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Abstract The requirements for the production of opti-

mized Zea mays transglutaminase (TGZo) using Pichia

pastoris GS115 (pPIC9K-tgzo) were optimized in this

study. Plackett–Burman design was used to screen vari-

ables that significantly influence TGZo production. Oleic

acid, methanol, and loading volume were identified as the

most significant parameters. Central composite design was

employed to determine the optimal level of these three

parameters for TGZo production. Results showed that

1078 mU/mL of TGZo activity and 7.6 mg/L of TGZo

production were obtained under conditions of 0.07% oleic

acid, 1.31% methanol, and 7.36% loading volume. To

explore the functional characteristics of TGZo, it was used

in yogurt. It was found that the addition of TGZo could

produce yogurt with stronger acid gel and higher consis-

tency, cohesiveness, index of viscosity, and apparent vis-

cosity than the untreated product. Therefore, TGZo can be

used as a substitute for microbial transglutaminase in the

yogurt, even in the food industry.
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Introduction

Transglutaminase (TGase, protein-glutamine c-glutamyl-

transferase, EC 2.3.2.13) is a transferase that catalyzes the

acyl transfer reaction between the c-carboxamide group in

glutamine residues and various primary amines in poly-

amine [1]. This enzyme is widely used in the food industry.

Cross-linking in proteins by TGase leads to the change of

protein functionalities such as water-holding capacity,

solubility, gelation property, emulsifying capacity, and

nutritional value [2]. Guinea pig liver TGase (GTG) was

the first TGase used in food to enhance texture, but GTG

required Ca2? for its activation, which led to protein pre-

cipitation in some foods containing casein, soybean glob-

ulin, or myosin [3]. In addition, the scarce source as well as

the extensive purification procedure led to the search for

alternative microbiological sources such as Streptoverti-

cillium sp., Streptomyces sp., Bacillus subtilis, Candida

albicans, and other organisms [4]. Microbial transglutam-

inase (MTG) is Ca2? independent and shows lower sub-

strate specificity as compared to animal TGase. Because of

these advantages and low cost of production by fermenta-

tion technology, MTG from S. mobaraensis is commer-

cially available and mostly used as an efficient cross-

linking enzyme in the food industry.

Because of the difficulties in separation and purification,

the research of plant TGase is far behind that of other

species. The activity of plant TGase was first observed in

pea seedlings in 1987 [5]. Plant TGase has its own unique

characteristics. The molecular weight of TGase is different

in plants, ranging from 39 to 80 kDa [6–9]. Ca2? addition

seems to be unnecessary as it sometimes enhances the

TGase activity; however, at a relatively high concentration,

it becomes an inhibitor [6–10]. Plant TGase has the same

substrate-specific site as animal TGase and MTG, such as
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pepsin, fibrinogen, and insulin. However, it could also

recognize some specific-substrate sites that have not been

described for TGase from other sources, such as cellulase,

creatine kinase, apoproteins of the antenna complex, and

rubisco [5, 7].

The research on plant TGase has been hampered by their

complicated separation and purification procedures from

natural sources and by the lack of deoxyribonucleic acid

and amino acid sequences as reported in the available

databases. Till date, only two recombinant plant TGases,

AtPng1p from Arabidopsis thaliana [11] and Zea mays

transglutaminase (TGZ) from maize [12], have been

reported, and the research has primarily focused on

recombinant maize TGase. We expressed Zea mays trans-

glutaminase gene (tgz) in Escherichia coli and P. pastoris,

wherein the yield of TGZ was 1.41 [13] and 1.44 mg/L

[14], respectively. We further optimized the tgz gene using

SOEing-PCR according to the codon bias of P. pastoris,

and the yield of TGZ achieved was 4.4 mg/L [15]. The

characterization of TGZo was studied and the result

showed that TGZo had higher thermostability and wider

range of pH than MTG from S. mobaraensis and S.

hygroscopicus [16]. These results indicated that TGZo is

suitable for food processing.

The fermentation conditions of recombinant P. pastoris

were found to have great influence on the production of

heterologous proteins [17]. However, the conventional

single-parameter optimization methods often fail to deter-

mine the optimal conditions of protein production. Owing

to the interaction of various factors that are ignored [18], an

effective method is needed to resolve this problem.

Plackett–Burman (P–B) design and the response surface

methodology (RSM) are efficient ways to optimize all

variable parameters and thus eliminate the drawbacks of

traditional methods. P–B design can identify the significant

factors among several variable parameters [19]. Moreover,

RSM, including regression analysis, can build models to

study the mutual interactions between factors and deter-

mine the optimal condition of variables [20]. This method

had been successfully employed for the optimization of

multiple variables in many bioprocesses [21].

The cross-linking effect of MTG on milk protein has

been widely studied. It was reported that the addition of

MTG could improve the viscosity, hardness, gel strength,

and stability of yogurt [22]. Moreover, because of the

establishment of e-(c-glutamyl) lysine links, the syneresis

of yogurt was reduced, a smooth surface was formed, and

the quality of yogurt was improved [23]. The aim of this

study was to improve the production of TGZo and research

the influence of this plant TGase on the properties of set-

style yogurt. In this study, first the fermentation factors for

the expression of TGZo in P. pastoris GS115 were opti-

mized using P–B design and central composite design

(CCD). Then, the purified TGZo was added into milk

yogurt and the physicochemical quality attributes were

compared with those of MTG.

Materials and methods

Materials

The cow milk was purchased from Mengniu (Harbin,

China). Milk fat and protein content were 3.7 and 3.0%,

respectively. A probiotic yogurt starter (Yo-Mix 161 LYO

375 DCU) was obtained from Danisco (Beijing, China).

MTG was extracted from S. mobaraensis DSM40587 and

the specific activity was 2.9 U/mg [24].

Microorganism, medium, and culture

Recombinant strain P. pastoris GS115 (pPIC9K-tgzo)

(his?mut?) was stored in 20% glycerol at -80 �C [15].

The recombinant strain was grown in a BMGY medium at

30 �C for 24 h as the growth phase. The cells were then

induced in the BMMY medium for 96 h at 28 �C. Further,

0.5% methanol was added to the BMMY medium every

24 h to sustain the methanol level. After centrifugation,

supernatants were harvested as crude TGZo.

BMGY: 1% yeast extract, 1% glycerol, 1.34% YNB, 2%

peptone, 4 9 10-5% biotin, and 100 mmol/L phosphate

buffer, pH 6.0. BMMY: 1% yeast extract, 1.34% YNB, 2%

peptone, 0.5% methanol, 4 9 10-5% biotin, and

100 mmol/L phosphate buffer, pH 6.0. Metal ions:

CuSO4�5H2O 6 g/L, FeSO4�6H2O 0.65 g/L, H3BO3 0.02 g/

L, ZnCl2 3 g/L, MnSO4�7H2O 3 g/L, KI 0.09 g/L, and

CoSO4 0.5 g/L.

Enzyme activity assay

The activity of recombinant TGZo was determined by a

colorimetric method [25] with modifications. The reaction

mixture including 50 lL buffer (0.04 mol/L N-CBZ-Gln-

Gly, 0.04 mol/L NaOH, 0.08 mol/L Tris–HCl buffer (pH

8.0), 0.02 mol/L hydroxylamine, and 0.002 mol/L GSH)

and 50 lL enzyme solution were incubated for 10 min at

37 �C. Then, the absorbance at 525 nm was measured

using a microplate reader (BioTek, USA) after adding

50 lL stop solution (3 mol/L HCl, 0.7 mol/L tri-

chloroacetic acid, and 0.2 mol/L FeCl3�6H2O) to terminate

the reaction. One unit of activity was defined as the amount

of TGase that caused the formation of 1 lmol hydroxamic

acid at 37 �C per min. Protein concentrations were calcu-

lated using a Bradford Protein Assay Kit (Beyotime,

Shanghai, China) and bovine serum albumin was used as a

standard.
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Plackett–Burman design

In this study, fermentation conditions including induction

time, initial pH, methanol concentration, biomass, loading

volume, metal ions, and oleic acid were studied using P–B

design to confirm the variables that significantly influenced

TGZo production. Each factor was tested at a low level

(-1) and a high level (?1). The values of -1 and ?1 were

chosen according to a single-factor experimental result

(data not shown). Table 1 shows the variables and their

corresponding values used in the experiment. The eleven

factors including four dummy variables to calculate the

standard error were evaluated in twelve experimental trials

(Table 2). Results of regression analysis showed that the

variables with confidence levels above 95% had a signifi-

cant influence on TGZo production; thus, these variables

were used for CCD. The first-order model of P–B design is

as follows:

Y ¼ b0 þ
Xk

i¼1

bivi ð1Þ

where Y is the response (TGZo activity), b0 is the inter-

cept, bi is the linear coefficient, vi is the value of the

variable, and k is the number of input variables.

Path of steepest ascent

The direction of steepest ascent is determined via TGZo

production by decreasing or increasing the values of sig-

nificant factors. The base point was initiated from the

center of the P–B design. The steepest ascent path was

performed until the TGZo production did not increase

further.

Response surface methodology

A CCD of RSM with three factors and five levels (Table 3)

was used to further determine the values of oleic acid,

methanol, and loading volume. The 20 experiments con-

ducted in this study are shown in Table 3. A second-order

model used to fit the response to the independent variables

is shown in Eq. 2:

Y ¼ b0 þ
Xk

i¼1

biviþ
Xk

i¼1

biiv
2
iþ

Xk

1� i� j

bijvivj ð2Þ

where Y is the predicted response (TGZo activity), b0 is the

intercept, bi is the linear effect, vi and vj are independent

variables, bii is the quadratic effect, bjj is the interaction

between vi and vj, and k is the number of variables.

Cross-linking effect of TGZo on milk yogurt

The cow milk was pasteurized at 95 �C for 5 min. Then,

milk samples were rapidly cooled to 42 �C in ice water.

TGZo was added at different concentrations (0, 0.25, 0.5,

and 1 U/g protein for milk) and MTG was a positive

control. The samples were then inoculated with 0.04%

probiotic yogurt starter culture (YO-MIXTM, Yoghurt

Cultures, Yo-Mix 161 LYO 375 DCU, Danisco, Beijing,

China). The samples were incubated at 42 �C for about

3.5 h until the pH reached 4.6, then the yogurt was cooled

and placed at 4 �C for 2 days. The yogurt-added TGZo and

MTG were examined for physicochemical characteristics

including texture, apparent viscosity, and syneresis. Tex-

ture and apparent viscosity were analyzed according to the

method of Li et al. [15]. Syneresis was determined using

the method described by Farnsworth et al. [26].

Data analysis

Experimental design and regression analysis were con-

ducted using Design-Expert.V8.0.6 (Stat-Ease Inc., Min-

neapolis, USA). SPSS 14.0 was chosen for statistical

analyses and Duncan’s post-test was used for the analysis

of variance (ANOVA).

Table 1 Levels of the variables for P–B design

Variables Symbol Levels Contribution (%) Standardized Effect p value Prob[F

Low (-1) High (?1)

Induction time (h) X1 72 120 2.87 72.29 0.1502

Initial pH X2 6 7 8.31 -123.03 0.0605

Methanol (%, V/V) X3 1 3 23.71 -207.85 0.0225

Biomass X4 1 3 0.046 -9.18

Loading volume (%) X5 10 15 13.08 -154.40 0.0397

Metal ions (%, V/V) X6 0.3 0.9 1.12 45.25 0.2897

Oleic acid (%, V/V) X7 0.05 0.15 27.01 -221.86 0. 0198
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Result and discussion

Plackett–Burman design

P–B design is an efficient method to screen ignificant

variables among a large number of factors [27]. Eleven

factors (including four dummy variables) were analyzed to

select the significant variables that affect TGZo production.

TGZo activity changed extensively from 80.73 to

718.75 mU/mL (Table 2). Based on the statistical analysis,

a first-order model was obtained from the P–B analysis

result:

Y mU/mLð Þ ¼ 321:37

þ 36:15X1�61:51X2�103:92X3�77:20X4

þ 22:62X5�110:93X6

ð3Þ

The coefficient R2 of this model was 0.9890, indicating that

this model could explain 98.9% variability in the response.

Because the contribution of biomass for TGZo production

Table 2 P–B design of

variables (in coded levels) with

TGZo activity as response

values

Run

no.

Experimental value TGZo activity(mU/mL)

X1 X2 X3 X4 X5 X6 X7 D1 D2 D3 D4

1 1 1 -1 1 1 1 -1 -1 -1 1 -1 432.29

2 -1 1 1 -1 1 1 1 -1 -1 -1 1 80.73

3 1 -1 1 1 -1 1 1 1 -1 -1 -1 250.00

4 -1 1 -1 1 1 -1 1 1 1 -1 -1 93.75

5 -1 -1 1 -1 1 1 -1 1 1 1 -1 145.83

6 -1 -1 -1 1 -1 1 1 -1 1 1 1 484.38

7 1 -1 -1 -1 1 -1 1 1 -1 1 1 171.88

8 1 1 -1 -1 -1 1 -1 1 1 -1 1 666.67

9 1 1 1 -1 -1 -1 1 -1 1 1 -1 119.79

10 -1 1 1 1 -1 -1 -1 1 -1 1 1 106.77

11 1 -1 1 1 1 -1 -1 -1 1 -1 1 510.42

12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 718.75

Table 3 Experimental design

and response values of CCD
Run

no.

Oleic acid

(%, V/V)

Methanol

(%, V/V)

Loading volume

(%)

TGZo activity (mU/mL)

Observed Predicted

1 0.05 1.2 6 919.75 877.69

2 0.1 1.2 6 584.90 588.83

3 0.05 1.6 6 215.63 249.45

4 0.1 1.6 6 150.84 118.01

5 0.05 1.2 10 280.65 280.49

6 0.1 1.2 10 295.83 229.02

7 0.05 1.6 10 198.09 160.18

8 0.1 1.6 10 256.06 265.13

9 0.033 1.4 8 457.52 469.15

10 0.117 1.4 8 280.33 315.34

11 0.07 1.064 8 572.38 618.37

12 0.07 1.73 8 119.79 120.45

13 0.07 1.4 4.64 566.67 572.25

14 0.07 1.4 11.36 152.71 193.77

15 0.07 1.4 8 968.22 963.98

16 0.07 1.4 8 958.89 963.98

17 0.07 1.4 8 947.67 963.98

18 0.07 1.4 8 983.88 963.98

19 0.07 1.4 8 976.78 963.98

20 0.07 1.4 8 956.46 963.98
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was low (only 0.046), this factor was neglected when

analyzed by ANOVA. The analysis result indicated that

oleic acid, methanol, and loading volume have the greatest

impact on TGZo production (Table 1).

In the P. pastoris expression system, methanol is known

as an inducer for the expression of heterologous proteins.

Moreover, it is also utilized as a carbon source for the

growth of P. pastoris. Methanol and oxygen molecules are

required in the medium for the expression of alcohol oxi-

dase 1 promoter in the peroxisome [28].

Peroxisome is a central metabolism organelle that can

utilize methanol as a carbon source for P. pastoris growth

[29]. The formation of peroxisome in methylotropic yeast

is influenced by the carbon source and other culture con-

ditions [30]. Moreover, oleic acid is a kind of carbon

source that can induce the formation of peroxisome [31];

therefore, we chose oleic acid and methanol as a co-carbon

source in the induction phase of P. pastoris. In the ana-

bolism and catabolism of P. pastoris, methanol is a sub-

strate with high oxygen demand; therefore, the oxygen

concentration somehow affects the productivity of the

target protein. Oxygen limitation negatively affects the

expression of target genes, and its level is found to be a

critical parameter for high cell density and protein pro-

duction [32]. Liquid in the Erlenmeyer flask was shaken on

the shaker generated a gas–liquid mixing and dispersion,

which effectively dissolved oxygen in the air. The liquid

volume had a direct relationship with the dissolved oxygen

concentration and was found to be a significant factor that

affected TGZo production in this experiment. Therefore,

oleic acid, methanol, and loading volume were chosen for

the next optimization to achieve maximum TGZo

production.

Path of steepest ascent

P–B design results showed that the effects of oleic acid,

methanol, and loading volume were negative, thus

decreasing the level of these variables and resulting in

higher TGZo production. The origin of the path was con-

sidered as the center point of the P–B design. It was found

that the highest TGZo activity was 952.38 mU/mL,

whereas the significant variables were oleic acid 0.07%,

methanol 1.4%, and loading volume 8%. Therefore, this

point was chosen for CCD.

Response surface methodology

Based on the above results, CCD was employed to deter-

mine the optimum values of three independent factors

(oleic acid, methanol, and loading volume). The five coded

levels of three parameters and TGZo activity as response

values are shown in Table 3. By multiple regression

analysis, the second-order polynomial equation for TGZo

production was built and shown as below:

Y mU=mLð Þ ¼ 963:98� 45:73X1� 148:03X2� 112:52 X3

þ 39:11 X1X2 þ 59:10X1X3

þ 126:98X2X3� 202:14 X2
1

� 210:21X2
2� 205:4 X2

3

ð4Þ

where Y is the predicted TGZo activity, X1 is oleic acid, X2

is methanol, and X3 is the loading volume.

According to the analysis, the F-value of this model was

151.65, and the lack of fit F-value was 16.61. These results

indicated that the experimental data were all in good

agreement with the theoretical model. The p value

(p\ 0.0001) and lack of fit (0.0039) also supported this

result. The coefficient of determination R2 was used to

check the quadratic regression equations. The value of R2

was 0.9927, indicating that this model could explain

99.27% variability in the response. This value implied that

the accuracy and general ability of this second-order model

was good. The values of adjusted determination coefficient

(Adj R2 = 0.9862) and predicted determination coefficient

(R2 = 0.9428) also confirmed the accuracy of this poly-

nomial model. The coefficient variation was 7.41%, indi-

cating that this fermented experiment was highly credible.

Response surface curves are plotted to calculate the

value of each independent factor for maximum response

and to explain the relation of the factors. Three-dimen-

sional response surface curves are shown in Fig. 1. Each

figure presents the interaction between the two variables

while the other variable was set to zero level. The results

predicted by this model indicated that the maximum value

of TGZo production could be obtained when the oleic acid,

methanol, and loading volume were 0.07, 1.31, and 7.36%,

respectively. The maximum predicted TGZo activity was

1029 mU/mL.

To validate the adequacy of the above results, three

independent experiments were conducted using the pre-

dicted optimal conditions. The activity of TGZo was

1078 ± 6.55 mU/mL, which is consistent with the pre-

dicted value. This result demonstrated the accuracy and

reliability of the response model. After purification, TGZo

production was 7.6 mg/L, which was 73% higher than the

production before optimization [15].

Cross-linking effect of TGZo on milk yogurt

To estimate the effect of TGZo on the functional properties

of yogurt, MTG was chosen as a positive control. TGZo

and MTG were added to the cow milk and some physic-

ochemical characteristics of yogurt were evaluated through

texture analysis, apparent viscosity, and syneresis.

Optimization of TGZ and its influence on yogurt 727
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Fig. 1 Response surface plots

for the optimization of TGZo

expression. The interaction

between (A) methanol and oleic

acid, (B) loading volume and

oleic acid, and (C) loading

volume and methanol
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Texture analysis is a significant way to estimate the

quality of yogurt. Its evaluation parameters include four

parts (firmness, consistency, cohesiveness, and index of

viscosity). The results of texture analysis are shown in

Table 4. The four evaluation indicators of yogurt catalyzed

by TGZo were significantly higher than the sample without

the enzyme. This increase may be due to the formation of

e-(c-glutamyl) lysine bonds catalyzed by TGZo [33], and

these covalently cross-linked polymers stabilized the

yogurt gel network [34]. However, the effect of TGZo on

milk yogurt was lower as compared with that of MTG

(Table 4). This may be related to the characterization of

TGZo. The thermostability of TGZo and MTG is similar,

but TGZo has considerably lower activity and stability in

acid condition compared with MTG [15, 16].

According to Fig. 2(A), the apparent viscosity of yogurt

increased with the addition of TGZo and MTG. Moreover,

the effect of these two enzymes was similar when milk was

treated with 0.25–0.5 U/g TGZo or MTG protein. How-

ever, the value of MTG-catalyzed yogurt was significantly

improved by the addition of 1 U/g protein. Similar results

were found by texture analysis (Table 4). Owing to the

enzymatic cross-linking effect of milk protein, the strength

of the gel resistance to breaking was increased.

Syneresis is a familiar phenomenon in yogurt. It refers

to whey separation and gel shrinkage, and TGase is used to

prevent yogurt syneresis. Syneresis of yogurt catalyzed by

two enzymes was lower than that of control samples

(Fig. 2B). Syneresis of TGZo-treated yogurt increased

slightly as compared to that of the sample catalyzed by

MTG with 0.25–0.5 U/g protein, which was inconsistent

with the previous report [16]. This may be attributed to the

addition of metal ions and oleic acid in the expression,

which changed the catalytic properties of TGZo. However,

two samples treated with different enzymes had similar

syneresis at 1 U/g protein.
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Table 4 Texture analysis of

cow milk yogurts cross-linked

by different concentrations of

TGZo and MTG

Milk yogurt Firmness (g) Consistency (gs) Cohesiveness (g) Index of viscosity (gs)

C 184.72 ± 5.82a 3038.31 ± 9.04a 178.45 ± 1.13a 349.03 ± 10.52a

M0.25 344.23 ± 5.55c 4775.86 ± 87.26b 279.11 ± 4.21c 381.01 ± 2.87b

M0.5 508.63 ± 4.49e 5198.28 ± 16.68d 476.16 ± 10.98e 494.64 ± 4.42e

M1.0 674.35 ± 6.41f 5474.24 ± 63.77d 640.64 ± 7.13f 500.15 ± 6.12e

T0.25 197.74 ± 4.51a 4814.66 ± 16.29b 220.00 ± 4.21b 399.20 ± 9.08bc

T0.5 262.77 ± 12.89b 4800.27 ± 8.62b 267.77 ± 4.17c 408.47 ± 5.89 cd

T1.0 404.05 ± 10.91d 5102.34 ± 14.85c 363.49 ± 3.17d 427.29 ± 4.75d

C: milk yogurt without addition of enzyme; M0.25–M1.0: different concentrations of MTG (0.25, 0.5, and

1.0 U/g); T0.25–T1.0: different concentrations of recombinant TGZ (0.25, 0.5, and 1.0 U/g). All data were

shown as mean values ± S.D. (n = 3). Values followed by different letters in the same row are signifi-

cantly different (p\ 0.05)
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Fig. 2 Cross-linking effect of TGZo and MTG on milk yogurt. (A) Effect of TGZo and MTG on the apparent viscosity of yogurt. (B) Effect of

TGZo and MTG on the syneresis of yogurt
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