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Thesis title Isolation and Screening of Lactic Acid Bacteria and Optimization for D and L-
Lactic Acid Production from Oil Palm Sap and Trunk Residues through
Simultaneous Saccharification and Fermentation (SSF)
Author Miss Asma Billateh
Major Program Biotechnology
Academic Year 2018
ABSTRACT

Lactic acid (LA) is an organic acid produced by lactic acid bacteria (LAB) and can be used
as a monomer feedstock for biodegradable plastic. There are two optical isomers of lactic acid, L(+)
and D(-)-lactic acid. This study investigated the process integration strategy for LA production from
oil palm sap (OPS) and oil palm trunk (OPT) as mixed substrates through simultaneous
saccharification and fermentation (SSF). OPS contained high sugar concentration of 38-40 g/L
(26.90+0.06 g/L glucose, 9.18+0.25 g/L fructose, 4.39+0.25 g/L sucrose, 3.04+0.06 g/L xylose)
and nitrogen concentration of 0.6-0.7 g/L. It can be used as both carbon and nitrogen source.

OPS at sugar concentration of 30 g/L was used as a sole medium for screening of LAB
with high LA production. The cultivation was performed at 37°C, 100 rpm for 72 h under condition
with and without pH control at 5.5. LAB produced higher LA under pH control condition than
uncontrolled pH condition. Lactobacillus acidophilus TISTR 1338 and Lactobacillus kefiri KF1
could grow well in OPS and gave the highest LA production of 21.98+3.36 g/L (L-isomer 62.7%)
and 19.31+1.11 g/L (D-isomer 75.4%), respectively, with LA yield of 0.80+0.12 and 0.75+0.04
g/g-available sugar , respectively under condition with pH control.

The OPT residues could be separated in to vascular bundle (OPT-VB) (0.75-2.0 mm) and
parenchyma (OPT-PA) (<0.75 mm). As OTP-VB contained 56.60% cellulose, 23.44%
hemicellulose, 13.70% lignin and 4.76% starch. OPT-PA contained 37.1% cellulose, 29.8%
hemicellulose, 18.4% lignin and 25.09% starch. OPS added with OTP were used as a sole medium
for LA production. The cultivation was performed at 37°C, 200 rpm and pH 5.5 for 120 h. The
optimal conditions for LA production by L. acidophilus TISTR 1338 and L. kefiri KF1 through SSF
were OPT loading at 10% w/v in OPS and cellulase loading at 15 FPU/g-OPT. The highest LA
production obtained were 64.94+0.51 g/L and 23.45+0.35g/L, respectively, with LA yield of

0.68+£0.01 and 0.30+£0.01 g/g-available sugar, respectively. The medium cost of LA production



®)

from OPS and OPT through SSF process was 0.12 Baht/g-LA. The repeated SSF was performed
for five cycles for efficient utilization of OPT. The LA production by L. acidophilus TISTR 1338
using this strategy remained high at 63.05+0.44, 71.41£1.07, 67.21£1.71, 56.21+1.67 and
50.48+0.47 g/L, respectively.

The recovery of lactic acid using strong base anion resin of Amberlite IRA-402 was
performed. The adsorption isotherms were closely predicted by the Freundlich model. The
fermentation broth containing lactate was loaded onto the column adsorption at the flow rate of 2.0
mL/min and desorbed by 1 M HCI at the flow rate of 2.0 mL/min resulted in percent recovery of
24.1% from fermentation broth.

In addition, this study has explored the possibility to use OPT-PA as a carrier for
immobilization of cellulase enzyme by physical adsorption resulting in immobilization efficiency
of 79.06%. Comparative evaluation of the free and immobilized enzyme showed that the
immobilized enzyme was more thermostable than the free form. This study has provided a
promisimg strategy for efficient use of cellulosic agricultural wastes for production of organic acids

and immobilization of enzyme.
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Source: Martinez et al. (2013)
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Figure 2 Metabolic pathways for lactic acid production from various sugars by LAB. Enzymes: (1)
hexokinase; (2) glucose 6-phosphate isomerase; (3) glucose 6-phosphate dehydrogenase; (4) 6-
phosphogluconate dehydrogenase; (5) arabinose isomerase; (6) ribulokinase; (7) ribulose 5-
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Table 1 Characterization of homoferementative and heterofermentative lactic acid bacteria.

Characterization Homofermentative LAB Heterofermentative LAB
Product Lactic acid Lactic acid ,Ethanol, Diacetyl,
Acetic acid and Carbon dioxide
Metabolic Hexose: Embden—Meyerhof pathway Hexose: phosphogluconate and
pathways Pentose: pentose phosphate pathway phosphoketolase pathway
Pentose: phosphoketolase
pathway
Theoretical yield  Hexose: 1.0 g/g (2.0 mol/mol) Hexose: 0.5 g/g (1.0 mol/mol)
Pentose: 1.0 g/g (1.67 mol/mol) Pentose: 0.6 g/g (1.0 mol/mol)
Microorganism Lactococcus, Streptococcus, Pediococcus  Leuconostoc, Oenococcus,
, Enterococcus, some Lactobacillus some Lactobacillus species
Availability for Available due to high selectivity Not available due to high by-

commercial lactic

acid production

product formation

Source: Adel-Rahman et al. (2013)



Table 2 List of homo and hetero fermentative lactic acid bacteria and configuration of lactic acid

produced
Microorganism Homofermentative Heterofermentative Configuration
Lactobacillus
L. delbrueckii / - D(-)
L. lactis / - D(-)
L. bulgaricus / - D(-)
L. casei / - L(+)
L. plantarum / - DL
L. curvatus / - DL
L. brevis - / DL
L. fermentum - / DL
Sporolactobacillus
S. inulinus / - D(-)
Streptococcus
S. faecalis / - L(+)
S. cremoris / - L(+)
S. lactis / - L(+)
Leuconostoc
L. mesenteroides - / D(-)
L. dextranicum - / D(-)
Pediococcus
P. damnosus / - DL
P. acidilactici / - L(+)

Source: Wee et al. (2006)
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Figure 3 Wastes from Oil palm tree
Source: https://www.bioenergyconsult.com/tag/palm-oil-biomass/
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Table 3 Analysis of vascular bundle and parenchyma
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Sugar composition (%)

Ash  Starch
Plant part (acid soluble)
(%) (%) Man Ara Gal Xyl Glu
Vascular bundle 22 2.4 2.0 - - 34.8 63.2
Parenchyma 2.9 55.5 1.3 6.5 1.9 34.8 55.5
Source: Yoichi (1992)
Table 4 Free sugars contained in sap from felled oil palm trunk
Part
Free sugars
Inner (a) (g/L) Middle (b) (g/L) Outer (¢) (g/L)
Sucrose 6.5+1.1 3.0+0.4 1.94+0.1
Glucose 85.242.5 52.2+3.4 13.1+2.6
Fructose 4.1+1.2 3.1£1.0 2.1£1.7
Xylose 0.7+0.1 0.8+0.1 1.4+1.1
Galactose 0.9+0.1 0.8+0.3 1.0+0.8
Rhamnose 0.4+0.2 0.5+0.2 0.5+£0.2
Others 0.3+0.3 0.1£0.1 0.1+0.2
Total 98.1+5.5 60.5+3.3 20.1+1.1

Source: Kosugi et al. (2010)
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Figure 4 Images of felled oil palm trunks and diagrams of sample preparation for analyses. (A)
Felled trunks carried to a plywood factory. (B) A disk taken from a trunk. (C, D) Disks were cut
into inner (a), middle (b), and outer (c) parts

Source: Kosugi et al. (2010)

Table 5 Organic acid contained in sap from the inner part of felled oil plam trunk

Organic Concentration (ug/g of sap)
Succinic acid 30.9

Pyruvic acid 19.0

Malic acid 371.8

Maleic acid 119.1

Lactic acid 1.3

Fumaric acid 8.1

Citric acid 380.6

Acetic acid 39.8

Total 970.6

Source: Kosugi et al. (2010)
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Table 6 Amino acids contained in sap from the inner part of felled oil palm trunk

Amino acid

Concentration (ug/g of sap)

Aspartic acid
Threonine
Serine
Glutamic acid
Glycine
Alanine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan
Lysine
Histidine
Arginine
Proline

Total

17.3
7.4
453
33.9
3.1
38.8
7.6
1.7
5.1
1.9
1.8
6.9
12.1
23
1.6
5.8
5.7
198.3

Source: Kosugi et al. (2010)

Table 7 Vitamins contained in sap from the inner part of felled oil palm trunk

Vitamin

Concentration (ug/g of sap)

Pyridoxine, pyridoxal, pyridoxiamine

Pantothenic acid

Niacin
Inositol
Biotin

Ascorbic acid

1.1
1.5
2.6
640
0.024
20

Source: Kosugi et al. (2010)
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Table 8 Minerals contained in sap from the inner part of felled oil palm trunk

Mineral Concentration (ug/g of sap)
Ca 210
Fe 3.0
Mg 145
Mn 12
Mo 1.5
Na 22

P 12
Si 4.0
Zn 2.5
Cl 535
Total 947

Source: Kosugi et al. (2010)
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Table 9 The content of cellulose, hemicellulose and lignin in common agricultural residues and

wastes
Lignocellulosic materials Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwoods stems 40-45 24-40 18.25
Softwood stems 45-50 25-35 25-35
Nut shells 25-30 25-30 30-40
Corn cobs 45 35 15
Grasses 25-40 35-50 10-30
Paper 85-99 0 0-15
Wheat straw 30 50 15
Leaves 15-20 80-85 0
Cotton seed hairs 80-95 5-20 0
Newspaper 40-55 25-40 18-30
Swine waste 6 28 NA
Switchgrass 45 314 12
Oil plam trunk 25-50 20-35 18-35

NA = not analysis

Source: Sun and Cheng (2002)

: *—— Cellulose

Figure 5 Lignocellulose network

Source: Yinghuai ef al. (2013)
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Figure 6 Mechanism of cellulase on cellulose

Source: Zhu et al. (2005)
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Table 10 Summary of condition in simultaneous saccharification and fermentation (SSF) of lignocellulosic biomass for lactic acid production
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Substrate Temperature LA
Substrate Strains Pretreatment Enzyme pH Ref.
(%ow/v) (°C) / Time (h) (g/L)
Pediococcus Dry sulfuric acid and detoxified by 10 Cellulase ss 50/6" 104.5 Liu et al.
acidilactici TY112 Aspergillus resinae ZN1 15 FPU/g - 45/72° . (2015)
o Cellulase 50/8° Zhao et al.
P. acidilactici DQ2 Dry sulfuric acid 30 5.5 b 101.9
15 FPU/g 48/96 (2013)
Cellic CTec2
Lactobacillus (cellulase, B' a
50/6 Hu et al.
pentosus 5% NaOH 14 glucosidase, 6.0 37/48° 92.3 (2016)
Corn stover FLO0421 xylanase)
30 FPU/g
L. delbrueckii sp. .
) o Cellulase - Wang et al.
bulgaricus 1.5% solid hydrochloric acid 10 5.5 b 18.0
30 FPU/g 42/48 (2017)
CICC21101
Dry dilute acid pretreated and Cellulase 50/6" Yietal.
P. acidilactici ZP26 ) ) 25 5.5 b 71.7
biodetoxified 15 FPU/g 45/72 (2016)
Hardwood L. Plantarum ] Cellulase 50/6" Hama et al.
Mill 15 5.5 b 84.6
pulp NCLMB 8826 20 FPU/g 37/72 (2015)
) ) Cellulase 50/8" Liet al.
wheat bran S. inulinus YBS1-5 5% dilute acid pretreatment 20 5.5 b 87.3
20 FPU/g 40/108 (2017)

‘ Temperature and time for prehydrolysis, ° Temperature and time for fermentation
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Table 11 Summary lactic acid production through SSF process by various operation mode

Operation Titer ~ Productivity Yield
Microorganism  Product Substrate Ref.
mode (g/L) (g/L/h) (g/g)
Lactobacillus L-lactic Fed-batch Jerusalem  141.50 4.70 096 Geetal.
casei G-02 acid (SSF) artichoke (2010)
L. pentosus Lactic Fed-batch  Corn stover  92.30 1.92 0.66 Huetal.
FLO0421 acid (SSF) (2016)
Pediococcus Lactic  Batch (SSF) Detoxified 104.50 1.45 0.72 Luietal.
acidilactici acid corn stover (2015)
L. plantarum D-lactic ~ Batch (SSF)  Delignified 102.30 2.29 0.88  Hama et
(GMO) acid hardwood al.
pulp (2015)
L. paracasei L-lactic = Batch (SSF)  Curcuma 91.61 2.08 0.69  Nguyen
acid longa etal.
L. coryniformis D-lactic ~ Batch (SSF) biomass 97.13 2.70 0.65 (2013)
acid
L. rhamnosus Lactic  Batch (SSF)  Recycled 73.0 2.90 0.97 Djukic
ATCC7469 acid paper etal.
sludge (2012)
L. plantarum Lactic Repeated- Cassava 20.29- 0.21-0.60 nd Tosungn
MSUL702 acid batch(SSF) starch 28.71 oen et
al.
(2014)
*nd means not detected
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Figure 9 Three common type of adsorption isotherm

Source: Kazak et al. (2016)
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Figure 10 Concentration profiles for adsorption in fixed bed (a) profiles at various positions and
times in the bed, (b) breakthrough concentration profile in the fluid at the outlet of bed

Source: Geankoplis (2004)
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Table 12 Comparative evaluation of the merits and drawbacks of various enzyme immobilization

method
Method Merits Drawbacks
Physical absorption - Easy to perform - Lower efficiency

- No reagents required

- No pore diffusion limitations

- Minimum activation steps involved
- Comparatively cheap method of
immobilization

- Less disruptive to enzymes than
chemical methods

- Low time for the physical absorption

- Desorption of enzymes
from carrier

- Distortion of kinetics due to
partitioning or diffusion
phenomena and subsequently
alter the pH stability or pH

optimum of the enzyme

Covalent bonding

- Wider applicability

- Comparatively simple method

- No leakage or desorption

- Variety of supports/carriers available
- Strong linkage of enzyme to supports
- Multifunctional group availability

from supports/carriers

- Competitive inhibition
issues

- Chemical modification of
enzymes

- Loss of functional

conformation of enzyme

Entrapment - Mild conditions required - Leakage of enzyme
- Easy to practice at small - Pore diffusion limitations
Scales - Chance of microbial
- Fast method of immobilization contamination
- Can be used for sensing - Lower levels of industrial
Applications implementation and
- Inexpensive (low-cost matrices limited to small scale
available) operations
- Less chance of conformational changes

Encapsulation - Cost-effective method - Lower concentrations of

- Enzymes are stable longterm

enzymes
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- No extraction/purification - Generation of unwanted
steps required products

- “One-pot” immobilization of multiple - Modification of end
enzymes products by other enzymes
- Native conformation of enzymes is - Pore size limitation

best maintained

Cross-linking - No matrix or support involved - Poly-functional reagents are
- Comparatively simple method required (glutaraldehyde)
- Widely used in industrial applications - Denaturation or structural
- Fast and cheap method modification by crosslinkers

- Large amount of enzyme
can be cross-linked at the

time

Source: Scouten et al. (1995); Shen et al. (2011); Datta et al. (2013) and Bilal et al. (2017)
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1. Oil palm trunk

1. Oil palm trunk residues

2. Cross section

2. Milling
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3. Squeezing 4. Oil palm sap

4. OPT-VB (0.75-2 mm)

3. Screening through a mesh

5. OPT-PA (< 0.75 mm)

Figure 13 Preparation of oil palm sap (a) and oil palm trunk (b).

Table 13 Analysis of sugar and organic acid contained in sap from felled oil palm trunk

Composition Concentration (g/L) Sugar content (%)
Glucose 26.9+0.06 61.8+£0.14
Fructose 4.39+0.25 10.1+0.58
Sucrose 9.18+0.25 21.1+0.59
Xylose 3.04+0.06 6.89+0.13
Acetic acid 4.18+0.81

Lactic acid 1.48+0.43

Total nitrogen 0.63+0.04
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Table 14 Sugar composition in oil palm sap by various study

Kosugietal. Lokeshetal. Chooklinet Nutongkaew

Composition This study
(2010) (2012) al. (2012) etal. (2019)

Glucose (g/L) 50.2 16.01 16.58 12.74 26.9

Sucrose (g/L) 3.8 33.28 nd nd 9.18

Fructose (g/L) 3.1 1.55 2.59 5.06 439

Xylose (g/L) 0.97 0.97 nd nd 3.04

Arabinose (g/L) nd 0.51 nd nd nd

*nd means not detected
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Figure 14 Characteristic of separated (a) vascular bundle (OPT-VB) and (b) parenchyma of oil

palm trunk (OPT-PA).

Table 15 Composition analysis of vascular bundle and parenchyma

Plant part Cellulose (%) Hemicellulose (%) Lignin (%) Starch (%)
Vasscular bundle 56.6 23.44 13.70 4.76
Parenchyma 37.06 29.83 8.36 25.09
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Table 16 Total plate count by using spread plate on MRS agar supplemented with 0.02%

bromocresal purple

Source Total plate count
Kefir grains 9.6 x 10° (CFU/g)
Oil palm sap 3.0 x 10’ (CFU/ml)

Table 17 Characteristics of isolated lactic acid bacteria

Catalase test ~ Gram-staining Morphology LAB’
Source + - + - rod cocci long rod  (isolates)
Kefir grains 13 27 27 - 18 3 6 27
Oil palm sap 3 7 7 - 6 1 - 7

*LAB: Lactic acid bacteria
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Table 18 Total acid production by each isolate from kefir grains after 48 h of cultivation

Strains ~ OD 660 nm pH Total acid (g/L) Total acid yield" (g/g-glucose)
KF1 1.996+0.07 4.18+0.007 18.9+0.04 0.94
KF2 1.766+0.01 4.19+0.000 17.8+0.21 0.89
KF3 1.50+0.04 4.87+0.000 8.5+0.01 0.43
KFé6 1.804+0.21 4.13+0.007 19.1+0.01 0.95
KF7 1.14+0.25 4.94+0.007 8.1+£0.01 0.40

KF10 1.09+0.05 5.03+0.007 9.1+0.01 0.45

KF17 0.98+0.15 5.11+£0.007 9.6+0.01 0.48

F3 0.83+0.17 4.89+0.021 6.4+0.01 0.32
F4 1.36+0.21 4.82+0.007 7.1+£0.00 0.35
F5 0.76+0.20 4.96+0.049 5.3+0.02 0.26
F6 0.71£0.45 4.974+0.021 5.2+0.01 0.26
F10 1.00+0.10 5.10+0.064 9.34+0.02 0.46
F12 0.788+0.43 4.95+0.000 4.6+0.01 0.23
F15 1.88+0.04 4.384+0.035 16.3+0.03 0.82
F16 2.88+0.04 4.19+0.021 18.0+0.01 0.90
F19 2.97+0.03 4.13+0.028 17.7+0.01 0.88
F20 1.45+0.01 4.86+0.035 9.2+0.09 0.46
F21 1.85+0.01 4.26+0.028 14.7+0.03 0.74
F22 0.62+0.21 5.124+0.0021 5.5+0.02 0.27
F23 1.86+0.01 4.82+0.03 6.6+0.05 0.33
F25 1.98+0.03 4.34+0.21 16.1+0.04 0.80
F26 1.77+0.28 4.13+0.57 17.5+0.01 0.88
F27 1.58+0.01 5.03+0.24 9.0+0.04 0.45
F29 1.08+0.11 4.87+0.20 8.65+0.14 0.43
F30 1.19+£0.15 4.88+0.15 8.88+0.42 0.44
F32 0.98+0.64 5.00+£0.30 7.82+0.06 0.39
F35 1.48+0.01 4.92+0.10 8.97+0.09 0.45

*Batch cultures were conducted in test tubes with 10 ml working volume in MRS medium
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Table 19 Total acid production by each isolate from oil palm sap and stock culture after 48 h of

cultivation
Total acid Tatal acid yield"
Strains OD 660 nm pH
(g/L) (g/g-glucose)

SAP2 1.009+0.001 4.38+0.057 11.7+0.13 0.58
SAP4 1.117+0.000 4.36+0.191 17.0+0.01 0.85
SAP5 0.895+0.010 4.58+0.028 13.1+0.06 0.66
SAP7 1.058+0.002 4.57+0.042 13.1+0.06 0.66
SAPS 0.785+0.191 4.58+0.014 11.3+0.06 0.56
SAP9 0.958+0.007 4.21£0007 14.4+0.00 0.72
SAP10 1.024+0.005 4.27+0.035 10.8+0.00 0.54

L. acidophilus 2.69+0.014 4.02+0.028 21.3+0.03 1.0
TSTR 1338

L. casei 2.40+0.008 4.10+0.04 19.5+0.05 0.97

L. kefiranofaciens  1.416+0.021 4.28+0.05 17.60+0.19 0.88

JICM

*Batch cultures were conducted in test tubes with 10 mL working volume in MRS medium

“Based on glucose concentration of 20 g/L in MRS; Y= (PP)/(SS,)
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Table 20 Detection of isomeric form and optical purity by using D/L lactic acid assay kit and

detected lactic acid and acetic acid production by HPLC after 48 h of cultivation

Strains .N[a‘]OI' Optical purity (%)  Lactic acid (g/L) Acetic acid (g/L)
isomer

KF1 D 75.4 14.17+0.20 3.45+0.06
KF6 D 66.9 10.9+0.05 8.03+0.56
Fl16 L 97.2 18.01+0.10 0.64+0.02
F19 L 96.6 17.75+0.47 0.65+0.03
SAP4 L 69.8 12.87+0.19 9.11+0.22
L. acidophilus L 62.7 20.95+0.23 2.72+0.10
TISTR 1338

L.casei L 61.9 22.19+0.56 3.32+0.22
L. kefiranofaciens D 97.6 13.13£0.51 2.46+0.86

JCM 6985
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Figure 16 Lactobacillus acidophilus TISTR 1338 cultivated in oil palm sap under condition

without pH control (a) and with pH control (b).
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Figure 17 Lactobacillus casei cultivated in oil palm sap under condition without pH control (a)

and with pH control (b).



Tatal acid production and total

w
o

sugar consumption (g/L)

(a)
- 10
—A— Total acid
—o— Total sugar
5 —8—Dry cell weight| g
)
ot S
6=
2
T 2
3
0 L o
e
A pa
5 L
1
o[ . . . . 0
0 12 24 36 48 60 72
Time (h)

Tatal acid production and total

w
o 3] o al o

sugar consumption (g/L) |

6]

(b)

78

Figure 18 Lactobacillus paracasei F16 cultivated in oil palm sap under condition without pH

control (a) and with pH control (b).
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Figure 19 Lactobacillus kefirarafaciens JCM 6985 cultivated in oil palm sap under condition

without pH control (a) and with pH control (b).
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Table 22 Lactic acid, acetic acid and ethanol production by lactic acid bacteria cultivated in sap broth (total sugar

30 g/L) with and without pH controlled detected by HPLC

LAB group that produce mainly LAB group that produce mainly

Metabolites L-lactic acid D-lactic acid

L. acidphilus TISTR 1338 L. casei L. paracasei F16 L. kefirarafaciens JCM 6985 L. kefiri KF1
Uncontrolled pH
Lactic acid (g/L) 12.63+0.12° 7.2240.46° 11.04+0.89" 4.54+0.33° 11.37+£0.59"
Acetic acid (g/L) 0.37+0.11° 0.13+0.05° 0.5240.22" 0.36+0.09° 0.98+0.5"
Ethanol (g/L) nd 4.53+0.27" 0.46£013° 0.54+0.26° 3.88+1.06"
Lactic acid yield (g/g-sugar) 0.66+0.01" 0.39+0.02° 0.69+0.06" 0.37+0.03° 0.53+0.03"
Controlled pH
Lactic acid (g/L) 21.98+3.36 18.9+0.79" 18.57+0.30° 13.13+1.24" 19.31+1.11°
Acetic acid (g/L) 0.91+0.01" 0.69+0.02° 1.06+0.17° 0.31£0.07° 0.80+0.09°
Ethanol (g/L) nd 0.11+0.15° 0.68+0.24" 0.12+0.20° 1.25+0.53"
Lactic acid yield (g/g-sugar) 0.80+0.12" 0.73+0.03" 0.79+0.01" 0.60+0.06" 0.75+0.04"

* Different superscript letters indicate significant differences between strains and conditions in the same group, * nd means not detected.
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Figure 21 Lactic acid production by L.acidophilus TISTR 1338 at sap concentration of 40 g/L
with difference substrate loading; (a) Total acid (g/L), (b) Total sugar (g/L) and (¢) Reducing

sugar (g/L)
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Table 23 Effect of OPT loading on LA production, yield and productivity from SSF of OPS and

OPT by L. acidophilus TISTR 1338

Lactic acid

Lactic acid

OPS added with OPT Lactic acid Acetic acid yield* (g/g)  productivity
(g/L) (g/L) ** (g/L.h)
OPS 40 g/L + 0% OPT 22.85+0.47° 2.28+0.09° 0.57+0.01°  0.32+0.01°
OPS 40 g/L + 5% OPT 39.81+1.61° 2.90+0.09° 0.59+0.02°  0.55+0.02"
OPS 40 g/L + 10% OPT 64.94+0.51° 3.77+0.09° 0.68+0.01" 0.90+0.01"
OPS 40 g/L + 15% OPT 66.61+0.63" 3.83+0.16" 0.54+0.01" 0.93+0.01°"

Different superscript letters indicate significant differences between conditions in the same group.

* Based on total available sugar from OPS 40 g/L and OPT loadings at 5, 10 and 15%;

Y = (PPo)/(SopstSopr); Sopr = available sugar form OPT based on cellulose content.

** Overall rate of lactic acid production estimated at 96h.
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Figure 22 HPLC profiles of lactic acid production by L. acidophilus TISTR 1338 at sap

concentration of 40 g/L with different OPT loadings; (a) 5%, (b) 10% and (c¢) 15%
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Figure 23 Lactic acid production by L. kefiri KF1 at sap concentration of 40 g/L with difference

substrate loading; (a) Total acid (g/L), (b) Total sugar (g/L), (c) Reducing sugar (g/L)
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Table 24 Effect of OPT loading on LA production, yield and productivity from SSF of OPS and

OPT by L. kefir KF1

Lactic acid Lactic acid
OPS added with OPT Lactic acid ~ Acetic acid Ethanol yield* productivity**
(g/L) (g/L) (g/L) (g/g) (g/L.h)
OPS 40 g/L + 0%OPT  18.1240.20°  1.64+0.09°  6.38+0.19"  0.41+0.04" 0.230.02"
OPS 40 g/L + 5%0PT  18.61+1.31°  3.1140.52%  9.44+1.20°  0.29+0.02" 0.260.02"
OPS 40 g/L + 10%0PT  27.20+0.43°  4.66+0.25°  12.1+1.00°  0.30+0.01 0.38+0.01°
OPS 40 g/L + 15%0PT  32.4042.10°  6.3540.50°  11.1+0.48"  0.28+0.02" 0.45+0.03"

Different superscript letters indicate significant differences between conditions in the same group.
*Based on total available sugar from OPS 40 g/L and OPT loadings at 5, 10 and 15%;
Y= (PrP)/(SopstSopr); Sopr = available sugar form OPT based on cellulose content.

**Qverall rate of lactic acid production estimated at 96h.
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Figure 24 Effect of enzyme loading on lactic acid production from OPS and OPT through SSF by

L. acidophilus TISTR 1338 (a) Total acid (g/L), (b) Total sugar (g/L) and (c) Reducing sugar

(g/L).
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Table 25 Effect of cellulase loading on LA production, yield and productivity from OPS and OPT

through SSF by L. acidophilus TISTR 1338

Lactic acid Lactic acid
Enzyme loading Lactic acid (g/L) Acetic acid yield* productivity**
(FPU/g-OPT) (g/L) (g/g) (g/L.h)
5 50.27+0.09° 4614020  0.54+0.02° 0.70£0.02°
10 57.76£1.35" 5.74+0.19" 0.60+0.01" 0.76+0.01
15 64.94+0.51" 3.77+0.09° 0.68+0.01° 0.90+0.01°
20 66.56+1.31" 7.67+1.02° 0.69+0.01" 0.92+0.01°

Different superscript letters indicate significant differences between conditions in the same group.
*Based on total available sugar from OPS 40 g/L and OPT loadings at 10%;
Y= (PP)/(SopstSppr); Sopr = available sugar form OPT at 10% based on cellulose content.

**Qverall rate of lactic acid production estimated at 96h.
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Figure 25 Effect of enzyme loading on lactic acid production from OPS and OPT through SSF by

L. kefiri KF1 (a) Total acid (g/L), (b) Total sugar (g/L) and (c) Reducing sugar (g/L).
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Table 26 Effect of cellulase loading on LA production, yield and productivity from OPS and OPT

through SSF by L. kefiri KF1

Enzyme loading Lactic acid Acetic Ethanol Lactic acid Lactic acid
(FPU/g-OPT) (g/L) acid (g/L) (g/L) yield* Productivity**
(g/g) (g/L.h)
5 18.28+0.84°  3.52+0.51"  6.39+0.19°  0.20+0.01° 0.25+0.01°
10 23.45+0.35"  4.61+021" 8.24+0.52°  0.31+0.06' 0.33+0.01"
15 27204043 4.66+0.25° 12.15£1.00°  0.30+0.01° 0.38+0.03"
20 30.45£2.35"  4.58+0.32" 12.52+0.93"  0.30+0.01" 0.42+0.03"

Different superscript letters indicate significant differences between conditions in the same group.
*Based on total available sugar from OPS 40 g/L and OPT loadings at 10%;
Y= (PP)/(SopstSppr); Sopr = available sugar form OPT at 10% based on cellulose content.

**Qverall rate of lactic acid production estimated at 96h.
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Table 27 Medium cost of lactic acid from 1 L oil palm sap and 10% oil palm trunk through SSF

Cost List Unit cost Total cost
(baht)
Chemicals -NaOH 18 g 59 baht/kg 1.062
- Cellulase 15 mL 450 baht/L 6.750
Materials -Oilpalmsap 1 L 0.2 baht/L 0.200

- Oil palm trunk 100 g - -

Total production cost for 65 g 8.014

Production cost of lactic acid/g 0.123

* OPS (752 kg) and OPT (848 kg) caclulated from labor cost at 150 baht/tree
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Table 28 Repeated SSF of OPS and OPT on LA production, yield and productivity by L.

acidophilus TISTR 1338

Lactic acid productivity*

Batch number Lactic acid (g/L) Acetic acid (g/L)
(g/L.h)
1" 63.05+0.44° 4.42+0.69" 0.66+0.00°
2" 71.41£1.07" 4.46+0.08" 0.74+0.01°
3 67.21+1.71" 2.68+0.12" 0.70+0.01"
4" 56.21+1.67 1.51+0.19" 0.59+0.01°
5" 50.48+0.47° 1.2240.15" 0.53+0.00°

Different superscript letters indicate significant differences between conditions in the same

group.

*QOverall rate of lactic acid production estimated at 96 h.
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Figure 27 1 L of repeated-SSF of OPT fermentation by L. acidophilus TISTR 1338 at sap
concentration of 40 g/L, 10 % (w/v) oil palm trunk loading and 15 FPU/g cellulase loading of each

batch ; (a) Total acid (g/L), (b) Total sugar (g/L) and (¢) Reducing sugar (g/L).
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Table 29 Scale up to 1 L of the repeated-OPT of L. acidophilus TISTR 1338 cultivation in sap

and oil palm trunk residues through SSF process detected by HPLC

Batch LA productivity*
Lactic acid (g/L) Acetic acid (g/L)
number (g/L/h)
1" 58.14+0.45° 4.70+0.21" 0.61+0.00"
2™ 58.72+1.17° 4.34+0.11° 0.61+0.01°
3" 55.92+0.44 1.91+0.50° 0.58+0.00"

Different superscript letters indicate significant differences between conditions in the same group.

*QOverall rate of lactic acid production estimated at 96 h.
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Figure 28 Batch adsorption of LA on anion exchange resin Amberlite IRA-402 at 30°C, 150 rpm.

Different resin amounts were added in 2.5 mL of 100 g/L lactic acid solution (pH 5).
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Figure 29 Adsorption equilibrium data of lactic acid on to Amberlite IRA-402 at 30 °C, pH 5 and
150 rpm. The resin of 20% loading added in LA solution with different LA concentrations (a), the

adsorption isotherm at equilibrium (b).
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Figure 30 Adsorption isotherm of lactic acid on Amberlite IRA-400. (a) Langmuir and (b)

Freundlich.

Table 30 Fitting parameters of model

Langmuir model k, (mg/g) a, (L/mg) R
-158.73 -3.68E-03 0.9793
Freundlich model ki (mg/g) 1/n (mg/L) R

1.14 0.9936 0.9851
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Figure 31 Desorption of lactate species from Amberlite IRA-402 resins. Equilibrated resins were

soaked in 100 g/L solutions at the ratio of 0.5 g resin to 2.5 mL solution at 30°C, 200 rpm.
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Figure 32 Column adsorption of LA solution of 85 g/L and pH 5.43 with flow rate

2.0 mL/min.
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Figure 33 Fermentation broth before (a) and after (b) decolorization by 4% activated carbon.



Table 31 Characteristics of fermentation broth before and after decolorization

109

Major organic acid in

Before decolorization After decolorization % Loss
fermentation broth
Lactic acid (g/L) 97.5+0.82 85.2+0.41 12.6
Acetic acid (g/L) 5.97+£0.22 3.73£0.61 37.5
pH 5.34+0.06 5.31+0.02 0.56
Total sugar (g/L) 40.7+0.58 31.7+£1.34 22.1
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Figure 35 Column adsorption of lactic acid from fermentation broth.
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Figure 36 Chromatogram of desorption of lactic acid from saturated lactic acid on resins.

Table 32 Column separation of organic acid from fermentation broth

Parameters (%)

Average adsorption’ 24.5+1.06
Average desorptionb 98.2+0.17
Average recovery’ 24.1+0.47

‘Average adsorption (%) = amount of LA adsorbed onto resin/amount of loaded LAx100.

bAverage desorption (%) = amount of LA desorbed into the elution/amount of LA adsorbed onto resinx100.

CAverage recovery (%) = collected LA/amount of loaded LA*100.
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Figure 54 Chromatogram of standard sugar and metabolites product at concentration of 2.5 g/L
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Figure 55 Chromatogram of standard sugar and metabolites product at concentration of 5 g/L
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Figure 56 Chromatogram of standard sugar and metabolites product at concentration of 10 g/L.
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Figure 57 LAB obtained from OPS isolation.
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Figure 58 LAB obtained from kefir grains isolation.
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3. Mauiinale Inavey¥enuanSauanfAniugn g
o v A = 4 A A a 4 . .
3.1 mﬂ‘umﬂaT’e)"lmmamuﬂmiﬂuaﬂmﬂmawuﬁ Lactobacillus paracasei F16

Table 33 16S rDNA sequence of Lactobacillus paracasei F16

GCAGTCGAACGAGTTCTCGTTGATGATCGGTGCTTGCACCGAGATTCAACATGGAA
CGAGTGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCTTAAGTGGGGGATAA
CATTTGGAAACAGATGCTAATACCGCATAGATCCAAGAACCGCATGGTTCTTGGCT
GAAAGATGGCGTAAGCTATCGCTTTTGGATGGACCCGCGGCGTATTAGCTAGTTGG
TGAGGTAATGGCTCACCAAGGCGATGATACGTAGCCGAACTGAGAGGTTGATCGG
CCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTAGGGAAT
CTTCCACAATGGACGCAAGTCTGATGGAGCAACGCCGCGTGAGTGAAGAAGGCTT
TCGGGTCGTAAAACTCTGTTGTTGGAGAAGAATGGTCGGCAGAGTAACTGTTGTCG
GCGTGACGGTATCCAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGT
AATACGTAGGTGGCAAGCGTTATCCGGATTTATTGGGCGTAAAGCGAGCGCAGGC
GGTTTTTTAAGTCTGATGTGAAAGCCCTCGGCTTAACCGAGGAAGCGCATCGGAAA
CTGGGAAACTTGAGTGCAGAAGAGGACAGTGGAACTCCATGTGTAGCGGTGAAAT
GCGTAGATATATGGAAGAACACCAGTGGCGAAGGCGGCTGTCTGGTCTGTAACTG
ACGCTGAGGCTCGAAAGCATGGGTAGCGAACAGGATTAGATACCCTGGTAGTCCA
TGCCGTAAACGATGAATGCTAGGTGTTGGAGGGTTTCCGCCCTTCAGTGCCGCAGC
TAACGCATTAAGCATTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGG
AATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGC
GAAGAACCTTACCAGGTCTTGACATCTTTTGATCACCTGAGAGATCAGGTTTCCCC
TTCGGGGGCAAAATGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATG
TTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATGACTAGTTGCCAGCATTTAGTT
GGGCACTCTAGTAAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCA
AATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGATGGTACAAC
GAGTTGCGAGACCGCGAGGTCAAGCTAATCTCTTAAAGCCATTCTCAGTTCGGACT
GTAGGCTGCAACTCGCCTACACGAAGTCGGAATCGCTAGTAATCGCGGATCAGCA
CGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGAGAG

TTTGTAACACCCGAAGCCGGTGGCGTAAC
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3.2 d1avuiiong Ie IndvesuuniiG euandnaeWus Lactobacillus kefiri KF1

Table 34 16S rDNA sequence of Lactobacillus kefiri KF1

GATTTAACACGAAACGAGTGGCGAACTGGTGAGTAACACGTGGGTAACCTGCCCT
TGAAGTAGGGGATAACACTTGGAAACAGGTGCTAATACCGTATAACAACCAAAAC
CACATGGTTTTGGTTTAAAAGATGGCTTCGGCTATCACTTTAGGATGGACCCGCGG
CGTATTAGCTTGTTGGTAAGGTAATGGCCTACCAAGGCAATGATACGTAGCCGACC
TGAGAGGGTAATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAG
GCAGCAGTAGGGAATCTTCCACAATGGACGAAAGTCTGATGGAGCAACGCCGCGT
GAGTGATGAAGGGTTTCGGCTCGTAAAACTCTGTTGTTGGAGAAGAACAGGTGTC
AGAGTAACTGTTGACATCTTGACGGTATCCAACCAGAAAGCCACGGCTAACTACG
TGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGT
AAAGCGAGCGCAGGCGGTTTCTTAGGTCTGATGTGAAAGCCTTCGGCTTAACCGG
AGAAGTGCATCGGAAACCAGGAGACTTGAGTGCAGAAGAGGACAGTGGAACTCC
ATGTGTAGCGGTGAAATGCGTAGATATATGGAAGAACACCAGTGGCGAAGGCGGC
TGTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGCATGGGTAGCGAACAGGATTA
GATACCCTGGTAGTCCATGCCGTAAACGATGAGTGCTAAGTGTTGGAGGGTTTCCG
CCCTTCAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAA
GGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTT
TAATTCGATGCTACGCGAAGAACCTTACCAGGTCTTGACATCTTCTGCCAACCTAA
GAGATTAGGCGTTCCCTTCGGGGACAGAATGACAGGTGGTGCATGGTTGTCGTCA
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATTGTTA
GTTGCCAGCATTCAGTTGGGCACTCTAGCAAGACTGCCGGTGACAAACCGGAGGA
AGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCT
ACAATGGACGGTACAACGAGTCGCGAAACCGCGAGGTCAAGCTAATCTCTTAAAG
CCGTTCTCAGTTCGGATTGCAGGCTGCAACTCGCCTGCATGAAGTTGGAATCGCTA
GTAATCGTGGATCAGCATGCCACGGTGAATACGTTCCCGGGCCTTGTACACACCGC
CCGTCACACCATGAGAG
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Figure 59 Preparation of oil palm sap and oil palm trunk
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Figure 60 Column adsorption of lactic acid from fermentation broth
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