pH

In a bioprocess development, two main streamsirarelved including
upstream and downstream processes. This work fdomseproduction and separation of
lactic acid from fermentation broth. In additiohetuse of homo-fermentative with high
stereo-selectivity would facilitate further dowresam processe$?. pentosaceus was
successfully isolated and characterized in ourrktiooy. This strain possesses all desired
characteristics of the above mentioned, and wad umsall fermentation processes of this
work. Firstly,L-(+)-lactic acid fermentation in batch process wagstigated. In this work,
batch fermentation was studied without pH contamigd a 10% (v/v) inoculum grown in

MRS broth for 24 h was aseptically inoculated itite fermenter. Experiment was initially
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carried out with hydrolysis of 100 g/L cassava dtawith a-amylase and gluco-amylase
resulted in equivalent to 40 g/L of reducing sugBine conversion of starch to sugar
consumed energy during liguefaction and sacchatibo (enzymatic hydrolysis), but

significantly increased the efficiency of fermerdat process. The hydrolyzed starch
solution was subsequently supplemented with speswds’s yeast extract plus ferrous
sulphate (FeS92 mg/L) (Saksinchagt al., 2001) prior to autoclaving. The time course of
pH, cell concentration, reducing sugar concentnatand lactic acid concentration during
fermentation were shown in Figure 4.18. Glucoseceatration rapidly decreased during
the first 16 h following by a much slower decregsnate. Utilization of glucose nearly

ceased after 24 h of operation with the remainiogcentration of less than 10 g/L. The
reason for this high yield was probably the baatpnssessed amylolytic activity which can
digest oligosaccharides. The pH of medium alsoedsad rapidly until reached its final

value of 3.90 at the end of the fermentation. Iswhserved tha®. pentosaceus possessed

a relatively short lag phase followed by expondmiease. The growth entered its stationary
phase at 20 h where cell concentration reacheeéalabdf approximately 2.5 g/L until the

end of the fermentation process. The maximum laatim concentration also rapidly

increased since the beginning before reachedateanl of approximately 32 g/L, and was
stably maintained throughout the entire stationgingase of fermentation. However, the
amount of lactic acid produced at stationary ph@3e34 h) was slightly increased even
there were some glucose remained in the mediuns.Whas probably due to the death of the

bacteria at lower pH.
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Figure 4.18 Time course of lactic acid production in batemientation by. pentosaceus
without controlled pH: carbon source as hydrolyzedssava starch
(equivalent 40 g of glucose) and nitrogen sourcesent brewer’'s yeast
extract. Experiment was carried out at 3D, initial pH 6.0, and agitation

speed 200 rpm.

4.4.2 Lactic acid fermentation in batch processesith controlled pH

To overcome product inhibition effect, the pH wesgulated during
fermentation at its optimal value at which the ilaacid concentration was below the
inhibitory threshold. The conventional process lamtic acid production is batch process
which normally results in low productivity and higiperating costs. In addition, product
inhibition occurs as a consequence of failure iotgr motive force across the cytoplasm
membrane (Goncalvest al., 1997). This problem could be alleviated by coled pH of
the fermentation broth. The dynamics of controlfgd in lactic acid fermentation were
illustrated in Figure 4.19. The cells started tteethe exponential growth phase after 3 h of

operation, whereas the lag phase was observed hat @lucose concentration rapidly
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decreased at the first 20 h before gradually deectantil the end of fermentation. Lactic
acid was mainly produced during the exponentialwjno phase, and the volumetric
productivity reduced when the growth declined. Expental data showed the highest
lactic acid concentration of approximately 50 gdlsulting in 35.4% improvement in lactic
acid production compared with the batch proces$ wibn-controlled pH. In addition,

glucose utilization was also improved with the revmy glucose of lower than 5 g/L.
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Figure 4.19 Time course of lactic acid production in batemfentation byr. pentosaceus
with controlled pH: carbon source contains 100 ghgtirolyzed starch
(equivalent to 40 g of glucose) and nitrogen so@gespent brewer’s yeast
extract (15 g/L) supplemented with 2 mg/L of FeS& 30°C, pH was

controlled at 6.0, and agitation speed at 200 rpm.

Although controlled pH fermentation yielded betperformance, cell growth ceases
and volumetric productivity declined due to sulistdamitation at the end of fermentation.
This was well known characteristic of batch procebs addition, high substrate

concentration could lead to a prolonged lag tim&] aeduce the specific growth rate.



124

Therefore, it was very interesting to further invgste on fed-batch process. Substrate
feeding strategies may be varied including consfaetling, intermittent feeding, and

exponential feeding, respectively. The main oljectwas not only reduce substrate
inhibition effects, but also maximize the volumefproductivity of lactic acid.

During substrate limitation in the fermentatiomwever, homofermentative could
be switched to heterofermentative. Ethanol, acatid and formic acid could be formed by
difference in the metabolism of pyruvate whereitaatid was also metabolized into formic
acid and acetyl-CoA. Alternative pathway of pyrevanetabolism became active via
pyruvate dehydrogenase, resulted in the produaforarbon dioxide, acetic acid, acetyl-
CoA, and NADH (Hofvendahl and Hagerdal, 2000). rEfiere, fermentation processes
should be operated at sufficient substrate conator. The substrate should be
continuously fed in the fermenter in order to abé® the substrate limitation. Fed-batch

fermentation were attempted in the next section.

4.4.3 Lactic acid fermentation in fed-batch procsses

Fed-batch process is a batch process fed conishyior sequentially with
substrate (Leeet al., 1999; Roukas and Kotzekidou, 1998). Fed-batclcqeses were
introduced in order to avoid substrate inhibiti@sulting in high osmotic pressure at high
sugar concentrations (Ozmihci and Kargi, 2007) -baidh fermentation is advantageous in
cases where high substrate concentration is toxiled culture. These processes resulted in
improved sugar utilization and lactic acid prodacti Fed-batch operation offer special
advantages over batch and continuous operatiorditoynating substrate inhibition as a
result of slow feeding of highly concentrated stddst solution. Fermentation is started with
a relatively low substrate concentration (to redsubstrate inhibition) and a low volume.

As the substrate is consumed, it is replaced bytiaddf a concentrated substrate solution
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at a low rate while keeping the substrate conceatran the reactor below the toxic level
(Qureshi and Blaschek, 2001).

Fed-batch fermentation was carried out in threérdit modes. In the first mode, the
P. pentosaceus cells were initially grown in batch mode by usin@ d. bioreactor with a
working volume of 1.2 L. At the late exponentialaske of batch fermentation, highly
concentrated hydrolyzed cassava starch solutiod ¢20) supplemented with 15 g/L spent
brewer's yeast extract and 2 mg/L of ferrous salfatas continuously fed into the
bioreactor. The fermentation performances of diférfed-batch mode were shown in
Table 4.12. The different fed-batch feeding stra@®gvere attempted in this work including
constant feed rate, intermittent fed-batch and egptal fed-batch, respectively. In
comparison, batch with non-controlled pH gave tberpst results in term of lactic acid
concentration, biomass, and volumetric productivitiiis disadvantage of low volumetric
productivity could be avoided, and the lactic aoihcentration could be greatly enhanced
by the application of low level of initial glucos@d repeated feeding during fermentation.

For intermittent fed-batch, the highest lacticdambncentration for constant feed rate
fed-batch was obtained at 95.40 g/L with productigield of 91.25%, and cell
concentration of 2.51 g/L, respectively. For constized rate experiment, different feed
rates were preliminarily investigated at the rdtesveen 0.01-0.3 g/s (data not shown). The
best result was obtained with the feed rate of @<l and this value was chosen for
comparison with other fed-batch methods. Comparedtérmittent feeding, constant feed
rate fed-batch yielded a better result with theeased lactic acid concentration of 13.3% to
110.10 g/L. Volumetric productivity was also sliyhincreased to 2.62 g/L/h or 4.1%

compared with intermittent feed rate operation.



Table 4.12 Comparison of different fermentation methoddazxtic acid production.
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Parameter Batch with non- Batch with Intermittent Constant feed Exponential
controlled pH controlled pH fed-batch rate fed-batch fed-batch

Lactic acid (g/L) 32.30+ 0.14 49.0Q: 0.05 95.40t 0.03 110.1G: 0.12 155.46 0.21
Productivity (g/L/h) 1.20+ 0.23 1.56t 0.17 2.5 0.07 2.62+ 0.15 2.80t 0.18
Yield (%) 83.13+ 0.09 87.78 0.15 91.25:0.11 90.12+ 0.10 90.0k 0.06
Dry cell weight (g/L) 2.97+£0.02 3.06t 0.05 3.54 0.07 3.79+ 0.09 3.74+ 0.02
Maximum specific growth rate  0.37+ 0.05 0.39+ 0.03 0.41+0.10 0.4G+ 0.07 0.46+ 0.03
(Hmay)
Final sugar concentration (g/L) 10.19+ 0.11 5.2+ 0.07 12.1# 0.03 25.87% 0.17 5.02+ 0.09
Initial broth volume (L) 1.20 1.20 1.20 1.20 20.
Final broth volume (L) 1.32 1.35 1.90 1.97 2.07

: Constant feed rate in fed-batch at 0.1 g/s

: The values given in the Table are the avedtdgliplicate experiments.
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Although both fed-batch modes enhanced the laatid production over batch
fermentation, these processes were still subjestilbstrate inhibition effect. The level of
glucose concentration in the medium remained kedti high during fermentation
process. This was because the addition of glucas®e mot at appropriate value, and
glucose utilization rate was not at its maximum.

In order to minimize the effect of substrate intam, another fed-batch technique
was attempted by following cells growth. Expondnfed-batch was developed using
pre-determined feeding strategy according to a ipvsvwork (Korzet al., 1995).
According to Equation 1, the specific growth ratasvset at 0.08 hwhich the optimum
value was concerning the changing in volume ofstfsgem. The typical value of biomass
yield on substrate (¥s), and maintenance coefficient (m) were 0.11 gfgl 8.04 H,
respectively which were taken from a previous wftkang and Lovitt, 2006). Figure
4.20 showed the time course of exponential fedkbBamentation. Experimental results
showed a significant improvement of lactic acid aamtration compared with the other
fed-batch modes where the highest product condentrevas obtained at more than 150
g/L. This addressed the appropriate addition ob@arsource to the medium, and the
cells were able to efficiently utilize the subs&raBubstrate inhibition was also minimized
as the glucose concentration remained lower thag/RQ@hroughout the operation. The
maximum cell concentration of 3.74 g/L was obtainddwever, it was recommended
that the fermentation should be stopped after 40dperation for the economic point of
view. This was because volumetric productivity #igantly reduced after lactic acid
concentration reached 130 g/L, and residual glucstseted to rise. In addition,
hydrolyzed starch solution was fed at exponent#d,rand prolonged fermentation time

could result in much higher operating cost.
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Figure 4.20 Lactic acid production by exponential fed-batchnfentation by P.
pentosaceus with controlled pH (pH 6.0), temperature at D, agitation
speed at 200 rpm. The feeding solution containsgZDMydrolyzed starch

supplemented with 15 g/L spent brewer’s yeast ektnad 2 mg/L ferrous

sulfate.

In conclusion, fed-batch fermentation could grea#nhance lactic acid
production, and had advantages over batch proddss. process permitted effective
control of residual glucose concentration levelp@jiannit al., 2007). Cells proliferate
and glucose utilization was maximized. Althoughstdtte inhibition was minimized, the
cell mass was maintained at rather constant lewel,volumetric productivity reduced at
the end of fermentation. This was probably duentahition of the cells by lactic acid
especially at the concentration higher than 80 dfumber of works had already been
addressed inhibitory effects of lactic acid to tedls (Weeet al., 2006). Since lactic acid
was a growth-associated product, it was therefaeresting to compare the productivity

and cell viability at different modes of operatimeluding batch with non-controlled pH,
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batch with controlled pH, and fed-batch fermentatiBlowever, lactate accumulated in
the fermentation broth led to the product inhibitiat the end of the fermentation.
Application of in situ lactate removal was highly encouraged in orderintrease

production yield and volumetric productivity. In ditlon, separation of the lactate
product facilitated subsequent purification stegxduse many impurities would be

significantly removed.

45 Extractive fermentation of lactic acid

Numbers of works have been reported for the eondymt inhibition especially
non-dissociated form of the lactic acid. Therefates necessary to alleviate toxicity
effect to the cell in order to increase yield ammlumetric productivity. The main
advantage of the fed-batch system is that inhibitemd catabolite repression are
prevented by feeding of the substrate. If the sabtsthas an inhibitory effect, intermittent
addition improves the productivity of the fermergatby maintaining a low substrate
concentration. The parameters of the intermittent-datch process are very close to
exponential fed-batch process. On the other hamel,disadvantage of using merely
exponential fed-batch is that it is difficult to ntool and requires complicated
equipments. Therefore, intermittent feeding stnategas attempted with the main
objective of increasing the final product concettra and downstream processes. The
method suggested in this study, intermittent fettbgorocess could be applied to
separation of lactic acid by situ product removal concept.

However, the influence of lactate concentratiorfeianentation performance by
the biocatalyst has to be studied intensively. Gtwpling of a biological reaction with a
membrane in only one unit is a very interestingfigomation for the reaction where the

continuous elimination of metabolites is necessaryaintain a good productivity.
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4.5.1 Product inhibition effect

In order to assess the inhibition kineticRofpentosaceus, the strain was
cultivated on various initial lactate concentrasioiihe effect of substrate inhibition was
already investigated in the early part of this wdtkperiments were carried out by using
initial lactate concentrations between 0-90 g/Ln(kt al., 2004). The specific growth
rates as a function of initial lactate concentragiovere shown in Figure 4.21. The results
confirmed that lactate played an important roldementation performance even at low
initial lactate concentration. The maximum specgrowth rate () was observed at
0.44 (hY). The specific growth rate constantly decreaseth whe increase of initial
lactate concentration. At 50 g/L, specific growdter reduced to approximately 50% and
the value rapidly decreased to zero when the cdraten reached 90 g/L. Critical
lactate concentrationP{;) refers to the concentration at which the cellwglo was
severely hampered. In this work, it was observed #tmost no cell growth occurred at
lactic acid concentration higher than 80 g/L. Thame this concentration was setRg:
in the Equation (10). The mathematical modelingwsdtb a good agreement with the
experimental result. The substrate saturation eob@t,) of 0.23 g/L was adopted from a
previous work (Lee and Dobrogosz, 1965). In addijtithe correlation was best fitted
with the n value of 0.55. This model could be used to pretiietinhibitory effect in a
wide range of lactic acid concentrations. This ue do the fact that the undisscociated
form of lactic acid is easier to be transportedossrthe cell membrane into the cells,
resulting in intracellular acidification. It is m®mreasonable to use the total lactic acid
concentration as the model parameter in a pH clbedreystem that in non-pH controlled

system (Linet al., 2004).
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Figure 4.21 Variation of the specific growth rates as a functmf the initial lactate

concentrations.

4.6 Adsorption characterization

It is generally known that fermentation broth @nsg impurities which need to be
removed during downstream processes. The firstatipaer starts with removal of
insoluble particles such as bacterial cells. Regowé lactic acid from fermentation is
traditionally achieved by direct sequestration gsadsorption method. Adsorption occurs
when components of the liquid are attached on thtase of solid particles due to a
binding force. In this case, lactate ions can l&ched to anion ion exchange resins as a
result of charge difference. When equilibrium wasched, sample in the flask were
withdrawn and the capacities of the resin (denaed lactic acid/g dry resin) were
calculated by the following equation (Moldeisal., 2003):

[LAC,-LAC.]V
w

(12)
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Where LAG and LAG are the initial and equilibrium concentrationslactic
acid (g/L), V is the volume of solution amdis the amount of dry resin employed (Qg).
In addition, the Langmuir’s equation is expresse@\oldeset al., 2003):

_ Gu]K.LAC]

[K.LAC ]+1 (13)

Whereqm is the maximum resin capacity (expressed as g lactd/g dry resin),
and the value of K is expressed as the equilibraanstant or Langmuir equilibrium
constant. However, the value gf, cannot be directly obtained by using the graph of
Equation 13. As a result, a Lineweaver-Burk regogssnethod can then be used to
estimat the value af,, and K by rearranging the Equation 13.

The arrangement yields:

11,1 ”
4 On

A plot of 1/q versus 1/ LAEYyields a slope of 1/,gK whilst the Y intercept is
equal 1/ g.

The suitability of a given ion exchange resin factic acid recovery depends on
its physicochemical features (including capacityd aorption kinetics) (Caet al., 2002).
Amberlite IRA-400 resin has proper pore size arghladsorption capacity for recovery
of lactic acid and it can adsorb lactic acid in evigH range. Application of Amperlite
IRA 400 resin were observed in this experiment. Fbeption of ion exchange resin
could be ascribed to two different phenomena, gdsor and ionic exchange, which
could happen simultaneously (Moldesal., 2003). The component of synthetic feed
solution on lactic acid absorption were investigaig plotting the equilibrium lactic acid
concentration (LAE), and the capacity of the resin or adsorptionhisoh (as shown in

Figure 4.22).
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The sorption capacity of a strong base resin cbalthcreased by acidification to
switch the equilibrium towards the molecular formtiee acid. Kinetic of lactic acid
absorption were carried out to assess the kinatiem of lactic acid recovery, necessary
for reaching equilibrium. On the other hand, diéfar feed concentration resulted in the
different in adsorption capacity. In conclusionge thverall process was made up of
sequential stages, including: (1) solute mass fieartisrough the liquid film surrounding
the resin particles; (2) intraparticle diffusion siflute and (3) solute adsorption. Figure
4.22 showed experimental results of adsorptiorheson indicating that the absorption of

lactate on IRA 400 resins was Langmuir type.
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Figure 4.22 Absorption isotherm of lactate on the resin.

In addition, experimental data obtained from abBonp experiments were
subsequently employed to estimate the valug,aind K. A Lineweaver-Burk regression

were shown in Figure 4.23. The linear regressialicated the 4, value of 0.16 with
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the R of 0.9634 and the K value of 0.0010 could therdivectly calculated from the
slope of the graph.

1/q

14 ~
R2 = 0.9634

Slope = 1/gn.K
p n 12 -

10 A o

10 -.05 0.00 .05 .10
1/LAC,

Figure 4.23 A linear regression of a Lineweaver-Burk planr equation 14.

Absorption has advantages over other purificatemhniques. The equipment for
this process is less expensive, and easier to amairtiowever, the desorption or elution
is required as the last step to recover the abdopbeduct. The disadvantages is that
expensive solid adsorbents are more easily foujeth® dirtier feed stream and require
more expensive regeneration steps and more freqaplacement. In addition, a large
amount of eluent is produced causing some envirataehproblems. Therefore, a highly

effective desorption method is required.

4.7 EDI experimental set-up for lactic acid separabn
Normally, the fermentation broths contain someitjgs especially free amino
acids and organic acids. Due to the diluted prbdrencentration, more energy

consumption will be needed for concentration stepolbtain high purity lactic acid.
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Moreover, the highest cost of the process for daatiid production by fermentation

processes corresponds to the separation steparthatecessary to achieve the quality
requirements of purified lactic acid. Adsorptiontlwianion exchange resins is the
conventional technique for recovery of lactic at@wmn fermentation broth. However, the

desorption or elution step is often associated willarge amount of eluent used (NacCl
solution) which cause environment problems, andfisn associated with significant

product lose. In order to reduce purification cpstamerous studies on lactic acid
separation have been conducted using EDI technaguat is based on continuous

desorption of the lactate ion under direct eleatrield. In addition, the overall benefit of

this technique coupling with membrane bioreactos watremely positive. It was a one

stage integrated process, withsitu pH control, integral product (lactic acid) removal

a concentrated form, and overall enhancement d¢d.yidhe approach taken in this study
was potentially applicable in a wide range of badatytic and fermentation processes.
The trials with model solutions were focused onde&rmination of the parameters for
the EDI experiments and on the investigation of thmee course under different

conditions.

4.7.1 EDI technique characterization

Nowadays, most industrial producers of lacticdastill employ the
precipitation process for the purification of lacticid, which leads to the generation of
crude calcium sulphate, a by-product which is ndiymdumped to the environment as
waste. In addition, the number of purificationpsteequired and their individual step
yields determine the overall yield of the proceSarrently, the overall yield of typical
purification processes composed of about 8-10 apetrations is in the range of 50-80%,
a yield that can diminish minor processhievements in fermentation processes

(Walter, 1998).
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The employment of new purification technologiesd amtegrated process
configurations therefore presents exciting pogsegsl to reduce the number of
purification steps, and production costs, respebtivApart from treatment with alkali
solutions, various techniques have been proposedribnuously remove the lactic acid
as it is formed, and these range from strippinghwitganic solvent to the use of
electrodialysis systems (Yabannavar and Wang, 1991)in-house electrodeionization
technique was introduced in this study. The propgas$eoretical model involved the
diffusive transfer from the flowing solution to then-exchange resin beads combined
with the electrolytic transfer of ions along theachof ion-exchange beads (Klezhal.,
1998). This study quantified the relationships lesta applied current and mass transfer
characteristic to evaluate the performance of teet®deionization system. Figure 4.24
showed the typical experimental set-up of electideation experiment used in this

work.

Figure 4.24 Batch experimental set up of in-house EDI system.
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The use of EDI in bioseparation is challenging] #re objective of this work is to
study the behavior of an EDI system under diffepgerating conditions. Firstly, the EDI
process was investigated in abiotic system fornia¢hematical modeling of lactic acid
separation. Several current densities were inftedisessed in this experiment. Long-term

operation and preliminary technical analysis of Hi¥ system were also investigated.

4.7.1.1 Batch electrodeionization of synthetic kdions

The most important characteristic of the EQbktem is the
continuous desorption of charged molecules fromeghilzed ion exchange through ion
exchange membranes under direct electric currarg.tb the diluted concentration of the
feed stream, more energy is required to obtaindridgctate concentration. Figure 4.25
shows a typical behavior of EDI technique for sapan of lactate ions from synthetic
solution. The initial lactate concentration in feed stream was 90 g/L, and the operating
condition of current density was initially set & #hA/cnf. From the experimental result,
it was observed that concentration of lactate enfded stream constantly decreased with
time, whereas lactate concentration in the conaemstream rapidly increased. However,
this operating mode of constant current was switctze constant voltage at 15 Volts
(Spiegelet al., 1999) when the electrical resistant of the syssggnificantly increased.
At low concentration, the amount of lactate tramsfig across the ion-exchange
membrane was faster than film layers surrounding-exchange resins and the
membrane-aqueous interface. This phenomenon rdsultehe reduction of current
efficiency which was the ratio of lactate transéerito the total charge supplied. For this
case, the operating mode was switched when thatéactoncentration decreased to
approximately 10 g/L resulting in a sudden incraassltage. Although concentration of
lactate ion in the feed stream played a major inledetermination of the current

efficiency, quantification of the limiting
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current density was not carried out. In fact, claggdime for the operating mode was
able to carry out by an observation of the suddemease in voltage. The proposed
theoretical model involved the diffusive transfeorh the flowing solution to the ion-

exchange resin beads combined with the electrotsgicsfer of ions along the chain of

ion-exchange beads (Monzakal., 2005).
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Figure 4.25 The time course of lactate concentration in thel féC+) and concentrate
solution (#) during the batch EDI experiment. Current dengity—)
was initially set at 45 mA/cfmand was switched to constant voltage

mode when the voltage £ —) suddenly increased.

Figure 4.26 showed the effect of initial concetitras, and current densities on
mass flux of lactate ions across the membrane eXperiments were carried out at initial
lactate concentrations ranging from 10 to 125 dZkperimental results showed that
initial lactate concentration in the feed side \@agery important operating factor. At 10

g/L lactate concentration, the mass flux was cotepleindependent on the applied
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current density. For higher concentrations, mass $howed a linear relationship with
the current density especially at concentratioméighan 40 g/L. This behavior implied
that all of electrical power was used to drive d&etions across the membrane. Current
efficiency in this range was therefore close to%0®hen current density was higher
than 20 mA/cr, however, the lactate fluxes slowly increased, amglincrease in current
density was not accompanied by a further propoationcrease of lactate flux especially
at 40 g/L lactate concentration. In conclusion, tharent efficiency dramatically
decreased when the lactate concentration decredechuse power consumption
depended on current density, this implied that situ removal of lactate from
fermentation broth should be carried out at highae@ concentration. In order to avoid
product inhibition and low current efficiency, thectate concentration in the feed must
be controlled at the optimum level. The highestqrerance of current density applied in
this study was obtained at 45 mAfcntHowever, when the current density exceeded
limiting current density, concentration polarizaticould be increased, resulting in
decrease of the current efficiency. Separationagtid acid from the feed solution
depends not only on electrical driving force, bisbaon concentratiodifference. It was
obviously seen that higher concentration differeresilted in higher lactate flux across
the membrane.

However, the fermentation in batch reactors wageneral, a low productivity
process due to the toxic effect of products on eaanganisms (Luedeking and Piret,
1959). The continuous separation of products bg technique would enhance the
process productivity. To overcome the inhibitorfeefs of lactic acid, either the lactic
acid must be continuously removed from the fernt@mavessel, or it must be
neutralised with alkali during the fermentationctmnvert lactic acid to its less inhibitory

dissociated form (Madzingaidabal., 2002).
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Figure 4.26 The effect of current density on lactate fluxesddterent initial lactate

concentrations.

4.7.1.2 Batch electrodeionization of clarifeébroth

Unlike synthetic solutions, application bételectrodeionization
process for fermentation broth is complicated. W& £nd of fermentation process, the
broth typically contains bacterial cells, lacticichgroduct, residual reducing sugar,
nitrogenous compounds, and some other impuritidlsofAthese materials need to be
completely removed during purification steps in esrdo produce pure lactic acid.
Membrane separation processes are very often dpfoierecovery of lactic acid from
dilute solutions or from fermentation broth (Lazazaoand Peeva, 1994; Reisinger and
Marr, 1993; Moket al., 2007). The EDI process was investigated for sgvactors for
example, initial lactic acid concentration, initigH, amount of current electricity, etc.
The disadvantages of the conventional fermentgtimeess are a low reaction rate, an
elaborate product recovery, a large amourtypfoducts and thereby negative

impact on the environment. Moreover, this is nldstly due to overcoming product
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inhibition in the fermentation process as the taettid. There are other possibilities for
lactic acid recovery, but solvent extraction, direlstillation, adsorption and other
relatively simple methods have certain limitatiowhjch obstruct their wider use (Lee
al., 1998). ED and EDI is one of very promising antspective methods provided by the
rapid development of the membrane processes (Heela., 1993). It has been widely
applied and it represents one of the most importar@gmbrane processes for
environmentally clean technology in biochemical ustlies (Strathmann, 1992). This
approach of combining the advantages of EDI teakenimpuld be used.

During the experiment, voltage was kept constart5aV, 2.0 Ampere and the
process was terminated when the electrical cumenteased. Figure 4.27 showed the
experimental results of lactic acid separation frdermentation broth in batch
fermentation process from hydrolyzed cassava staghthe main substrate. The
concentrations of lactic acid were analyzed in 2Zheompartments (feed solution, and
receiving solution or concentration side). The @mration of the lactic acid in the
concentrate solution increased after 4 h by natlifalsion passed through ion exchange
membrane. From these finding, lactic acid concéotran the feed stream and product
stream changed linearly with time. Moreover, prasgioeports indicated that the transport
rate decreased in the fermentation broth with lowéral lactic acid concentrations

(Hobovfi et al., 2004).
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Figure 4.27 The lactic acid concentration in the two phaseeed solution and

receiving solution in the EDI system.

Table 4.13 summarized the operating results duratgh concentration of lactate
ions from clarified fermentation broth. During tkeurse of the EDI experiments, the
concentrate and feed volumes changed due to watsage through the membranes
simultaneously with the lactate ions by electro-osis1 This phenomenon resulted in a
decrease of the feed volume with an increase otémeentrate volume. Unfortunately,
organic nitrogen assays revealed that there wase soigration of organic nitrogen
compounds from the feed solution into the concémtsalution (Choet al., 2002). This
phenomenon has been reported especially migratiammo acids during electrodialysis
of lactic acid from fermentation broth (Waegal., 2010). Based on Kjeldhal nitrogen
assays, organic nitrogen 0.07 g/L in the concemsatution was obtained from 0.62 g/L
in the feed solution. These impurities inevitabifluence the final purity, and usually

resulted in yellowish color of the purified lacpcoduct. The degree of the concentration
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(the ratio of the final concentration in the coricate stream to the initial feed
concentration) could be influenced by the increafsthe ratio of the initial feed volume
to the initial concentrate volume. During the opera the volume of the concentrated
solution increased. This could be due to the whtat passes through the membranes
together with the lactate ions by electro-osmofiece Water transport index, the ratio of
increasing volume to the mass of lactate transg@teoss the membrane, was calculated

at 2.09 mL/g which was slightly lower than the poess report (Leet al., 1998).

Table 4.13 Changes in some parameters during lactic acidragpn process by EDI

system from fermentation broth.

Factors Concentrate solution Feed solution
Before EDI
Volume (L) 0.3 2
Lactate concentration (g/L) 115 40
Glucose concentration (g/L) 0 10
Organic nitrogertg/L) 0 0.62
After EDI
Volume (L) 0.44 1.85
Lactate concentration (g/L) 167.5 1.2
Glucose concentration (g/L) 0.15 11
Organic Nitrogerfg/L) 0.07 0.65

In conclusion, the resin in EDI system was moreaataged for the lactic acid
separation from fermentation broth. The influendeglucose which was commonly

present in the fermentation broth on the EDI expental run was also studied, and the
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experimental results showed a small migration afcgée across the ion exchange
membranes. It was clearly seen that glucose caasd through the membrane, although
it has no net charge. The possible reason was aumatural diffusion as a result of

concentration difference.

4.8 Operation of EDI technique for lactic acid segration from
fermentation processes

In order to maximize fermentation performance atod facilitate further
downstream processes, am situ product removal technique should be applied in
combination with the fed-batch fermentation. Bydiexg the reactor at an optimum rate,
substrate concentration could be kept below inbipitlevels, while the suitable
separation technique could be applied simultangotsl remove the product from
fermentation broth. Thus, application of these twaineering techniques solved two

toxicity problems (substrate and product inhibijigQureshi and Blaschek, 2001).

4.8.1 EDI technique forin dtu lactate removal in batch fermentation

process

The overall benefit from the bioreactor was axiey positive in that it
was one stage integrated process. Separation ¢dripet product could be obtained in a
concentrated form, and could result in an increzfsthe overall production yield. The
EDI process was operated at constant voltage nidsl¥ @lts) because current efficiency
significantly reduced at low lactate concentratregion. Figure 4.28 showed the time
course of glucose, cell, and lactate concentratiormth feed and concentrate solutions

during batch fermentation with EDI process. @ls& concentration was rapidly
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decreased for the first 15 h, and the consumptade was gradually decreased until
glucose was completely consumed at 27 h. Afteroat $ag phase of approximately 4 h,
cell concentration was rapidly increased beforee@iched the value of 2.72 g/L at the
beginning of stationary phase. The highest cellceatration was obtained at 2.84 g/L.
On the other hand, lactic acid was produced ancbit€entration started to rise even at 3
h of fermentation time. Subsequently, the powepbluwas switched on, and lactate ions
started to migrate into the concentrate solutiorpdeimental results also revealed
constant lactate concentrations below 20 g/L irtthgathat there was no mass transfer
limitation of the voltage used. After 21 h, maasfbf lactate exceeded production rate
resulting in decreasing of the lactate concentnatiotil lactate was completely removed.
Considering the concentrate solution, lactate catnggon linearly increased with time
since the DC current was applied. The highest aaragon of lactate was obtained at 80
g/L whilst the volumetric productivity was calcuat at approximately 3.64 g/L/h. In
addition, the recovery ratio of nearly 100% wasaoi®d at the end of fermentation
process. In conclusion, this batch fermentationpting with EDI system showed a high

possibility to increase lactate production by sgosat addition of carbon source.
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Figure 4.28 The time course of glucose<), cell (%), and lactate concentration in
the feed side ), and concentrate side #) during batch
electrodeionization experiment. Initial volume adncentration solution

was 400 mL, applied voltage was 15 Volts.

4.8.2 Intermittent fed-batch fermentation withand without EDI technique

From the previous section (4.4.3), the lacticdagroductivity of
exponential feeding showed a high value; however,droduction yield of intermittent
feeding was higher. As a result, the latter feeditngtegy was chosen in this experiment.
This section compared fermentation performancewdsst intermittent fed-batch and
intermittent fed-batch coupled with EDI techniq&egure 4.29(A) showed time course of
intermittent fed-batch fermentation with initialuglbse concentration set at 40 g/L.
Experimental results revealed that glucose wasdkamionsumed within the first 28 h
before the first addition of the feeding solutidduring this fed-batch fermentation,

glucose consumption rate was slightly lower thha previous fermentation, and the
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average value was calculated at approximatel® Z/A/h. Moreover, fermentation
performance was significantly reduced after theosdcaddition of the feeding solution.
The fermentation stopped after 78 h because glusasepoorly utilized. The conversion
yields for each cycle were estimated as 91.12%3785, and 70.83%, respectively. On
the other hand, average volumetric productivity wakulated at 1.12 g/L/h, and the
highest lactate concentration was obtained at 8@¢/24 This concentration was in
accordance with the previous inhibition kinetic dstuwhere the value oPgi; was
observed at 80 g/L. The accepted mechanism ofitidnbby lactic acids was related to
the solubility of the non-dissociated form withihet cytoplasm membrane, and the
insolubility of the ionized acid form. This causaddification of the cytoplasm, and the
collapse of the motive force, resulting in inhibiti of sugar utilization (Roukas and
Kotzekidou, 1998). From this reason, it was strgmgliggested than situ removal of
lactate ions from fermentation broth would be vbeneficial for both bacterial growth
and lactic acid production. Table 4.14 showed #mnéntation parameters, including
lactate concentration, dry cell weight, productigield, and volumetric productivity,
respectively. It was noted that the volume of fantagon broth increased to 1.20 L after
the first addition of feeding solution whilst thecend addition resulted in the final
volume of 1.50 L.

This experiment proposed the use of EDI techniguen situ lactate recovery
coupled with the intermittent fed-batch system. Titenate goal was to maximize the
production of lactate compared with conventiondatbaand fed-batch fermentation. An
important issue for the cell was that of continusamoval of toxic lactate by EDI
process. In order to avoid the excessive volumé@enbioreactor, partial removal of 200
mL clarified broth was carried out at the end ofleaun followed by an addition of the
same volume of feeding solution. As a result, thi&al glucose concentration of each

cycle was exactly 40 g/L. The time profiles of giae, cell, lactate concentration in the
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feed and concentrated solution during EDI processevghown in Figure 4.29(B). The
largest impurities in fermentation broth (i.e., teai@l cells, high molecular weight
residues) were first of all eliminated in a firs¢® of clarification that could be done by
filtration for instance in order to prevent the dspion of bacteria on the membrane
(Habovaet al., 2004). During the lactic acid fermentation, astitaacid was being

produced by the cells, alkali would be pumped itite fermentation broth to prevent
excessive reduction in pH. The potential benefitsa@itu lactic acid removal were hence
an increase in yield, plus separation and concemtraf lactic acid and direct use of
hydroxyl ions produced by water splitting to neliz& pH without the requirement for
additional acid or base. The pH control was coupbethe power supply to enable lactic

acid to be removed as it was produced.
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Figure 4.29 The time course of intermittent fed-batch fermaata(A) and extractive
fermentation using intermittent fed-batch fermantatwith partial broth
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The system showed that glucose was completely ocoeduafter 4 cycles of
feeding. However, the consumption time for each was observed at 30, 75, 125, and
215 h, respectively. Thesrun was not successful because glucose was dtibrndy
45%, and the fermentation was terminated after R5@uring the first run, lactate
concentration in fermentation broth linearly inged and the power supply was switched
on at concentration approximately 15 g/L. Initialgoncentrate solution contained no
lactate ion, and EDI experiment was also carriedabuihe constant voltage mode (15
Volts). Lactate concentration in concentrate sohlutsteadily increased with an average
volumetric productivity of 0.78 g/L/h. The conceatton of lactic acid was finally
reached 184 g/L at the end of the operation whias &lmost 3 times higher than
intermittent fed-batch fermentation. The concestsadlution volume increased from 500
mL at the beginning to approximately 850 mL at #ral of the operation. The total
amount of lactate accumulated in the concentraletiso was calculated at 156.4 g
corresponding to conversion yield of 0.84:&d0gucose MOreover, the cell concentration
of more than 11.0 g/L was the highest when compaiddother fermentation processes.
This system showed that a long continuation of &rtation activity was obtained, and
the overall kinetic parameters were higher thacoimventional fed-batch fermentation. In
addition, 100% recovery of lactate product fromnfentation broth was technically
feasible which facilitated subsequent purificatisteps. It was concluded that these
favorable results were obtained on the accountle¥iating lactic acid inhibitory effect
by EDI technique coupling with intermittent fed-biatstrategy.

Therefore, for the purpose of alleviating this bitory effect,in situ lactic acid
removal which could continuously remove producettitaacid from the fermentation
broth was applied to this fermentation process. $¥&tem could separated between
biocatalyst P. pentosaceus) and lactic acid in order to prevent the prodabibition. The

fermentation continuously produced lactic acid whihicroorganism could be utilized
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and grown well. In addition, lactic acid was sinankously removed from the
fermentation broth into the permeate side, so that final product concentration
increased dramatically. There was implemented hagetith controlled feeding of the
nutrient or release of the substrate, which was wigic to the cell, to also maintain low
substrate concentration in the fermentation brbliis showed the growth associated with
lactic acid production, recovery of the productoaéd 95 %. This process indicated

enhanced in all case in order to develop more-eao@nprocesses.

Table 4.14 The overall parameters of the intermittent fed-bdérmentation process.

Intermittent Lactate Dry cell Yield Volumetric
number concentration weight (g/L) (Qiactate/ glucosd productivity
(g/L) (g/L/h)
0 42.08 2.26 0.91 2.50
1 70.11 2.87 0.85 1.17
2 87.24 3.10 0.71 1.12

Most of the efforts in the past were concentraiedncreasing productivity and
extending fermentation time, and it would not beassary to take out fermentation broth
in excess and, then, long-term continuousitu lactic acid removal using EDI technique
would be possible. As the result confirmed thag, BDI system could be applied reduce
to the lactic acid concentration in the fermentatimoth while the cell could grow and
produced lactic acid as the main product of feragm. Furthermore, having shown that

the application of current could recover the pHha fermentation chamber, leading to



152

increased lactic acid production, it was necesgagontrol the applied current such that
the pH could be maintained at a suitable value. cthpling of a biological reaction with
a membrane in only one unit was a very interestogfiguration for the reactions where
the continuous elimination of metabolites was neagsto maintain a good productivity
(Moueddebet al., 1996). In addition, lowered the lactic acid camtcation and therefore
reduced the inhibition effect. As a result, baaeiowth and the lactic acid productivity
improved correspondingly. From this finding, thisidy were useful for develop the
lactic acid production process, which took us @ $tether towards creating a sustainable

future.

4.8.3 Inhibition constant (k) studies using fluorescence techniques

Recently, a number of kinetic models for the fentation of glucose to
lactic acid have been proposed. Models includimmsefor both substrate and product
inhibition have been suggested, as well as a moaesidering only product inhibition
(Akerberget al., 1998). Limitation of growth and acid production the end-product is
well known. It would explain that accumulation @ictic acid in the broth inhibited
fermentation, resulting in lower productivity. K,itherefore, very important to recover
lactic acid from the fermentation broth to decreashibition of lactic acid on
fermentation. Moreover, estimation of the cell Wiy as opposed to the cell
concentration, could be useful in the evaluationnatrobial population during the
fermentation processes. The viable, and non-vialderimination of the strain was
subjected to the present of inhibitory substanceke media.

The use of the fluorochrome primuline for micrgsically discriminating
between viable and nonviable microorganisms wasgstigated. In order to study the

potential of the fluorescence staining techniquetti@ enumeration of viable lactic acid
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bacteria, the counts obtained by direct fluogase microscopy were compared with
those obtained using standard colony count proeeffor P. pentosaceus). The viable
manual count using the staining technique showed ggreement with colony forming
units (cfu). The plate count technique has longhbeetandard tool for enumeration of
viable cell. The microbiological examination by ghiechnique has depended on the
dislodging of microorganism or homogeneous suspen$or cultivation (Sigsgaard,
1989). For the fluorescence microscopy determinatep highly specific membranes
permeable stain for DNA, 4’,6-diamidino-2-phenylatel (DAPI), has been used, for
example, for identifying and counting aquatic mftora, for the detection of bacteria in
natural environments (Karwoskt al., 1995). Moreover, estimation of the viable, as
opposed to the total, number of microorganisms ccdad useful in the evaluation of
microbial during the fermentation processes.

DAPI stained the DNA of the viable cells, makirgin easy to detect. DNA in
cells is usually stained with DAPI for fluorescenogcroscopy. When stained with
DAPI, the DNA appears as blue color under ultratialUV) illumination, and the
positions of cell nuclei and organelle nucleoida taerefore be determined (Suzuki
al., 1992). On the other hand, Pl was also suitedfgA staining. In this case, DNA in
the cell nucleus appears red under blue excitaBenause Pl binds to the nucleotide pair
of guanine and cytosine, Pl stains not only the BNt also the RNAs (the information

shown in Table 4.15).

Table 4.15 Properties of the nucleic acid binding fluoresadyds (Suzuket al., 1997).

Dye Fluorescence Cell nuclear DNA  Cytoplasmic RNA

Propidium iodide Red +++ ++

DAPI Blue +++ -
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A kinetic study of product inhibition in fermeni@t by P. pentosaceus showed
that lactic acid inhibited cell growth and lacticich production non-competitively. A
kinetic study of the pH-dependence of the growtt death ofP. pentosaceus has been
reported (Figure 4.30). As a result showed stgimimaracteristic of bacterial population
at different fermentation time. Viable cells showught blue color whilst dead cells
were spotted as red color. A more pronounced isered the specific deactivation rate
relative to lactate concentration was observedis éxperiment. Hence, staining cells
with fluorescent dyes was introduced because itavyaswerful and reliable method. The
samples were taken periodically and cell viabilitsgs assessed by counting the ratio of
dead to living cells under the microscope.

The cell viables were correlated with the fermgatatime showed in Figure
4.30. The cell deaths were changed linearly wittetiFrom this Figure, the highest cell
deaths were at 254 h, 156 h, 52 h, and 12 h, regplyc The accepted mechanism of
inhibition by weak organic acids was related to $bkubility of the non-dissociated form
within the cytoplasm membrane and the insolubdityhe ionized acid form. This caused
acidification of the cytoplasm and the collapseah& motive force, resulted in inhibition
of nutrient transport (Gatje and Gottschalk, 199)rthermore, cell death because of
osmotic pressure caused by high lactic acid coratonh also lowered the productivity
of fermentation (Bulutet al., 2004). It had been shown that, above a critiba t
concentration, the reduced water activity combiwétl plasmolysis caused a decrease in
the rate of fermentation and sugar utilization (Resuand Kotzekidou, 1998). The cells
inability to deplete the residual lactose in thediaen was an indication of lactic acid

inhibition.
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Figure 4.30 Analysis of cell viability ofP. pentosaceus using fluorescence dyes under

fluorescence microscope at different times durawgit¢ acid fermentation.

A more pronounced decrease of the growth ratetivelao the lactic acid
concentration was observed during the fermentafidre inhibition effect shows that
batch fermentation cannot growth was not suitabledition for growth of bacteria and
production of lactic acid. This could be due to faet that lactic acid added to the
fermentation and lactic acids produced from thadyéc do not inhibit the cell growth to

the same extent. A systematic investigationthef product inhibition is, therefore,
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crucial for the development of an effective cohstrategy to improve lactic acid
production and the modeling of inhibition kineti¢aurthermore, an inhibition of lactic
acid is particularly important as it suggests thmutaneous removal of inhibitory
product from the fermentation broth would facilgatactic acid production. This
confirmed that the possibility of using situ product removal continuously for solve
these problem. This system allows the continuooswal of lactic acid, and integration
of this system could possibly lead to more effiti@nd cost-effective production of lactic

acid.

4.8.4 Assessment of deactivation constant irrfieentation processes

However, it is now undoubtedly proven that thelissociated form of the
acid was involved in this inhibition. It is gendyahccepted that accumulation of lactic
acid in the fermentation broth results in cell tieaPrevious experimental setup
investigatedin situ lactic acid removal, and found that higher produttyield was
obtained comparing with the fed-batch system. Tantjty the viability of P.
pentosaceus, turbidimetric methods were discounted becausg thd not distinguish
between dead and living cells, and the presencelbfiebris might interfere with the OD
value. Cell viability, defined as the ability topreduce and grow, was measured during
lactic acid fermentation. Both live and dead celbye positively stained with DAPI/PI,
and the bright red fluorescence was only assocwtdddead cells. However, bacteria
which may have been kept in check during exponkatid early stationary phase may
“explode” as cell membrane integrity became progiwety compromised or leaked and a
rich carbon source for bacterial growth was reldadéree pigment and bacterial growth
were further considered reasons why measures loflttyr or fluorescence should not be
used beyond early stationary phase as surrogatealm indicators, or especially as

indicators of culture health.
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Figure 4.31 showed the dead and living cells atlibginning and the end of
fermentation process. Therefore, estimation efall viability could be very useful in
the evaluation of fermentation performance durimg fermentation process. Figure 4.32
showed a kinetic study of product inhibition f pentosaceus at different fermentation
processes. Experimental results showed that thainstseverely suffered from
undissociated lactic acid under the non-controlfgd condition. The deactivation
constant (k) which was directly calculated from the slope loé graph revealed a high
value of 0.01 H. Activation of cells were completely stopped mf6 hours of
operation. Batch fermentation with non-controllédl\was subject to either high substrate
concentration or high lactic acid concentrationtle fermentation broth. The main
problem for this system was the severe contactdmivthe biocatalyst with high osmotic
pressure, high toxic substances especially lacid which resulted in a relatively short
biocatalyst. In batch process with controlled pH &d-batch process, the improvement
of the fermentation performance was evidenced kneduced value of deactivation
constant resulting in prolonged fermentation ti@ell viability was almost 100% at the
beginning of fermentation before the value graguedduced after 15 h. However, the
value sharply declined at the end of fermentatioas wrobably due to substrate
starvation. The experimental results of fed-batblowsed a significant reduction in
deactivation compared with batch processes. Froenrésults, it was obvious that
deactivation constant of the cells was at its mummvalue since cells still possessed
some growth. Repeated substrate feeding enablecetiseto multiply, and the substrate
starvation was avoided. However, the system wadk watinerable to end-production
inhibition. Experimental results showed that cédlbility could be divided into 2 distinct
phases. During the first 40 h of operation, cadloility remained almost 100%, therefore
the value rapidly reduced until the end of fermBata Compared with Figure 4.31,

critical concentration of lactic acid which resdltén the severe deactivation was
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observed at concentration exceeded 80 g/L. Theicapiph of this fed-batch system

could greatly enhance economic viability of commaractic acid production.

Initial fermentation Final fermentation

Figure 4.31 Analysis of cell viability ofP. pentosaceus using fluorescence dyes under

fluorescence microscope during lactic acid fermigomna
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Figure 4.32 Time course of cell viability during differentrfaentation process d®.

pentosaceus.
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Figure 4.33 reveals the relative viability Bf pentosaceus during the intermittent
fed-batch fermentation compared with intermittesd-batch coupling witim situ lactate
removal. This technique was successfully attempoechinimize the effect of product
inhibition by reduce the deactivation constant 084 h* with the estimated biocatalyst
half-life of approximately 128.4 h. During interteiht fed-batch fermentation?.
pentosaceus growth decreased when the concentration of acithenmedium increased
but fermentative activity was not entirely inhildteuntil critical level of lactate
concentration was reached. The rate of lactatenaglation within the bioreactor, and
certain kinetic parameters were simultaneously rdeteed in such fermentative
processes.In situ lactic acid removal coupling with fermentation sleal the
improvement of the specific death rate decreaseun fi0.026 H to 0.0054 H,
respectively. This process confirmed that the mwots associated with product inhibition
could be minimized resulting in a reduced spediiath rate. Despite attempts on the
reduction of product toxicity effect, the experinaresult revealed approximately 40%
of deactivation constant lower than intermitterd-Batch fermentation. Since one of the
problems encountered in lactic acid fermentatiors wee short biocatalyst lifetime, the
manipulation of direct feeding of the substrateeetiively reduced substrate toxicity,
whereadn situ product removal using the EDI technique demorestrétat this particular
problem could be minimized, and thus the economicalbility of lactic acid
fermentation can be substantially enhanced. Assaltrethe application of this system

could consequently enhance economic viability shoeercial scale production.
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Figure 4.33 Comparison of deactivation constantdPopentosaceus in intermittent fed-

batch fermentations witha() and without EDI technique?.

Table 4.16 showed some of the kinetic parametetseofermentation processes
obtained from this study. The result of situ removal coupling with fermentation
showed the improvement of the profile that the Bmegrowth rate, specific cell death
rate increased from 0.37 to 0.47,fand 0.091 to 0.0054 hrespectively. The maximum
of cell number were 6.7 x f@ells/mL during fed-batch process with continuguattic
acid removal. However, in the arrangement of ceiltivations presented enabling
continuous growth during the cultivation. The pllafermentations have been done.
Moreover, optimal exploitation of them required &fie conditions of use and further,

more detailed studied of their technological prtipsr



161

Table 4.16 Some kinetic parameters of the fermentation pseEses

Batch Fed-batch insitu
Parameters process process product
removal

Specific growth ratey(), h* 0.37 0.41 0.47
Specific cell death rate {k h* 0.091 0.026 0.0054
Initial cell number (cells/mL) 1.6 x 10 2.3x 10 2.1x 10
Maximum cell number 1.8 x 16 2.0x 16 6.7 x 16

(cells/mL)

This process demonstrated that the problems adedcwith product inhibition
could be minimized resulting in a reduced deatb. lBecause lactic acid concentration in
the fermentation broth was kept low, this resutishigher final concentration, and
production yield. As a result, the application lbistsystem could consequently enhance
economic viability for commercial production. Despiattempts on the reduction of
substrate and product toxicity effect, the expentakresult revealed only approximately
40% of deactivation constant lower than fed-batrimentation. The experimental result
was not as expected, and the reason for this wasarn However, further investigation
of such effect to the bacteria cells was far beythedscope of this study. Since one of
the problems encountered in lactic acid fermematias the short biocatalyst lifetime
(Boontawan and Stuckey, 2006), the manipulationdioéct feeding of the substrate
effectively reduced substrate toxicity, wher@asitu product removal coupling with the
EDI technigue demonstrated that this particulabj@mm could be minimized, and thus

the economical viability of lactic acid fermentatioould be substantially enhanced.



CHAPTER YV

CONCLUSIONS AND RECOMMENDATIONS

Lactic acid obtained by biotechnological process preferred for industrial
applications, especially, bioplastic industry. liacicid bacteria are good organisms for
lactic acid fermentationP. pentosaceus is a homo-fermentative LAB used extensively in
this study. It exhibited more than 90 % lactic aprdduction yield which is desirable for
industrial application. The intention of the prelsewvestigation was to study growth and
lactic acid production at different environmen®smperatures, and pH values as well as
media compositions, etc. The improvements of laead production for industrial
purposes were achieved in this research.

The nutrients traditionally used in most of therfentative media, particularly yeast
extract and peptone, are very expensive. Alteraatatrient sources are particularly
interesting. The efficiency of this process coule improved within limits by varying
culture conditions and medium composition. Cassstaach and its product as carbon
source and spent brewer’s yeast extract as nitregarce were used in this work because
they can be effectively used to reduce the nusiemtst by 80%, and readily available.
Fermentation performances of lactic acid produciiothe presence of these nutrients were
performed, and the results showed acceptable ireptewt. The use of renewable
resources opens the ways in a dual working manmewrdlue adding through an eco-
friendly green technology. This study suggested tyarolyzed cassava starch could be

supplied as a useful basis for lactic acid proauchyP. pentosaceus.
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Conventional batch processes for lactic acid ptbidn commonly suffered from
reduced cell growth and productivity due to sulistrand product inhibition which was
estimated from the model at 210 g/L and 80 g/Lpeetvely. Exponential fed-batch mode
provides better advantage over batch mode in térati@viated substrate inhibition effect.
The substrate concentration was maintained at tit@nom level during cultivation
resulting in a reduction of specific death rateaditional product recovery processes
required high energy input. In this work, a compldbwnstream (from the fermentation)
process based on combined EDI steps for purifioAtancentration and conversion was
proposed. Generally, traditional processes weredas precipitation steps that generate
large amounts of chemical effluents. Therefore, @hvéironmental impact and the operating
costs of traditional precipitation processes cobkl reduced by using to alternative
technologies, such as EDI technique.

Recovery of lactate from fermentation broth wasestigated in order to pave the
way for applying in the real fermentation systenheTinfluence of current density, and
lactate concentration on separation performance weestigated. The performance of the
EDI system was stable during 250 h of operatiothatconstant voltage of 15 Volts. This
continuous EDI technique was successfully appladdctate recovery from the clarified
fermentation broth, and subsequent applicationiiositu product was introduced. The
recovery ratio of nearly 100% was obtained at thd ef the process. As a result, the
application of this system could consequently enbagconomic for efficient commercial
lactic acid production.

The introduction of fluorescence microscopy wasuéable procedure for cell
viability providing a useful tool for studying cealésponse to operating conditiomhs.situ
lactic acid removal coupling with fermentation shemlvthe 40% improvement of the

deactivation constant decreased from 0.0260h0.0054 H, respectively. Because lactate



164

concentration in the fermentation broth was kepw,ldhis resulted in higher final
concentration, and production yield. In conclusiorsitu product removal methods address
the limitations by selectively removal of lacticidaédrom the vicinity of the biocatalyst as
soon as it was formed, and also provide furtherefienfor the subsequent downstream
processes. It was hoped that this study, which igeolv preliminary insight into the
efficiency of various operational modes of bioreast would lead to more comprehensive

studies using different biological systems.

Recommendation for further studies

For purification of lactic acid, different techoigs had been introduced; such as,
solvent extraction, adsorption, direct distillatioglectrodialysis, electrodeionization and
esterification (Joglekagt al., 2006). However, such purification procedures wdifecult
because of the low volatility of lactic acid (122 at 166.73 Pa), with its affinity to water,
and its tendency to self-polymerize. The estetiitcawas the only downstream process,
which separated other organized impurities frontidaacid (Joglekart al., 2006). The
lactic acid purification process using esterifioatiand hydrolysis was highly encouraging.
Esterification of lactic acid and ethanol could diadied in well-mixed reactors coupling
with reactive distillation. The production processolved esterification of lactic acid with
alcohols to produce ethyl lactate, distillationladtate ester and hydrolysis of the distillated
lactate ester to yield alcohol and lactic acid.

High purity lactic acid could be also produceddsyerification of crude lactic acid
with alcohols, distillation of ester, hydrolysis tfe distillated lactate ester to yield the
alcohol and lactic acid (Joglekat al., 2006). Esterification was the only downstream
process, which separated other organic acids femticlacid. Esterification gave esters of

lactic acid, and further hydrolysis of esters wasassary to get the product as pure lactic
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acid. Simultaneous distillation with esterificatibgpdrolysis was called reactive distillation.
Fermented broth containing lactic acid needs t@pistreated to remove some impurities
before reactive distillation using resin beads atalgst as well as bead for distillation
column. Expected results of this technique are:

1. High purity L-(+)-lactic acid would be produced using the comabion of
pervaporation and esterification technique and nagitioperating conditions would be
obtained.

2. This purification system could be applied fodustrial lactic acid production

with improved yield of lactic acid and reduced protion cost.
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APPENDIX A

1. The production cost of different nitrogen soure used for lactic acid

production.

Table 1A The production cost of different nitrogen soursedi for lactic acid production

(Tellez-Luiset al., 2003).

Nitrogen sources Prices (Euro per k)
Corn steep liquor 36.06
Yeast extract 76.74
Peptone 112.27
Sodium acetate 13.94
Sodium citrate 20.73
KoHPO, 30.29
MgSOy 10.58
MnSO, 15.03

FeSO 11.54




APPENDIX B

Chromatograms of organic acid analysis by HPLC
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Figure 1B  Representative chromatograms showing resulteeobtandard of substances
(glucose and organic acid which presence in thadatation broth) obtained

from HPLC. Negative result represented water cdnten



APPENDIX C

1. Standard curve of dry cell weight

3.5

3.0

Y = 0.34 X
R2 = 0.9956

Dry cell weight (g/L)

0 2 4 6 8 10
Absorbance 600 nm

Figure 1C Standard curve of dry cell weight concentration Fof pentosasceus at a

wavelength of 600 nm.
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2. Standard curve of reducing sugar
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Figure 2C Standard curve of reducing sugar concentratioDk$ method analysis.
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3. Chromatogram for chiral separation by HPLC
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Figure 3C  Image of HPLC chromatogram for chiral separaf{idAD detector)
shows more than 95% optical purity of purifieq+)-lactic acid. No

other organic acid impurities were detected
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