
ORIGINAL PAPER

Enhancement of tannase production by Lactobacillus plantarum
CIR1: validation in gas-lift bioreactor

Pedro Aguilar-Zarate • Mario A. Cruz-Hernandez •
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Abstract The optimization of tannase production by

Lactobacillus plantarum CIR1 was carried out following

the Taguchi methodology. The orthogonal array employed

was L18 (21 9 35) considering six important factors (pH

and temperature, also phosphate, nitrogen, magnesium, and

carbon sources) for tannase biosynthesis. The experimental

results obtained from 18 trials were processed using the

software Statistical version 7.1 using the character higher

the better. Optimal culture conditions were pH, 6; tem-

perature, 40 �C; tannic acid, 15.0 g/L; KH2PO4, 1.5 g/L;

NH4Cl, 7.0 g/L; and MgSO4, 1.5 g/L which were obtained

and further validated resulting in an enhance tannase yield

of 2.52-fold compared with unoptimized conditions. Tan-

nase production was further carried out in a 1-L gas-lift

bioreactor where two nitrogen flows (0.5 and 1.0 vvm)

were used to provide anaerobic conditions. Taguchi

methodology allowed obtaining the optimal culture con-

ditions for the production of tannase by L. plantarum CIR1.

At the gas-lift bioreactor the tannase productivity yields

increase 5.17 and 8.08-fold for the flow rates of 0.5 and

1.0 vvm, respectively. Lactobacillus plantarum CIR1 has

the capability to produce tannase at laboratory-scale. This

is the first report for bacterial tannase production using a

gas-lift bioreactor.

Keywords Tannase � Taguchi methodology � Gas-lift

bioreactor � Nitrogen � Anaerobic � Lactobacillus

plantarum CIR1

Introduction

Tannin acyl hydrolase (E.C. 3.1.1.20), commonly referred

as tannase, catalyzes the hydrolysis of ester bonds present

in gallotannins. converting them into free molecules of

gallic acid (GA) and one molecule of glucose. Tannase

additionally acts on substrates such as chlorogenic acid,

(2)-epicatechin gallate, and (2)-epigallocatechin-(3)-gallate

[1].

Tannase is an industrially important enzyme used in

large volumes for wide applications. Use of tannase is

centered in food, leather, and pharmaceutical industries.

Nowadays, the main application of tannase is in elaboration

of instantaneous tea, acorn wine, and gallic acid produc-

tion. Also, tannase is used as clarifying agent in juice and

coffee-flavored beverages [2, 3] and gallic acid is used in

pharmaceutical industry as an intermediary compound for

the synthesis of trimethoprim; in chemical industry it is

used as substrate for the chemical or enzymatic synthesis of

propyl-gallate and other antioxidant compounds with

varying applications. Studies have demonstrated that gallic

acid posses important therapeutic properties [4–6].

The main sources for production of industrial enzymes

are microorganisms due to their biochemical diversity [7].

It is well known that majority tannase producer microor-

ganisms are fungi [12] and the use of bacteria as tannase

producers has received little attention. Few bacterial
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species such as Bacillus sp., Corinebacterium sp., Lacto-

bacillus sp., and Serratia sp. have been reported as tannase

producers [8–10].

Fermentation processes are influenced by physico-

chemical and environmental factors that affect the culture

conditions. The main factors influencing the tannase pro-

duction process are quality and quantity of carbon source

[11], presence of inducers, pH, temperature, aeration, etc.

[12]. Hence, the definition and/or optimization of cultural

conditions on bioprocess are necessary. In that sense,

classical experimental designs methods have been mainly

used. Classical experimental designs involve altering one

independent factor at a time keeping all others constant.

These procedures are time-consuming, require more

experiments, and cannot provide information about mutual

interactions [13]. To solve these problems, statistical tools

and related experimental design help to obtain more

information about the best cultural conditions.

Taguchi method of orthogonal array design of experi-

ments was proposed in the late 1940s [14]. The method is

considered as a fractional factorial design that allows sta-

tistically and ideally obtaining similar information to a full

factorial experimental design, but without so much exper-

imental trials. The statistical analysis of variance

(ANOVA) is performed to see which process factors are

statistically significant. Finally, an experimental confir-

mation to verify the defined process factors obtained from

Taguchi methodology is necessary [15]. The results

obtained from small-scale experiments are valid over the

scale up schedule [16]; hence, the method has shown a

great success for improving the quality and processes in

industry [17]. The application of Taguchi methodology to

microbial enzyme production has been less exploited,

particularly in tannase production.

Tannase production processes have been carried out

mainly using shake flasks in both submerged fermentation

and solid-state culture. Fewer laboratory studies have been

carried out in laboratory-scale fermenters [5, 33, 34]. Most

industrial and laboratory-scale bioreactors are still con-

ventional stirred tanks. Recently, gas-lift bioreactors have

received increased attention due to their simple construc-

tion and less shear stress imposed on shear sensitive cells

compared with stirred tanks [35]. Gas-lift bioreactors cover

a wide range of gas–liquid or gas–liquid–solid pneumatic

contacting devices that possess the characteristic of fluid

circulation in a defined cyclic pattern through channels

built specifically for this purpose. Those advantages make

gas-lift bioreactors suitable for applications in biotechnol-

ogy. However, until now gas-lift bioreactors have not been

reported for production of microbial tannases.

In the present work, Taguchi methodology was used to

optimize the cultural conditions of Lactobacillus planta-

rum CIR1 to improve the tannase production and the

optimal conditions were tested in a gas-lift bioreactor. This

is the first report for tannase production using a gas-lift

bioreactor under anaerobic conditions.

Materials and methods

Microorganism

The bacterium L. plantarum CIR1 was previously isolated

from plum fruit juice and molecular characterized [18]. The

strain was maintained at 35 �C, for 48 h, using MRS agar

(Man-Rogosa-Sharpe) containing (g/L): beef extract, 5; pep-

tone, 10; yeast extract, 5; dextrose, 20; K2HPO4, 2; sodium

citrate, 2; sodium acetate, 5; MgSO4
. 7H2O, 0.1; agar, 1.2; and

Tween 80, 1.0. Inoculum was prepared by propagating the

cryo-preserved strains in 20 mL sterile seed medium (com-

position same as maintenance medium excluding agar) in

25 mL flask for 24 h at 35 �C (Fisher Isotemp� Incubator

Senior Model, USA) under anaerobic conditions.

Taguchi methodology

Figure 1 depicts the schematic representation of the

designed methodology. The Taguchi method involves

establishment of large number of experimental situation

described as orthogonal array to reduce experimental errors

and to enhance their efficiency and reproducibility of the

laboratory experiments. Each phase has its own objective

interconnected in sequence wise to achieve the overall

optimization process.

Design of experiments (phase 1)

In phase 1 the first step is to define the factors to be opti-

mized in the culture medium. These factors must have

significant impact on microbial tannase biosynthesis. The

factors that have critical effect on the tannase production

are carbon, nitrogen, and phosphate sources, magnesium,

pH, and temperature [19]. In this work the cultural condi-

tions proposed by Das Mohapatra [20] were reproduced

(Table 1). The next step was the matrix design with the

appropriate orthogonal array for selected factors and levels.

Three levels for each factor (except pH) were tested

(Table 1) and the size of experimental was represented by

the array L18 that indicates 18 experimental trials. The

three levels of the factors were assigned with a layout of

L18 (21 9 35).

Submerged fermentation (phase 2)

Submerged fermentation was carried out in 25 mL anaer-

obic flask containing 20 mL of media. Production media
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was prepared by varying the composition (g/L) of carbon

source (tannic acid: 5, 10 and 15); nitrogen source (NH4Cl:

3.5, 7 and 10.5); phosphate source (KH2PO4: 1.5, 3 and

4.5); metal ion (MgSO4: 0.5, 1 and 1.5) [20]. The initial pH

was tested at two levels 5.0 and 6.0 and the fermentation

was performed at three different temperatures (30, 35, and

40 �C) (Table 1). Fermentation was carried out for 36 h

and 1 mL of sample from each trial was withdrawn [18].

The tannase activity was presented as the mean value of

three individual assays.

Experimental data analysis and prediction performance

(phase 3)

After conducting the experiments, the experimental data

were analyzed using the software Statistica 7.1 (Statsoft,

Tulsa, OK, USA). Results for influence of individual fac-

tors on tannase production and their performance at opti-

mal conditions using Taguchi approach were obtained. In

Taguchi methodology, the measure of quality is calculated

by the deviation of a characteristic from its target value and

a loss function [L(y)] is estimated for the deviation as

L(y) = k 9 (y–m)2, where k represents a constant of pro-

portionality, m represents the target value and y is the

experimental value obtained for each trial. Usually, there

are three categories for quality characteristics in Taguchi

methodology, i.e. the lower the better, the higher the better,

and the nominal the best. In this work were used the loss

function the higher the better that can be written as

L(y) = k 9 (1/y2) and represented in Eq. (1).

E L yð Þ½ � ¼ �10 � log10 1=nð Þ �
X

1=y2
i

� �h i
; ð1Þ

where the factor -10 ensures that this ratio measures the

inverse of ‘‘bad quality’’ and n represents the number of

samples.

For significant factors their percentage of contributions

were determined from

P ¼ SSi

SST

� 100 % ¼ SSi �MSi � dfi

SST

� 100 % ð2Þ

The interaction of the factors was estimated as shown in

Eq. (3) and expressed as percentage of severity index

(%SI).

Fig. 1 Schematic

representation of steps for

Taguchi methodology

Table 1 Selected factors and assigned levels for cultural conditions

No. Factor Level

1

Level

2

Level

3

1 pH 5 6

2 Temperature (�C) 30 35 40

3 Tannic acid (g/100 mL) 0.5 1 1.5

4 Phosphate (g/100 mL de

KH2PO4)

0.15 0.30 0.45

5 Nitrogen (g/100 mL de NH4Cl) 0.35 0.7 1.05

6 Mg2?(g/100 mL de MgSO4) 0.05 0.1 0.15
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%SI¼ x3y1ð Þ� x1y1ð Þ½ �� x2y1ð Þ� x1y2ð Þ½ �� x2y2ð Þ� x1y3ð Þ½ �
2�k

;

ð3Þ

where xLyL represent the interaction factors at the corre-

sponding levels and k is a constant that represents the

differences between maximum and minimum combined

factor average effects for all pairs of interaction.

Validation (phase 4)

To validate the Taguchi methodology some fermentation

experiments were further performed for tannase production

using obtained optimal culture conditions (Table 7).

Tannase assay

The tannase activity was evaluated by the spectrophoto-

metric method reported by [21]. The method is based on

the formation of chromogen between gallic acid (released

by the action of tannase on methyl gallate) and rhodanine

(2-thio-4-ketothiazolidine). For determining the tannase

activity four solutions were prepared: citrate buffer

(50 mM, pH 5), methyl gallate (0.01 M in citrate buffer

50 mM, pH 5), rhodanine (0.667 % w/v in methanol), and

KOH (0.5 N). Tannase assay procedure includes the

addition of 0.25 mL of crude enzyme to the same volume

of methyl gallate. This was followed by the addition of

0.30 mL of rhodanine and 0.20 mL of potassium hydroxide

solution with incubation at 30 �C for 5 min after each

addition. Reaction was diluted with 4 mL of distilled water

and again incubated at 30 �C for 10 min. The color for-

mation was read at 520 nm using a spectrophotometer

(VELAB, VE-5600UV). Tubes for blank and control were

used simultaneously for each sample. One unit of tannase

was defined as the amount of enzyme able to release one

lmol of gallic acid formed per minute under assay condi-

tions (temperature and time).

Tannase production in gas-lift fermentor

The production of tannase using the optimized culture

conditions by Taguchi methodology was validated in a 1-L

gas-lift fermentor (Fig. 2) with a working volume of 0.7 L.

The fermentation was initiated with a 1.0 % inoculum.

Nitrogen gas (industrial grade) was used for agitation and

anaerobically conditions of culture media. Two gas flow

conditions were sparged (0.5 and 1.0 vvm). Fermentation

was carried out for 24 h and 5 mL of sample was with-

drawn at 4-h intervals. Samples were filtered through a

0.45-lm membrane to separate the L. plantarum cells and

to measure tannase activity, tannic acid consumption, and

gallic acid accumulation. The biomass was determined as

mentioned below.

Substrate hydrolysis and gallic acid accumulation

Analysis for tannic acid hydrolysis and gallic acid accu-

mulation by L. plantarum CIR1 was carried out on a

VarianProStar HPLC system (Varian ProStar 330, Varian,

USA) equipped with a Star800 Photo Diode Array detector.

Separation of compounds was carried out using an octa-

decyl silane column (5 lm 9 250 mm 9 4.6 mm) and a

mobile three-phase gradient system (A: methanol, B: ace-

tonitrile, C: acetic acid (3 %)) at 31 �C and a flow rate of

1.4 mL min-1 with an injection volume of 10 lL. Detec-

tion was carried out at 280 nm.

Biomass estimation

The bacterial cell growth was determined by measuring the

dry cell weight. The biomass concentration was determined

by filtering the sample media using a 0.45-lm membrane

previously put at constant weight. The membranes were

dried at 50 �C for 24 h and then weighed. Estimation of

biomass concentration was determined using Eq. (4):

Biomass g=Lð Þ

¼ Membrane þ Biomasswtð Þ � Membranewtð Þ
Sample volume

� 1; 000

ð4Þ

Fig. 2 Representation of the gas-lift fermentor used in the present

work
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Kinetic parameter estimation

Kinetic parameters were estimated as follows:

Biomass production was estimated as X (g/L) by the

Velhurts-Pearl logistic equation [22] originally developed

for population growth and adapted by [23] for the pro-

duction of fungal tannase:

dX

dt
¼ l 1� X

Xmax

� �
X; ð5Þ

where l is the maximal specific growth and Xmax is the

equilibrium value for X where dX/dt = 0 the solution for

Eq. (5) is given below:

X tð Þ ¼ Xmax

1� Xmax � X0ð Þ=X0ð Þe�lt
ð6Þ

X0 refers to the value of X when t = 0. Eq. (6) is gen-

erally used for experimental data when Eq. (5) is proposed.

Minimal square error values are found as a function of

parameters X0, Xmax, and l.

Enzyme production kinetics

Production of enzyme activity, E (U/L), was estimated

according to the Luedeking and Piret model [24]:

dE

dt
¼ YE=X

dX

dt
þ kX; ð7Þ

where YE/X (U/g) is the yield production coefficient and

k (U/h g) is the secondary coefficient of enzyme production

(k [ 0) or destruction (k \ 0). The solution of Eq. (7),

E = E(X), is given below:

E ¼ E0 þ EE=X X � X0ð Þ þ kXmax

l
ln

Xmax � X0ð Þ
X � X0ð Þ

� �
; ð8Þ

with E0 being the value of E when X = X0.

The estimation of parameters for Eqs. (6) and (8) can be

obtained using minimization of the sum of squared errors

between experimental and calculated values for X(t) and

E(t) using the minimization program such as the solver

routine from Microsoft Excel 2007 (Microsoft Corporation,

Redmond, WA, USA).

Enzyme production and substrate uptake parameters

The specific production rate of enzyme was defined

according to [25] as follows:

qP ¼ l � YE=X ð9Þ

The specific substrate uptake rate was defined using the

next equation:

qS ¼ l=YX=S ð10Þ

YE/X and YX/S were calculated using the linear correla-

tion between tannase activities and biomass concentration,

and biomass and tannic acid concentration, respectively.

The enzyme productivity, Cobs, was defined for every

time (t [ 0) as

Cobs ¼
Emax

t

� �
; ð11Þ

where Emax represents the maximum ratio of enzyme titer

and t is the fermentation time. Modified Eq. (11) was used

to calculate the gallic acid productivity.

Cobs ¼
GAmax

t

� �
ð12Þ

Results and discussion

Optimization of tannase production

Analysis of tannase yield

The production of tannase by LAB has gained importance

because of its potential uses and applications in food

industry.

Experimental matrix for array L18 (21 9 35) and the

experimental means for each trial are showed in Table 2.

The results obtained experimentally were analyzed apply-

ing the higher the better category to obtain the optimal

tannase production. Hence, the mean values were com-

puted using the software Statistica 7.1.

Table 3 shows the average tannase activity and the esti-

mated parameters for every factor at their corresponding

levels. Estimated parameters represent the deviation of the

mean of the respective factor level from the overall mean and

are an index for the influence of the factor level over tannase

production. In the present work a maximization of the yield

was computed in the software, so for example, for factor

tannic acid, the largest yield occurred at level 3.

Figure 3 shows the influence of each individual factor

on tannase yield. Increasing the values of factors such as

pH, tannic acid, and temperature resulted in an increase in

tannase yield. Individually, the higher tannase yield was

observed at level 3 of tannic acid factor. NH4Cl induced

high tannase production at levels 1 and 3 but not at level 2.

According to [20], this may be due to the effect of the

others constitutive of culture medium and the different

environments generated by the combination of the levels.

According to our results, the lower level of phosphate

source was necessary to stimulate the bacterial growth and

the tannase production. Individually, the magnesium

source showed the better effect at level 2. The presence of

metal ions, such as magnesium, is necessary for the

expression of full catalytic activity of tannase [26].
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The interactions between two factors give a better per-

ception into the whole process analysis. Every individual

factor may interact with any or all the factors creating the

possibility of presence of a large number of interactions. In

Taguchi methodology the estimated interactions can be

calculated by the severity index (SI). SI allows knowing the

influence of two individual factors at various levels of the

interaction. In Table 4, the ‘‘columns’’ represent the

locations to which the interacting factors are assigned.

‘‘Levels’’ indicate the desirable levels of factors for the

optimum interaction. Interaction of 100 % of SI represents

a formation of a 90� angle between the lines (factors),

while 0 % of SI is for the formation of parallel lines. The

highest interaction (SI 68.17 %) was observed between

tannic acid and phosphate followed by phosphate and

nitrogen (SI 55.80 %), and tannic acid and nitrogen (SI

Table 2 Experimental matrix

for orthogonal array L18

(21 9 35)

Serial

no.

pH

(1)

Temperature

(2)

Tannic acid

(3)

KH2PO4

(4)

NH4Cl

(5)

MgSO4

(6)

Tannase (U/

L)

1 1 1 1 1 1 1 972.83

2 1 1 2 2 2 2 1,056.06

3 1 1 3 3 3 3 1,446.32

4 1 2 1 1 2 2 320.37

5 1 2 2 2 3 3 650.84

6 1 2 3 3 1 1 899.71

7 1 3 1 2 1 3 679.54

8 1 3 2 3 2 1 1,138.07

9 1 3 3 1 3 2 1,419.67

10 2 1 1 3 3 2 879.51

11 2 1 2 1 1 3 987.38

12 2 1 3 2 2 1 1,369.97

13 2 2 1 2 3 1 1,194.63

14 2 2 2 3 1 2 2,176.75

15 2 2 3 1 2 3 4,055.76

16 2 3 1 3 2 3 1,832.35

17 2 3 2 1 3 1 2,180.99

18 2 3 3 2 1 2 3,278.26

Table 3 Average tannase

activity by factor level
Effect Level Tannase means (U/L) Estimated

parameters

Standard deviation Standard error

pH 1 931.49 -522.53 175.05 2.55

2 1,976.55 522.53 291.43 3.28

Temperature 1 1,118.68 -335.34 395.22 5.18

2 1,549.68 95.65 285.99 4.41

3 1,693.70 239.68 171.16 3.41

Tannic acid 1 952.01 -501.92 123.46 2.90

2 1,359.46 -94.55 240.89 4.05

3 2,050.50 596.48 279.05 4.36

KH2PO4 1 1,628.39 174.37 274.80 4.32

2 1,354.88 -99.13 401.11 5.22

3 1,378.79 -75.23 176.04 3.46

NH4Cl 1 1,482.41 -28.39 264.03 4.24

2 1,612.10 158.07 436.93 5.45

3 1,267.55 -186.47 78.54 2.31

MgSO4 1 1,287.14 -166.87 369.24 5.01

2 1,493.99 39.97 303.83 4.55

3 1,580.92 126.90 203.14 3.72
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47.85 %). As we can see, the common factors in those

three interactions are tannic acid phosphate and nitrogen

sources. Individually, tannic acid was the most influential

factor; however, when interacting with phosphate and

nitrogen, the tannase yield increases. It was obvious that

tannic acid resulted as the major effect factor for tannase

production because it is the induction source for tannase

production. The phosphate source is an important factor for

optimization because it promotes the microbial growth

increasing the tannase synthesis level and decreasing the

maximum production time [12].

Analysis of variance (ANOVA)

The relative influence of selected factors and their inter-

actions in terms of significant factor and interaction influ-

ence are depicted in Fig. 4. The contribution of individual

factors is the key to any fermentation process. The per-

centage of contribution for each factor was tested by the

ANOVA (Table 5).

It can be seen that pH is the most significant contributory

factor; however, when the Eq. (3) is applied for calculate the

percentage of contribution the most influential factor results

to be tannic acid because of its degrees of freedom. Three

factors (phosphate, nitrogen, and magnesium sources) were

pooled into the error factor due to their lower significance and

influence on the process (Table 6). The most influential fac-

tors on tannase production by L. plantarum CIR1 were tannic

acid (42.87 %), pH (29.45 %), and temperature (8.19 %).

The factors considered as insignificant were treated as if

they were not present (pooling) by combining the influence

Fig. 3 Individual factors

performance at different levels

Table 4 Estimated interaction of severity index

Factors Columns SI (%) Levels

1 Tannic acid 9 phosphate 3 9 4 68.17 3, 1

2 Phosphate 9 nitrogen 4 9 5 55.80 1, 2

3 Tannic acid 9 nitrogen 3 9 5 47.85 3, 2

4 Temperature 9 tannic acid 2 9 3 45.17 2, 3

5 pH 9 temperature 1 9 2 39.84 2, 2

6 pH 9 nitrogen 1 9 5 33.01 2, 2

7 pH 9 Mg2? 1 9 6 28.73 2, 3

8 Temperature 9 nitrogen 2 9 5 26.61 2, 2

9 pH 9 tannic acid 1 9 3 25.05 2, 3

10 Tannic acid 9 Mg2? 3 9 6 22.48 3, 3

11 pH 9 phosphate 1 9 4 22.38 2, 1

12 Temperature 9 Mg2? 2 9 6 19.01 2, 3

13 Phosphate 9 Mg2? 4 9 6 18.36 1, 3

14 Nitrogen 9 Mg2? 5 9 6 17.43 2, 2

15 Temperature 9 phosphate 2 9 4 12.65 2, 1

Fig. 4 Relative influence of factors
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of the factor with that of the error term. As a rule, a factor

is pooled when its contribution is\10 % [27]. However, in

the present work was decided to pool the factors with

contribution \5 % to keep temperature because was con-

sidered as an important factor for tannase production.

The error term or error factor is the row above the total

row in Tables 5 and 6. An error of 19.49 % was observed.

According to [27], the error term for Taguchi methodology

not only represents any experimental error but also

includes the influence of two kinds of factors: factors not

included in the experiment and uncontrollable factors

(noise factors). Hence, a high value of the error factor is not

a reflection of the quality of the experiment. A high percent

of contribution for error factor does not mean that the

experiment is bad or that the factors’ influences are unre-

liable. Probably, the inoculum and the static condition of

fermentation were important factors not considered in this

experiment that could have had an important effect on the

tannase production. Authors have used similar array

(Taguchi L18) for optimization of a bioprocess and

obtained lower values for the error factor [20, 28]. How-

ever, they did not show the Square Sum (SS) values for the

error and did not mention how the percentage of contri-

bution for the error was calculated.

Validation of experiments

Optimum conditions of different factors and their perfor-

mance in terms of contribution to obtain higher tannase

yield were depicted in Table 7. According to the model

employed by the statistical software the expected tannase

production was 3,272.06 U/L.

In order to validate the experimental methodology, fer-

mentation experiments employing the optimal conditions

(pH, 6; temperature, 40 �C; tannic acid, 1.50 g %; KH2-

PO4, 0.15 g %; NH4Cl, 0.70 g %; MgSO4, 0.10 g %) were

performed for the tannase production. The experimental

results for validation step showed an increase for tannase

yield of 3,143.09 ± 310 U/L. This experimental result was

very close to the predicted value (3,272.06 U/L) obtained

from the statistical evaluation. It represents an increasing

of 2.54-fold compared to its unoptimized conditions (1,239

U/L) [18]. Das Mohapatra [20] reported an increase of

2.18-fold for the production of tannase by Bacillus

Table 5 Analysis of variance

(un pooled data)
Serial Factors df SS MS F p Percentage P (%)

1 pH 1 4,914,666 4,914,666 6.49 0.043 32.45

2 Temperature 2 1,074,323 537,161 0.70 0.528 7.09

3 Tannic acid 2 3,699,981 1,849,990 2.44 0.167 24.43

4 Phosphate 2 275,361 137,681 0.18 0.838 1.81

5 Nitrogen 2 363,389 181,694 0.24 0.793 2.39

6 Mg2? 2 273,293 136,647 0.18 0.839 1.80

Error 6 5,453,521 756,913 30.03

Total 17 15,142,491 79,516 100

Table 6 Analysis of variance

(pooled data)

a Factors pooled into the error

factor

Serial Factors df SS MS F p Percentage P (%)

1 pH 1 4,914,666 4,914,666 10.81 0.006 29.45

2 Temperature 2 1,074,323 537,161 1.18 0.331 8.19

3 Tannic acid 2 3,699,981 1,849,990 4.07 0.045 42.87

4 aPhosphate (2) 275,361 – – – –

5 aNitrogen (2) 363,389 – – – –

6 aMg2? (2) 273,293 – – – –

Error 12 5,453,521 454,460.1 19.49

Total 17 15,142,491 79,516 100

Table 7 Optimal culture conditions and expected results

Factors Level Value Contribution

pH 2 6 522.53

Temperature 3 40 239.68

Tannic acid 3 1.50 596.48

KH2PO4 1 0.15 174.37

NH4Cl 2 0.70 158.08

MgSO4 3 0.10 126.90

Expected 3,272.06 U/L

Experimental validation 3,143.09 ± 310 U/L

Initial tannase 1,239 U/L
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licheniformis KBR6 using the Taguchi methodology.

Kannan and Aravidnan [29] reported that the tannase

production by L. plantarum MTCC1407 under submerged

fermentation was enhanced to 2.0-fold using the Response

Surface Methodology.

Tannase production process in gas-lift bioreactor

In fermentation processes, the bioreactor provides the

environment for growth and activity for microorganisms

which cause the biological reaction [32]. The production of

tannase by L. plantarum CIR1 using the Taguchi optimized

conditions (Table 7) was experimented at a gas-lift biore-

actor. Two gas flows (0.5 and 1.0 vvm) were sparged to

evaluate the capability of L. plantarum to grow and pro-

duce tannase under those stress conditions and additionally

to predict the fermentation profile using kinetic models.

Kinetic growth

Experimental results revealed that the maximum cell mass

concentration of 1.9 g/L was obtained using an agitation

rate of 0.5 vvm at 20 h of fermentation (Fig. 5a). Using an

agitation rate of 1.0 vvm the maximum growth of L.

plantarum was 1.3 g/L at the same time of fermentation

(Fig. 5b). In both cases, the L. plantarum growth did not

show lag phase. It indicates that the microorganism had

well adaptated well to the culture media, especially to

tannic acid, and possesses the ability to hydrolyze it rap-

idly. It can be demonstrated by the specific growth rate

values which were 0.38 and 0.61 h-1 for agitation condi-

tions of 0.5 and 1.0 vvm, respectively (Table 8).

Figure 5a and b show that in the batch culture as the

nitrogen flow rate increased, the cell mass concentration

decreased. The explanation may be found in the functional

Fig. 5 Growth kinetic profile of

L. plantarum CIR1 under the

agitation flow of a 0.5 vvm and

b 1.0 vvm

Fig. 6 Kinetic production of

tannase at nitrogen flow of a 0.5

vvm and b 1.0 vvm
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behavior of the gas-lift reactor, where with the increasing

of nitrogen flow rate the recirculation velocity increases

resulting in a high force shear. Due to this the L. plantarum

cells need more energy to survive the high liquid velocity

and turbulence medium and also higher maintenance

energy is required to sustain against higher liquid velocity

causing low yield of biomass concentration. Lactobacillus

plantarum CIR1 probably is highly shear-sensitive and the

shear stress caused by aeration can adversely affect cell

growth.

Tannase production kinetic

The tannase production was found to be started at 4 h of

fermentation in both 0.5 and 1.0 vvm nitrogen flow rate

agitation (Fig. 6a, b). The maximum tannase activity was

found to be 6,675.14 U/L obtained at 24 h of fermen-

tation under a nitrogen flow of 1.0 vvm. The maximal

tannase activity (4,272.30 U/L) for the flow rate of 0.5

vvm of nitrogen was obtained at the 24 h of fermenta-

tion. These patterns are the result of the effect of

nitrogen flow rate because of the high shear situation

observed at 1.0 vvm. It probably produces a higher

secretion of enzyme or a more active enzyme as con-

sequence of the required supply energy maintenance.

In the present work the maximal production of tannase,

for both flows, reached the peak after the stationary phase.

Similar pattern was observed in Serratia ficaria [30]

intracellular tannase, which reaches the maximum tannase

production in the late stationary phase.

Kinetic parameters

The kinetic models, such as logistic model for cell growth

and logistic incorporated Luedeking-Piret model for tan-

nase production, were used to predict the kinetic profile.

The logistic model predicted the growth kinetic profile of

L. plantarum at both 0.5 and 1.0 vvm conditions with R2

(coefficient of determination) values of 0.982 and 0.978,

respectively (Figs. 5 and 6). The product formation kinetic

model was able to predict the synthesis of tannase by L.

plantarum. The R2 values for tannase production were

0.911 and 0.885 for the nitrogen flow rates of 0.5 and 1.0

vvm, respectively.

Estimated kinetic model parameters for batch tannase

production by L. plantarum CIR1 are depicted in Table 8.

The logistic model allows predicting a maximal biomass

production of 1.83 g/L in 0.5 vvm and 1.21 g/L in 1.0 vvm.

The corresponding values of l indicate a rapid adaptation

and growth of microorganism into the media for both flow

rates. Kannan [31] showed a low (0.13/h) specific growth

rate for the strain L. plantarum MTCC1407 using orbital

agitation and submerged culture.

The ratio of E/t is a measure of the productivity of

enzyme in the media. Maximal tannase productivity, CE, is

estimated per unit of liquid broth (U/L/h). Enzyme pro-

ductivity for 1.0 vvm was 1.56-fold higher than 0.5 vvm

productivity. There was a significant increase in produc-

tivity from 34.41 U/L/h (initial unoptimized tannase

activity) to 178.01 and 278.14 U/L/h which represents an

increase of 5.17- and 8.08-fold for the flow rates of 0.5 and

1.0 vvm, respectively. Those results indicate that tannase

production from L. plantarum CIR1 is liable to larger

volumes using a gas-lift bioreactor.

In Table 8 is shown the final tannic acid concentration

(S24) for both culture conditions. In the flow rate of 1.0 vvm

a final tannic acid concentration of 2.38 g/L was obtained,

whereas at 0.5 vvm the final concentration was 4.43 g/L.

Low value of biomass yield (0.08 gX/gS) was obtained for

agitation rate of 1.0 vvm; hence a slow rate of substrate

uptake was also obtained (6.99) despite high consumption

of tannic acid. Those results explain the previous discus-

sion about the relationship of tannase production and

microbial growth, justifying the hypothesis that L. planta-

rum employed its energy to survive and not to grow under

shear force stress.

Finally, L. plantarum CIR1 tannase could carry out high

gallic acid production (Table 8). Productivity of process at

0.5 vvm was 220.46 mg/h. However, a productivity of

359.68 mg/h of gallic acid was obtained using a nitrogen

flow of 1.0 vvm; it represents an increase of 1.63-fold using

the high gas flow rate.

Conclusion

Latobacillus plantarum CIR1 is an efficient tannase pro-

ducing bacterium. The Taguchi methodology allowed to

Table 8 Kinetic parameters

Parameters Units 0.5 vvm 1.0 vvm

Xmax g/L 1.83 1.21

l h-1 0.38 0.61

Emax U/L 4,348.48 6,241.03

YP/X U/gX 2,886.25 6,067.58

qP U/gX/h-1 1,104.60 3,757.24

CE U/L/h 178.01 278.14

S0 g/L 15 15

S g/L 4.43 2.38

YX/S gX/gS 0.14 0.08

qS gX/gSh 2.05 6.99

CGA mg/h 220.46 359.68
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obtain the optimal culture conditions. There is an evident

influence of tannic acid as the most important factor for the

tannase production. The experimental validation of the

model is very close to the predicted value. The optimal

culture conditions were tested in a 1-L gas-lift reactor.

Experimental results allowed to increase the enzyme pro-

ductivity 8.08-fold compared with unoptimized conditions.

This is the first report for the bacterial tannase production

under anaerobic submerged fermentation using a gas-lift

bioreactor.
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