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Summary

Lactic acid bacteria (Lactococcus lactis NZ9000, Lactococcus lactis MG1363, Lactobacillus
plantarum 1-UL4 and Lactobacillus johnsonii DSM 20553) have been screened for their ability
to produce folate intracellularly and/or extracellularly. L. plantarum 1-UL4 was shown to
be superior producer of folate compared to other strains. Statistically based experimental
designs were used to optimize the medium formulation for the growth of L. plantarum
I-UL4 and folate biosynthesis. The optimal values of important factors were determined
by response surface methodology (RSM). The effects of carbon sources, nitrogen sources
and para-aminobenzoic acid (PABA) concentrations on folate biosynthesis were determined
prior to RSM study. The biosynthesis of folate by L. plantarum I-UL4 increased from 36.36
to 60.39 ng/L using the optimized medium formulation compared to the selective Man de
Rogosa Sharpe (MRS) medium. Conditions for the optimal growth of L. plantarum 1-UL4
and folate biosynthesis as suggested by RSM were as follows: lactose 20 g/L, meat extract
16.57 g/L and PABA 10 pM.

Key words: folate, lactic acid bacteria, Lactobacillus plantarum 1-UL4, response surface method-
ology

Introduction

Folate plays an important role in human life as one
of the most important essential components for the syn-
thesis of purine, guanine, adenine, pyrimidine and thy-
mine. Sufficient daily doses of folate may prevent di-
seases such as colon cancer, growth retardation, anaemia
and neural tube defects in newborn. The human body
needs 200 to 400 pg of folate per day. However, preg-
nant women are advised to take double doses (1). Folate
is mostly found in green, leafy vegetables, legumes,
beans, citrus, and dairy products, but spinach and beans
have been found to contain the highest amount of folate

(2). Folic acid (also known as vitamin B9 or folacin),
folate (the naturally occurring form), pteroyl-L-glutamic
acid and pteroyl-L-glutamate are forms of the water-
-soluble vitamin B9. Folic acid is not biologically active
but after the conversion of tetrahydrofolate and other
derivatives into dihydrofolic acid in the liver, it becomes
biologically important. Folic acid found in fortified foods
such as vitamin supplements is the synthetic form of
water-soluble vitamin B9 (3). Based on the bioavailabil-
ity, folic acid is more stable than the natural form of
folate because folic acid is more readily and quickly ab-
sorbed into the human body.
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On the other hand, a good selection of microbial spe-
cies such as lactic acid bacteria (LAB) and cultural con-
ditions could enhance the level of folate in the ferment-
ed milk and dairy products (4). It has been reported that
the folate levels in most of the products are low (5,6).
Therefore, several researchers have focused on the bio-
synthesis of folate using LAB strains (7). Large differ-
ences in folate biosynthesis for different LAB strains and
different growth conditions have been reported in liter-
ature. Lactococcus lactis, as claimed by Sybesma et al. (8),
has a great potential to produce high amount of folate
and its metabolism was further explored to maximize
folate biosynthesis. Other researchers have also reported
that many strains of bifidobacterium were able to pro-
duce folate (5). Among the Lactobacillus species, only L.
plantarum can produce folate, whereas other species were
shown to consume folate during growth (7).

The introduction of response surface methodology
(RSM) by Box and Wilson (9) gives an alternative tech-
nique to analyze the optimized culture conditions, thus
enabling the researcher to design the experiment, build
the blocks, and evaluate the effects of different growth
factors and responses. This approach allows the re-
searchers to design experiments based on the RSM re-
sults and produce maximum yield of desired products
(10). Furthermore, one of the major constraints involved
in designing new cultivation media is the high number
of experiments involved. RSM, a combination of good
experimental design, regression modelling techniques
and optimization, is a useful tool for process improve-
ment. Therefore, RSM is a valuable tool used prior to
industrial level production (11). Most of the researches
on the optimization of medium formulation and cultural
conditions for biosynthesis of products by LAB were
focused on the conventional method rather than RSM
approach (5,7,12,13).

The present work has been conducted to identify
folate producers amongst our laboratory collection of
LAB using microbiological assay. Folate in a biological
extract is usually determined by a microbiological assay
and this method is highly sensitive and ideal for routine
assaying. The optimization of medium formulation for
the growth and folate biosynthesis by the selected strains
was then investigated through a conventional method
and statistical approach of RSM.

Materials and Methods

Bacterial strains and maintenance

LAB strains were maintained in 5 % (by volume)
glycerol at =80 °C. L. lactis NZ9000 and L. lactis MG1363
were kind gifts of Kees Leenhouts, the Netherlands. L.
plantarum 1-UL4 was isolated from local fermented food
(14,15) and L. johnsonii DSM 20553 was purchased from
DSMZ (German Collection of Microorganisms and Cell
Cultures), Braunschweig, Germany.

Growth of LAB cultures

L. lactis NZ9000 and MG1363 were cultivated in
folate-free M17 medium (16) supplemented with 0.5 %
(m/V) glucose. L. plantarum 1-UL4 and L. johnsonii DSM
20553 were cultivated in de Man-Rogosa-Sharpe (MRS)
medium (17). All cultivations were carried out in a 250-mL

Erlenmeyer flask containing 100 mL of medium at pH=7.
The LAB strains were incubated at 30 °C at the agitation
speed of 100 rpm for 24 h. The strains were cultivated in
modified MRS medium containing (in g/L): glucose 10,
peptone 10, yeast extract 5, meat extract 5, potassium
hydrogen phosphate 2, sodium acetate 5, triammonium
citrate 2, magnesium sulphate 0.2, manganese sulphate
0.2 and Tween 80 1 mL/L with the addition of para-ami-
nobenzoic acid (PABA, 0.01 uM). All cultivations were
seeded with 5 % (by volume) inoculum. Inocula were
prepared by inoculating a colony of the strains grown
on an M17 or MRS agar plate into 5 mL of M17 or MRS
broth in a 10-mL test tube with continuous shaking (100
rpm) in a water bath at 30 °C for 12 h.

Central composite design

Three variables and five levels were used in this
study. The three variables used were lactose, meat ex-
tract and PABA concentration. The experimental design
for central composite design (CCD) is shown in Table 1.

Table 1. Coded and real values of variables selected for CCD

Values of CCD variables

Variable Unit

—o -1 0 +1 +a
A lactose g/L 189 5 12.5 20 23.11
B meat extract g/L 1.89 5 12.5 20 23.11
C PABA uM  1.56 3 6.5 10 11.45

The results of the CCD were statistically evaluated
and the data were analyzed by Design Expert v. 6.0.6
(Stat-Ease Inc., MN, USA). Each variable was investigat-
ed as the independent and dependent variable. Each in-
dependent variable indicates high level (+1) and low level
(<1). An axial distance to. was chosen to be 1.4 to make
the design rotatable, which means that the value is at
the same distance from the design centre. The centre
point, or typically known as dependent variable, was in-
dicated as 0 and maintained at constant value, which
provided an unbiased estimate of the process error vari-
ance. This centre point was set at middle point value,
and six centres of this experiment were included to
avoid the missing of a non-linear relationship (18). The
response of folate concentration was subjected to quad-
ratic regression model and expressed by the second-
-order polynomial:

Y=B,+ZBx+Z B+ 2 Bxx /1/

where Y is the folate concentration, and S, B and B are
linear, quadratic and interactive coefficient, respectively.
The F-value was considered to be significant. The lack of
fit should be non-significant and produce a good multi-
ple correlation coefficient (R?).

Analytical determination
Cell and substrate concentrations

A volume of 6 mL of the sample was withdrawn at
1-hour intervals for the analysis of folate, cell concen-
tration and reducing sugar concentration. A volume of 5
mL of the sample was used for the analysis of intra- and
extracellular folate and 1-mL sample was used for sub-
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strate (19) and cell concentration analysis. The 1-mL
samples were centrifuged (10 000xg, 10 min, 4 °C) to
separate the cell pellet from the supernatant. The super-
natants were collected for substrate determination and
the absorbance was measured at 540 nm, while the cell
pellets were used for cell concentration determination.
The cell pellets were transferred to a pre-weighed dry
filter paper and dried for 24 h at 100 °C. Dry cell mass
(DCM) values were correlated with absorbance measure-
ments at 600 nm to obtain a calibration standard of Agynm
vs. DCM. Agy o readings were subsequently used to deter-
mine DCM.

Folate concentration

Folate concentration was quantified using a Lacto-
bacillus casei microbiological assay. Cells and supernat-
ants recovered from a cell culture were used to measure
both intra- and extracellular folate concentrations as de-
scribed previously (20). L. casei ATCC 7469 was used for
folate bioassay and stored at —80 °C in MRS medium sup-
plemented with 15 % (by volume) of glycerol. In the assay,
L. casei ATCC 7469 was pre-grown in Folic Acid Casei
Medium (Difco Laboratories, Surrey, UK) supplemented
with folate 0.3 pg/L and the culture was incubated for
18 h at 37 °C. Volumes of 1.5 mL of aliquots of the cul-
ture were then stored in sterile tubes at —80 °C until use
for folate determination. For measuring the intracellular
and extracellular folate, a volume of 5 mL of cultivation
broth was used and centrifuged (10 000xg, 10 min, at
20 °C) to separate the cell and the supernatant. The cells
were washed with 0.1 M sodium acetate buffer (pH=4.8)
and 1 % (by volume) of ascorbic acid and resuspended
with the same buffer. The samples were then incubated
at 100 °C for 5 min to release the folate from the cells.
The supernatant was diluted 1:1 with 0.1 M sodium ace-
tate buffer (pH=4.8) and 1 % (by volume) of ascorbic acid.
The analysis of total folate concentration, including poly-
glutamyl folate, was conducted after enzymatic deconju-
gation of the folate samples with human plasma (Sigma-
-Aldrich, Malaysia) and incubated for 4 h at 37 °C. The
microbiological assay was determined in 96-well micro-
titer plates. The wells were filled by adding 8 pL of work-
ing buffer containing 0.1 M potassium phosphate buffer
with sodium acetate buffer (pH=4.8) and 1 % (by vol-
ume) of ascorbic acid to 122 pL of samples or 60 pL of
reference sample, and the volume was increased by ster-
ile distilled H,O until it reached 150 pL and prior to
filling with 150 pL of Folic Acid Casei Medium. The assay
plate was covered and incubated at 37 °C for 18 h. For
reference samples, folate was dissolved in the same buf-
fer at a concentration ranging from 0 to 0.30 pg/L. The
growth of LAB strains in the 96-well microtiter plates
was determined by measuring the absorbance at 620 nm
using the Zenyth Microplate Reader (Biochrom Ltd, Cam-
bridge, UK).

Results and Discussion

Selection of folate producer

The results obtained in this study showed that the
growth performance of folate producer was strain-specific.
All the strains grew well and produced comparable intra-
and extracellular folate. About 7.67 g/L of maximum cell

concentration (X,,,,) was achieved in the cultivation of
L. plantarum 1-UL4 with a specific growth rate (u) of 0.39
h! after 18 h of cultivation using MRS medium. The
highest folate level was detected in L. plantarum 1-UL4
(36.36 ng/L). Lactobacillus spp. was able to grow well and
produce substantially high folate using chemically de-
fined or complex media, compared to other strains (7).
However, 27.63 ug/L of folate were obtained in the cul-
tivation of L. johnsonii DSM 20553 with the maximum
cell concentration of 7.73 g/L, which was the lowest, com-
pared to the other strains.

Higher growth yield, Y, /, (1.69 g/g) and slightly lower
folate production (30.61 pg/L) were obtained for L. lactis
NZ9000 compared to L. plantarum 1-UL4. These results
suggest that the substrate was mainly consumed for the
biomass build-up rather than the biosynthesis of folate.
Furthermore, high cell concentration increased the visco-
sity of the culture, which could reduce the mixing effi-
ciency and hence limit the substrate availability for fo-
late biosynthesis (21,22).

The highest efficiency of cells to produce folate (Y, )
was observed in the cultivation of L. lactis MG1363 (6.31
ug/g). It was shown that this species has maximum effi-
ciency in producing folate compared to other strains. From
the results, it can be suggested that the biosynthesis of
folate was non-growth associated process since good
growth was unable to promote higher folate biosynthe-
sis as observed in the cultivation of L. lactis NZ9000 and
L. johnsonii DSM 20553. The highest productivity was ob-
served in the cultivation of L. plantarum 1-UL4 (3.71 pg/
(L-h)). Hence, L. plantarum 1-UL4 was selected as the su-
perior folate producer and used for further optimization
studies on medium composition via conventional and
RSM approaches.

Effect of carbon sources on folate production

Preliminary optimization study on medium compo-
sition was conducted to determine important factors
that could enhance the biosynthesis of folate. Three dif-
ferent carbon sources (lactose, maltose and glucose) were
selected in this study and L. plantarum 1-UL4 grew well
on all of them. The highest biosynthesis of folate (36.19
nug/L) was obtained when lactose was used as the car-
bon source, compared to maltose and glucose. The strain
also showed high efficiency when using lactose as a car-
bon source to produce folate (data not shown). The high-
est productivity of folate was obtained in the cultivation
process using lactose (1.97 pg/(L-h)) compared to glu-
cose (1.53 ug/(L-h)) and maltose (1.13 pg/(L-h)). Lactose
is normally found in milk and it is the preferred carbon
source for the growth of LAB (23).

Effect of nitrogen sources on folate production

The maximum cell concentration (X,,,,,) was obtained
when yeast extract was used as a nitrogen source (data
not shown). Yeast extract, which consists of nitrogenous
compounds and growth factors, stimulates cell growth
(24,25). However, the best nitrogen source for the high-
est biosynthesis of folate (47.01 pg/L) was obtained when
using meat extract. Slightly lower folate concentration was
obtained when using yeast extract (42.83 ug/L) and pep-
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tone (43.71 ng/L) as nitrogen sources (data not shown).
Even though the cell efficiency of folate biosynthesis (Y}, )
was the highest on peptone compared to meat extract
and yeast extract, the highest productivity of folate (1.56
pg/(L-h)) was found on meat extract (data not shown).
Therefore, meat extract is the most suitable nitrogen source
for folate biosynthesis although it is quite an expensive
source of nitrogen, especially for industrial application.
Hence, a precise concentration of meat extract needed in
a medium for higher folate biosynthesis should be fur-
ther investigated.

Optimization of lactose concentration for folate
production

Generally, a higher concentration of lactose in the
medium exhibits an increased cell concentration. In this
study, approx. 7.07 g/L of maximum cell concentration
(X o) Was achieved using 20 g/L of lactose (Table 2).
However, slightly lower folate concentration was obtained
when more lactose was added to the medium. This in-
dicated that the carbon flux in cells favoured more the
build-up of cell biomass or biosynthesis of by-products
rather than the folate biosynthesis. Excessive carbon
source in the culture broth reduces biomass yield and
growth efficiency due to metabolism overflow. Lactose
concentration of 10 g/L was optimal for the strain to pro-
duce the highest folate concentration (35.94 ng/L) (Table
2). As shown earlier, the biosynthesis of folate was a non-
-growth associated process, therefore the balanced car-
bon flux in cells is required through the folate pathway
and other metabolite pathways (5,7,12).

Table 2. The performance and kinetic parameter values of folate
biosynthesis by L. plantarum 1-UL4 using different concentra-
tions of lactose

o y(lactose)/(g/L)
Kinetic parameter
5 10 15 20

t/h 18 18 12 12
Xmax/(g cell/L) 575 592 700 7.07
Pmax/(ug folate/L) 3422 3594 31.10 3047
Si=S¢/(g substrate consumed/L) 3.89 684 1211 15.24
/,1/1’1_1 0.37  0.39 0.39 0.34
Yx/s/(g cell/g substrate) 148 0.87 0.58 0.46
Ypi/(ug folate/g substrate) 880 525 257 200
Ypi/(ug folate/g cell) 595 6.07 444 431
P./(ug folate/(L-h)) 090 101 112 092

Optimization of meat extract concentration for folate
production

The growth performance and the kinetic parameter
values of L. plantarum 1-UL4 cultivation using meat ex-
tract as a nitrogen source are shown in Table 3. When 15
g/L of meat extract were used, maximum cell concen-
tration (X,,,,) of 4.75 g/L and the highest folate biosyn-
thesis (52.82 ng/L) were obtained. The growth of L. plan-
tarum 1-UL4 and folate biosynthesis were reduced with
meat extract concentration above 15 g/L in the medium.

Table 3. The performance and kinetic parameter values of folate
biosynthesis by L. plantarum 1-UL4 using different concentra-
tions of meat extract

L y(meat extract)/(g/L)
Kinetic parameter
5 10 15 20

t/h 8 8 12 8
Xmax/(g cell/L) 3.1 406 475 393
Pmax/(ug folate/L) 4414 49.62 52.82 4871
Si=S¢/(g substrate consumed/L)  7.89 767  7.62 7.52
wht 031 04 032 038
Yx/s/(g cell/g substrate) 0.39 0.53 0.62 0.52
Yps/(ug folate/g substrate) 5.59 6.47 6.93 6.48
Ypi/(ug folate/g cell) 1424 1222 1112 12.39
P./(ug folate/(L-h)) 216 125 147  1.07

Further increment of nitrogen source in the medium
showed an inhibitive effect on the growth performance
of the strain and folate biosynthesis. This finding is not
in agreement with previous studies (7,8) where batch
cultures of L. lactis MG1363 supplemented with growth-
-inhibiting substances increased the folate biosynthesis.
Such discrepancies may be due to the use of meat ex-
tract in the medium, which consists of nitrogenous com-
pounds and growth factor.

Optimization of PABA concentration for folate
production

The addition of PABA into the medium promoted
good growth of L. plantarum 1-UL4 and folate biosyn-
thesis. PABA concentration of 0.1 to 10 pM significantly
increased the biosynthesis of folate (Table 4). However,
an addition of above 15 uM of PABA caused cell inhibi-
tion and decreased biosynthesis of folate. At the concen-
tration of 50 to 100 pM of PABA, the growth was signifi-
cantly inhibited and the substrate was not fully utilized
by L. plantarum 1-UL4. The strain efficiently produced
high amount of folate (55.02 ug/L) at 10 pM of PABA.
This result suggested that the biosynthesis of folate by L.
plantarum 1-UL4 was enhanced by the addition of PABA
to the medium. In the absence of PABA, low folate lev-
els were found to be produced by L. lactis strain (7) and
PABA is an important precursor of folate biosynthesis

(5).

Optimization of lactose, meat extract, and PABA by
central composite design

A second experiment was conducted as a result of
the aforementioned findings, in an attempt to further
optimize the independent levels of lactose, meat extract
and PABA with a face-centred central composite design
(CCD) using Design Expert software. The results of 20
experiments to evaluate the effect of three factors of me-
dium composition that influenced folate biosynthesis are
shown in Table 5. Centre points with a coded value (0)
were repeated six times in order to estimate pure error
for the lack of fit test. Models with a significant lack of
fit should not be used for predictions. The insignificant
lack of fit is most desirable at p>0.1.
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Table 4. The performance and kinetic parameter values of folate biosynthesis by L. plantarum 1-UL4 using different concentrations of

PABA
c¢(PABA)/uM

Kinetic parameter

0.1 0.3 1.0 3.0 5.0 7.0 10 15 20 50 100
t/h 12 18 18 12 18 12 12 12 12 8 6
Xmax/(g cell/L) 3.36 4.42 4.30 4.76 4.09 3.76 4.36 2.74 1.86 1.08 0.95
Pmax/(ug folate/L) 39.89 44.16 45.86 45.90 45.38 49.27 55.02 41.79 39.80 26.82 24.93
Si-St/(g substrate consumed/L)  7.36 7.51 7.22 7.15 6.07 6.59 6.62 5.50 5.76 6.13 5.20
y/h‘1 0.23 0.19 0.21 0.22 0.21 0.20 0.28 0.21 0.21 0.13 0.15
Yx/s/(g cell/g substrate) 0.46 0.59 0.60 0.67 0.67 0.57 0.66 0.50 0.32 0.18 0.18
Yp/s/(ug folate/g substrate) 5.42 5.88 6.35 6.42 7.48 7.48 8.34 7.60 6.91 4.38 4.79
Ypi/(ug folate/g cell) 11.87 9.99 10.67 9.64 11.10 13.10 12.66 15.25 21.40 24.83 26.24
P./(ug folate/(L-h)) 0.99 1.85 1.38 1.00 0.43 0.95 2.11 0.48 0.34 1.05 1.27

Table 5. Central composite design with a real value and response
to folate concentration (actual and predicted values)

y(folate)/(ng/L)

Run  p(A)Ag/L) ¥BAg/L) c(OMM  Obtained Predicted
value value
1 5 5 3 38.70 40.80
2 20 5 3 50.11 48.06
3 5 20 3 47.94 45.66
4 20 20 3 54.86 55.84
5 5 5 10 47.64 46.88
6 20 5 10 49.91 52.41
7 5 20 10 47.80 50.07
8 20 20 10 60.39 58.51
9 12.5 125 6.5 53.00 52.43
10 12.5 12.5 6.5 52.73 52.43
11 12.5 12.5 6.5 51.09 52.41
12 12.5 125 6.5 52.73 52.41
13 1.90 12.5 6.5 47.27 46.42
14 23.11 12.5 6.5 57.11 57.52
15 12.5 1.90 6.5 4414 4297
16 12.5 23.11 6.5 49.99 50.72
17 12.5 12.5 1.55 49.05 50.03
18 12.5 125 11.45 57.64 56.22
19 12.5 12.5 6.5 50.97 52.41
20 12.5 12.5 6.5 53.56 52.41

A - lactose, B — meat extract, C — PABA

The results from the CCD showed that the optimal

The maximum response predicted from the model
was 58.51 pug/L. Repeated experiments were performed
to verify the predicted optimum value. A maximum fo-
late concentration (60.39 ng/L) was obtained from run
no. 8. Although the actual experimental response value
at the optimum point was slightly higher than the pre-
dicted value, statistically, there was no significant differ-
ence. The maximum folate concentration obtained from
the optimized medium composition was compared with
the MRS standard medium, and it was apparent that the
optimized medium formulation significantly improved
folate biosynthesis by about twofold. It is interesting to
note that L. plantarum has an ability to produce about 45
ng/L of folate (4) as well as other beneficial metabolites
including bacteriocin (26). In this study, even higher pro-
duction of folate by L. plantarum 1-UL4 was obtained.

Regression analysis was performed to fit the response
function with the experimental data. The data obtained
(Table 6) were fitted to a quadratic polynomial model,
and the obtained full actual model is shown in Eq. 2:

Y=52.42+3.93A+2.74B+2.19C-0.22A>-2.78B +
+0.36C"+0.73AB-0.43AC-0.42BC /2/

where Y represents the predicted responses; A, B and C
are coded values of lactose, meat extract and PABA con-
centration, respectively.

Table 6. Regression coefficient and the significance for the re-
sponse of folate biosynthesis

concentrations of lactose, meat extract and PABA for fo-
late biosynthesis were 20 g/L, 20 g/L and 10 pM, re-
spectively. The Design Expert software uses an optimi-
zation method that allows the criteria for all variables
and responses to be set. This optimization method takes
into consideration a combination of criteria in the cal-
culation of the optimum points. Therefore, based on the
setting for criteria of lactose (in range), meat extract (in
range), PABA (in range) and response (maximize), the
optimum point of lactose (20 g/L), meat extract (16.57
g/L) and PABA (10 uM) was suggested.

Factor Degree of C(?effi— Standard Com.pu’fed
freedom C}ent error t_dls.trl_ p>If
estimate bution

Intercept 1 52.42 0.93 56.37 0.0012
A 1 3.93 0.62 6.34 0.0011
B 1 2.74 0.62 4.42 0.0017
C 1 2.19 0.62 3.53 0.0065
A? 1 -0.22 0.76 -0.29 0.7775
B2 1 -2.78 0.76 -3.66 0.0052
c? 1 0.36 0.76 0.47 0.6511
AB 1 0.73 0.76 0.96 0.3632
AC 1 -0.43 0.76 -0.57 0.5826
BC 1 -0.42 0.76 -0.55 0.5955




248 N. MUHAMAD NOR et al.: Folate Biosynthesis by Lactic Acid Bacteria, Food Technol. Biotechnol. 48 (2) 243-250 (2010)

The student's t-distribution and the corresponding
p-values along with the second order coefficient are
shown in Table 6. p-Value is used as a tool to determine
the significance of each coefficient and higher p-value
indicated higher significance of corresponding coeffi-
cient (10). The parameter was estimated and the corre-
sponding p-values showed that A (lactose), B (meat extract)
and C (PABA) had significant effect on the biosynthesis
of folate. Positive coefficient for A, B and C was indicat-
ed as a linear effect to the response. Table 6 shows some
of the model terms of response of folate biosynthesis (A2,
C2, AB, AC and BC), which had p-value>0.05. Therefore,
they were eliminated from the model and simplified
quadratic model equation most suitably described the
folate biosynthesis as follows:

Y=52.42+3.93A+2.74B+2.19C-2.78B> /3/

The independent variables were fitted to the second
order. Table 7 shows the results of the analysis of vari-
ance (ANOVA) to indicate the adequacy of the fitted
model. The low p-value (p<0.001) indicated that the ob-
tained equation was appropriate and suitable after mod-
el reduction. The determination of R? coefficient, cor-
relation and model significance (F-value) were used to
analyze the adequacy of the model. The quality of fit of
the equation was expressed by the determination coeffi-

cient, R% Common study showed that a good R? should
be at least 80 %. The value of coefficient R?=0.9063 in-
dicated that the model could explain about 91 % of the
variability and it was attributed to the independent vari-
ables. Model significance (F-value) is a measure of vari-
ation of the data around the mean. Also, the F-value
indicates that the present model can serve as a good
prediction of the experimental results. Central composite
rotatable design (CCRD) analysis was unable to support
a full cubic model; the results from the model were ac-
companied by aliased statement, which indicated that not
all parameters could be uniquely estimated.

Fig. 1 depicts the three-dimensional plot showing the
effect of lactose (A) and meat extract (B) as responses to
folate biosynthesis. Based on the p-value derived from
the CCD analysis (Table 6), it shows no interactions be-
tween these two variables. Biosynthesis of folate was in-
creased when high concentration of meat extract was
added to the medium, while keeping lactose at low con-
centration.

Fig. 2 shows the combined effects of meat extract (B)
and PABA (C) as response to folate biosynthesis. From
the analysis, the independent variables affect the biosyn-
thesis, but there were no interactions between meat ex-
tract and PABA, based on p-value results. This indicates
that all independent variables cannot be interacting due

Table 7. Analysis of variance (ANOVA) for the quadratic model of folate biosynthesis

Source Sum of squares Degree of freedom Mean F-value Prob>F
Linear 332.68 3.00 14.82 <0.0001
Cross product 7.16 3.00 0.27 0.8442
Quadratic 63.42 3.00 4.56 0.0331
Cubic 35.64 4.00 7.36 0.0252
Total 52127.26 13.00 2606.36
Pure error 4.86 4.00 1.22
R*=0.9063
57.2057 56.3564
53.7733 53.6448
[0} Q
© 50.3409 T 50.9332 P,
3 o
L 46.9084 - 482216
43.476 45.51
20.00 10.00

5.00 5.00

Fig. 1. Response surface plot of folate biosynthesis as a function
of lactose and meat extract concentrations

Fig. 2. Response surface plot of folate biosynthesis as a function
of meat extract and PABA concentrations
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to the insignificant model of p-value test. Low concen-
tration of meat extract and the addition of high con-
centration of PABA to the medium induced high biosyn-
thesis of folate. The addition of PABA stimulated the
biosynthesis of folate. In L. plantarum 1-UL4, folate bio-
synthesis was shown to be dependent on the concentra-
tion of PABA in the medium. Generally, with the addi-
tion of PABA, the biosynthesis of folate was increased
by about twofold compared to the standard MRS me-
dium.

Conclusion

Biosynthesis of folate was strain-dependent and all
investigated LAB strains were able to grow well and pro-
duce folate. The highest folate biosynthesis was obtained
in L. plantarum 1-UL4 culture using standard MRS me-
dium. A better understanding of the relationship among
lactose, meat extract and PABA was obtained by RSM,
which was used as a statistical tool to improve the folate
biosynthesis of L. plantarum 1-UL4. RSM analyses demon-
strated that optimum biosynthesis of folate can be success-
fully predicted and the combination of lactose (20 g/L),
meat extract (16.57 g/L) and PABA (10 pM) significantly
improved folate biosynthesis. The optimized medium
formulation could be used for the cultivation process of
L. plantarum 1-UL4 for folate biosynthesis in a bioreactor
system associated with a process control strategy.

Nomenclature

t time at maximum cell concentration
Xnax: maximum cell concentration (g cell/L)
Pa¢ maximum folate concentration (ug folate/L)
S-S substrate consumed (g substrate/L)
S initial substrate concentration (g substrate/L)
S¢ final substrate concentration (g substrate/L)
u:  specific growth rate (h™
Y, growth yield coefficient (g cell/g substrate)
Y, folate yield based on substrate utilized

(ng folate/g substrate)
Yo folate biosynthesis per cell (ug folate/g cell)
P folate productivity (ug folate/(L-h))
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