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Abstract The aim of the present study is to predict the

shelf life and evaluate the risk profile of an innovative

whole soybean curd (WSC). Two main spoilage strains

were isolated from spoiled WSC and identified as B. sub-

tilis and B. cereus. The origin analysis confirmed that B.

subtilis and B. cereus originated from soybean materials

and survived in soybean curd. For microbial contamination

analysis, thermotolerant coliforms, E. coli and S. aureus

were not detected in soybean curd. The predicted shelf life

of WSC and okara-filtered curd that was stored at 10 �C
were 141.95 h (5.91 d) and 206.25 h (8.59 d), respectively.

Moreover, the models applied in this study exhibited great

fitting goodness and the predicted growth parameters were

fail-safe. To conclude, introduction of okara into soybean

curd reinforced the initial contamination level but didn’t

significantly increase the risk profile of WSC.

Keywords Predictive modeling � Whole soybean curd �
Spoilage bacteria

Introduction

Soybean curd (tofu) is widely consumed in Asian coun-

tries owing to its nutritious and cholesterol-free properties

(Pontecorvo and Bourne 1978; Serrazanetti et al. 2013;

Zhu et al. 2016). The conventional recipe for soybean

curd making involves the soaking of soybean seeds,

grinding with additional water, cooking for protein

denaturation, filtration of okara (insoluble soybean pulp),

renneting with coagulant and pressing for final shaping

(Kawaguchi et al. 2018). The soybean curd is then cut,

packaged and transferred by cold chains for sale (Liu

et al. 2013). It is estimated that 47% of the soy materials

remained in okara (Liu 1997), which is usually processed

into fodder or directly discarded due to its coarse particle

size and adverse effect on sensory, rheological and tex-

tural properties of soy products (Aravind et al. 2012). But

okara is actually a crucial source of dietary fiber (Li et al.

2012). The intake of dietary fibers has been reported to

could lower blood cholesterol and help the food to go

through the digestive system (Iwamoto et al. 2005). To

optimize the manufacture process of soybean curd and

enhance the utilization rate of okara in food raw materials,

an innovative whole soybean curd (WSC) which elimi-

nates the filtration step and retains the okara in the
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soybean curd is developed. (Joo et al. 2011; Liu et al.

2013; Zhang et al. 2018).

Conventional okara-filtered curd contains 79–87% of

moisture and 6–8.4% of protein (Kovats et al. 1984), which

is a favorable ground for the growth of microorganisms. It

has been proved that even stored at refrigerated tempera-

ture, the shelf life of soybean curd is only a few days

(Dotsom et al. 1977). Numerous studies have been carried

out to evaluate the microbiological safety of soybean curd

so far (Fouad and Hegeman 1993; Gu et al. 2018). Among

these studies, lactic acid bacteria, Pseudomonas and En-

terobacter were identified as the main spoilage bacteria

(Fouad and Hegeman 1993; Rossi et al. 2016). But the

species of spoilage bacteria in soybean curd also varied in

soybean species, curd age, storage time (Fouad and

Hegeman 1993; Tuitemwong and Fung 1991) as well as the

environmental conditions, such as storage temperature,

package method, air composition and manufacture process

(Angeles and Marth 1971; Cha et al. 2003). Key risk fac-

tors associated with the food safety of soybean curd include

contamination level of raw ingredients (soybean seeds) and

the quality of water (FSANZ 2016a). During the growing

and harvesting stages, soybean seeds are easily contami-

nated by B. cereus, which is commonly distributed in soil.

Common thermal process among curd making is sufficient

enough to kill the vegetative cells of B. cereus whereas the

spores survive since they are heat-resistant. Hence, the

introduction of okara into WSC brings potential challenges

to food safety. However, to the best of our knowledge, the

studies based on shelf life evaluation and spoilage bacteria

identification of WSC are yet to be reported.

Conventional methods (e.g. spoilage test, challenge test)

that are used to predict the shelf life of products are

laborious and time-consuming. Thus, predictive models are

considered as alternative methods (Bruckner et al. 2013).

The objective of this study is to apply a capable model to

provide an accurate growth prediction of spoilage bacteria

and a reliable predicted shelf life of WSC.

Materials and methods

Fabrication of whole soybean curd (WSC)

WSC was fabricated according to the methods of Yasir

et al. (2007) and Joo et al. (2011) with little modification.

Cleared soybean seeds were ground by a grinder (800-Y,

X-HardwareTM, Zhejiang, China) at rate of 26,000 rpm for

2 min to make soybean powders. A 100 g of soybean

powders was fully mixed with 750 mL of distilled water

(25–30 �C) by a magnetic stirrer (MYP11-2, ChijiuTM

machinery, Shanghai, China) at rate of 700 rpm for 2 min

to obtain soybean powder suspension. The suspension was

heated at 95 �C for 5 min to denature the protein. 150 mL

of heated soybean powder suspension was loaded in a

250 mL beaker and coagulated with D-Glucono-1, 5-lac-

tone solution (GDL, 0.4%, w/v) and incubated at 55 �C for

30 min to form WSC. The freshly-made WSC was stored

in refrigerator (10 �C) for further analysis. Another copy of

soybean powder suspension was filtered by a 300-mesh

sieve (aseptic) to remove the okara. The filtrate was sub-

sequently processed in the procedure as same as WSC to

form soybean curd and set as the control group (namely

okara-filtered curd, OFC). To figure out the origins of

spoilage bacteria in soybean curd, the containers, coagu-

lation solution and fabrication process were all aseptic.

Isolation and identification of the spoilage bacteria

in soybean curd

When the soybean curd had been stored at 37 �C for 24 h,

a 5 g of curd sample was taken and transferred into an

aseptic sampling bag that was filled with 45 mL of sterile

saline (0.85%, w/v, NaCl). The mixture was homogenized

by a beating homogenizer (HX-4, Huxi ScientificTM,

Shanghai, China) for 1 min. The serially diluted mixture

was poured into melted trypticase soy agar (TSA) medium.

After incubation at 37 �C for 48 h, colonies different in

morphology on TSA medium were separated and purified

for species identification (Lee et al. 2017).

Genomic DNA was extracted using a DNA extraction

kit (DP-302, Tiangen� Biochemical, Beijing, China),

amplified for 16S rDNA gene and sequenced by poly-

merase chain reaction (PCR) using universal primers: 27F

(50-AGTTTGATCMTGGCTCAG-30) and 1492R (50-
GGTTACCTTGTTACGACTT-30). PCRs were performed

in a PCR system (2720 thermal cycler, Applied Biosys-

tems�, CA, USA) under the following procedures: 5 min at

94 �C; 30 cycles of 10 s at 98 �C, 15 s at 55 �C, 15 s at

72 �C; 5 min at 72 �C and held at 4 �C. Sequences of 16 S

rDNA were determined using a sequencer (3730XL,

Applied Biosystems�, CA, USA). To identify the spoilage

bacteria, the sequencing results were analyzed by sequen-

ces alignment on EzBioCloud system (https://www.ezbio

cloud.net).

Enumeration of total aerobic bacteria, Escherichia

coli, thermotolerant coliforms, Staphylococcus

aureus and Bacillus cereus

A 5 g of curd sample was fully mixed with 45 mL of sterile

saline (0.85%, w/v, NaCl) and homogenized by a beating

homogenizer (HX-4, Huxi ScientificTM, Shanghai, China)

for 1 min. The mixture was serially diluted and spread onto

the following selective media. The total aerobic bacteria

were counted by an aerobic count medium (AEB522870,
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Huayueruike scientific TM, China). Two film plates (TM

BE213 and BL210, Oasis BiotechTM, China) were applied

for numeration of thermotolerant coliforms and Bacillus

cereus. Staphylococcus aureus was counted by a staph

express count plate (Petrifilm TM 6493 and 6491, 3 M�,

USA).

Bacillus cereus was identified as per the method of ISO

(2004). Mannitol egg yolk polymyxin agar and sheep blood

agar (Hangwei TM, Hangzhou, China) were applied as

selective medium. For Bacillus subtilis, series of diluted

curd samples were poured into melted nutrient agar culture

medium (NA) and incubated at 30 �C for 24 h to 48 h.

Genomic DNA was extracted (DNA extraction kit, DP-

302, Tiangen� Biochemical, Beijing, China) and species

were confirmed by polymerase chain reaction (upstream

primer: 50-GCGGAATCATCCGTATTGGGGCAGA-30,
downstream primers: 50-AACCTCGCGGGCTTTCTCGC-
CAA-30). Specific amplified bands appear in 137 bp.

Growth modeling of spoilage bacteria in soybean

curd

The freshly-made soybean curds were stored at 15, 20, 25

and 30 �C, respectively. During the storing process, 5 g of

the curd sample was taken and transferred into TSA

medium for colony counting. The modified Gompertz

model (Eq. 1) was applied as the primary model to fit the

counting colonies of spoilage bacteria.

Nt ¼ N0 þ C � exp � exp
2:718lmax

C
� ðLT � tÞ þ 1

� �� �
ð1Þ

where Nt (log CFU/g) is the log viable count of bacteria at

time t (h); N0 is the log viable count of the initial bacterial

counts (log CFU/g); C is the difference between the initial

(N0) and maximum (Nmax) bacterial counts (log CFU/g),

C =Nmax - N0; lmax is the maximum relative growth rate

at t = M, of which M is the time when the bacterial counts

reaches maximum (h-1); LT is the lag time (h).

To describe the influence of temperature on the lag time

and maximum growth rate, exponential decay equation

(Eq. 2, Lee et al. 2017) and square root equation (Eq. 3,

Zhou et al. 2009) were selected as the secondary model.

LT ¼ aLT � exp �bLT � Tð Þ ð2Þ

where LT is the lag time (h); aLT and bLT are regression

constants; T is the storage temperature (�C).ffiffiffiffiffiffiffiffiffi
lmax

p ¼ b� T � Tminð Þ ð3Þ

where lmax is the maximum relative growth rate (h-1); b is

the regression constant; T is the storage temperature (�C);
Tmin is the minimum temperature for microbial growth

(�C).

Evaluation of the fitness of models

The fitting goodness of the primary models was evaluated

by parameter correlation coefficients (R2), accuracy factor

(Af, Eq. 4), bias factor (Bf, Eq. 5) and mean-square-error

(RMSE, Eq. 6, Ross 1996).

Af ¼ 10

P
log

predicted value
observed valueð Þj j

n ð4Þ

Bf ¼ 10

P
log

predicted value
observed valueð Þ

n ð5Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

X
predicted� observedð Þ2

r
ð6Þ

The acceptable prediction zone (APZ) was calculated to

validate the secondary models. The relative error (RE)

below zero was considered fail-safe while RE above zero

was considered fail-dangerous. The range of APZ was set

between RE of - 0.5 to 1 (Oscar 2005).

RE for LT ¼ predicted� observedð Þ=predicted ð7Þ
RE for lmax ¼ observed� predictedð Þ=predicted ð8Þ

Statistical analysis

Data were expressed as mean ± standard deviation (SD).

The significant difference of lag time and maximum

growth rate among different temperatures were analyzed

by Duncan’s multiple range test (DMRT, p\ 0.05) using

SPSS 13.0. The significant difference of lag time and

maximum growth rate between WSC and OFC stored at

same temperature was analyzed by t test (p\ 0.05). Non-

linear regression fitting was carried out on Origin 9.0

(OriginLab Corporation�, USA). Univariate solution was

applied to calculate the shelf life of soybean curd (Mi-

crosoft Excel� 2013, USA).

Results

Microbial contamination of soybean curd

The prevalence of aerobic bacteria and food-borne patho-

gens (thermotolerant coliforms, Escherichia coli, Staphy-

lococcus aureus, Bacillus cereus) in soybean curd was

exhibited in Table 1. Obviously, pathogenic bacteria were

not detected in all samples, whereas the average values of

aerobic bacteria counts in OFC and WSC were 1.62 ± 0.11

log CFU/g and 2.40 ± 0.10 log CFU/g, which presented

significant difference (p\ 0.05).
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Identification and origin analysis of spoilage

bacteria in soybean curd

Twelve colonies different in morphology on TSA medium

were picked, purified and identified. Two strains (T-1 and

T-2) of spoilage bacteria were isolated from OFC and WSC

and identified as Bacillus subtilis subsp. Inaquosorum

(99.93% similarity, 100% completeness) and Bacillus

cereus (100% similarity, 100% completeness), whose tax-

onomic results were exhibited in supplementary materials.

The prevalence of Bacillus cereus and Bacillus subtilis in

soybean powder, water, soybean powder suspension and

soybean curd was exhibited in Table 2. Positive results of

Bacillus cereus and Bacillus subtilis were detected in

soybean powder, soybean powder suspension and soybean

curd, while negative results were detected in water.

Predictive modeling and validation

The fitted growth curves of spoilage bacteria in soybean

curds that were stored at 15, 20, 25 and 30 �C were shown

in Fig. 1a, b. The initial microbial populations of WSC and

OFC were 3 log CFU/g and 2 log CFU/g, which increased

to about 8 log CFU/g after incubation. Table 3 summarized

the growth parameters and fitting goodness of spoilage

bacteria in soybean curd. Not surprisingly, the lag time of

spoilage bacteria in OFC and WSC significantly decreased

with increased storage temperature, whereas the maximum

growth rate exhibited opposite trends. Additionally, the lag

time of OFC was longer than that of WSC at 15, 20, 25 and

30 �C, while no significant difference of maximum growth

rate was detected between OFC and WSC at these tem-

peratures. The calculated differences (C value) between

initial (N0) and maximum (Nmax) microbial population at

different temperature were stable in this study (WSC:

4.96–5.22, OFC: 5.96–6.17). From statistical point of view,

the regression results (R2, Af, Bf and RMSE) agreed with

the fitting goodness of the modified Gompertz equation.

The regression curves of growth parameters (lag time

and lmax) were shown in Fig. 1c, d. Obviously, the fitted

curves were all within the 95% confidence internal. Table 4

exhibited the predictive growth parameters and exponential

equations of spoilage bacteria in soybean curds that were

incubated at 10 �C and 35 �C. The regression data obtained
from the quadratic exponential equation followed a high

correlation coefficient (R2[ 0.98) in all test groups. The

APZ analyses of growth parameters that were shown in

Fig. 1e, f indicated that the relative errors of lag time and

lmax were all within the APZ limit.

Shelf life prediction of soybean curd

The predictive growth curves of spoilage bacteria in WSC

and OFC that were incubated at 10 �C and 35 �C were

shown in Fig. 2. It was worth noting that the shelf life of

soybean curd ended when the microbial population reached

to 6 log CFU/g (Lee et al. 2017). Univariate solution

indicated that the shelf life of WSC that were incubated at

10 �C and 35 �C were 141.95 h (5.91 d) and 3.28 h, of

OFC were 206.25 h (at 10 �C) and 5.37 h (at 35 �C).

Discussion

To analyze the sanitation conditions of soybean curd,

numerous studies had focused on the identification and

growth inhibition of spoilage bacteria, and shelf life

extension of soybean curd (Anbarasu and Vijayalakshmi

2010; Kooij and Boer 1985). Rossi et al. (2016) studied the

abundance and composition of the microbiota in ready-to-

eat fresh tofu. The obtained evidence indicated that

appropriate hygienic conditions prevented the contamina-

tion of coliforms, whereas the cross contamination

Table 1 Prevalence of aerobic bacteria and food-borne pathogen in

OFC and WSC

Bacteria Prevalence in OFC Prevalence in WSC

Aerobic bacteria 1.62 ± 0.11a 2.40 ± 0.10

Thermotolerant coliforms N.D. N.D.

Escherichia coli N.D. N.D.

Staphylococcus aureus N.D. N.D.

Bacillus cereus N.D. N.D.

Each value is expressed as mean ± standard deviation (SD) (n = 3,

log CFU/g)

OFC okara-filtered curd;WSC whole soybean curd; N.D. Not detected
aMeans significant difference of microbial counts between curd

samples by Duncan’s multiple range test (DMRT, p\ 0.05)

Table 2 Prevalence of Bacillus

cereus and Bacillus subtilis in

soybean powder, water,

suspension and soybean curd

Bacteria Soybean powders Water Suspension OFC WSC

Bacillus cereus ? - ? ? ?

Bacillus subtilis ? - ? ? ?

OFC okara-filtered curd; WSC whole soybean curd

? Positive results; - negative results
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introduced S. macedonicus and M. caseolyticus, which

were not commonly associated with soy-based products. In

another study, Listeria monocytogenes was inoculated into

tofu products containing background microflora, whose

survival and growth conditions were evaluated. The results

confirmed that L. monocytogenes strains occupied the

dominant population after incubation, thus posing a

potential food risk to health (Liu et al. 2010).

The results of above research varied in the types of

soybean curd and hygiene condition of the environment.
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Fig. 1 Fitted growth curves of spoilage bacteria (a for WSC and

b for OFC); Regression curves of growth parameters of spoilage

bacteria (c for WSC and d for OFC); Acceptable prediction zone of

growth parameters of spoilage bacteria (E for WSC and F for OFC)

(filled square, open circle, filled triangle, open inverted triangle):

observed counts; (): fitted curves; (……): 95% CI
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Few studies had concerned about the microbial evaluation

of innovative soybean curd. Therefore, a comparative

analysis containing microbial contamination, origin anal-

ysis and growth prediction of spoilage bacteria in WSC

was carried out in this study, which was aimed to provide

more technical references for this innovative soybean

products.

Aerobic bacteria were detected in OFC and WSC, albeit in

low level. Common filled soybean curd was soaked with

water or whey, thus the internal environment of soybean curd

was anaerobic and the growth of aerobic bacteria was

inhibited. Lee et al. (2017) analyzed the population distribu-

tion of aerobic bacteria in 100 commercial tofu in Korea, and

only 32% of the samples showed positive detection results of

aerobic bacteria. Moreover, 59.4% of the positive samples

exhibited a contamination level below 3 log CFU/g, which

was in consistent with our results. The counts of aerobic

bacteria in WSC was significantly higher (p\0.05) than that

of OFC, indicating that the introduction of okara into soybean

curd reinforced the initial contamination level because addi-

tional sources of substrates were provided.

As the common food-borne pathogens, coliforms were

previously detected in soybean curd (Ananchaipattana et al.

2012; Szabo et al. 1989), which indicated that the curd

samples had been contaminated by faeces. In this study,

food-borne pathogens including thermotolerant coliforms,

E. coli, S. aureus and B. cereus were not detected in

freshly-made OFC and WSC. Hence, the introduction of

okara into soybean curd didn’t increase the infection risk of

food-borne pathogens when good hygienic conditions were

adopted in the manufacture process of soybean curd.

Considering that false-negative results may occur when B.

Table 3 Growth parameters of spoilage bacteria in OFC and WSC that were incubated at 15, 20, 25 and 30 �C

Soybean curd Temperature (�C) Lag time (h) lmax (h-1) C (log CFU/g) Statistical and validation analysis

R2 Af Bf RMSE

OFC 15 20.01 ± 1.51dA 0.15 ± 0.01aA 6.17 0.99 1.04 1.00 0.48

20 11.31 ± 0.57cB 0.35 ± 0.02bA 5.96 0.99 1.04 0.98 0.42

25 7.07 ± 0.75bA 0.59 ± 0.09cA 5.97 0.98 1.06 0.98 0.70

30 4.99 ± 0.35aB 1.04 ± 0.13dA 6.16 0.97 1.08 0.99 0.96

WSC 15 18.91 ± 2.01dA 0.14 ± 0.01aA 5.22 0.99 1.05 0.98 0.50

20 8.57 ± 0.91cA 0.37 ± 0.05bA 4.96 0.98 1.05 0.98 0.87

25 5.63 ± 0.58bA 0.58 ± 0.07cA 4.96 0.98 1.00 1.02 0.85

30 2.58 ± 0.27aA 1.01 ± 0.10dA 5.11 0.99 1.02 1.00 0.38

Each value is expressed as mean ± standard deviation (SD); Lower case letters (a, b, c, d) mean significance difference of lag time and

maximum growth rate among different temperature by Duncan’s multiple range test (DMRT, p\ 0.05); Capital letters (A, B) mean significant

difference of lag time and maximum growth rate of spoilage bacteria between OFC and WSC that were incubated at same temperature by t-test

(p\ 0.05)

OFC okara-filtered curd; WSC whole soybean curd; lmax maximum growth rate (h-1); C the difference between initial (N0) and final (Nmax)

bacterial numbers: C = Nmax - N0 (log CFU/g); Af accuracy factor; Bf bias factor; RMSE root mean square error

Table 4 Predictive growth parameters of spoilage bacteria in soybean curds that were incubated at 10 �C and 35 �C

Growth parameters and equations WSC OFC

10 �C 35 �C 10 �C 35 �C

N0 (log CFU/g) 3.05 3.11 2.09 2.05

C (log CFU/g) 4.99 4.93 5.97 6.01

lmax (h
-1) 0.03 1.45 0.02 1.49

LT (h) 36.73 1.25 32.80 2.60

LT equation LT = 142.1703 9 exp(- 0.1353T), R2 = 0.9845 LT = 90.3600 9 exp(- 0.1013T), R2 = 0.9901

lmax equation lmax = {0.0414 9 (T - 5.9076)}2, R2 = 0.9895 lmax = {0.0428 9 (T - 6.4143)}2, R2 = 0.9910

WSC whole soybean curd; OFC okara-filtered curd; N0 initial bacterial level of soybean curd (observed value, log CFU/g); C difference between

initial (N0) and maximum (Nmax) bacterial numbers: C = Nmax - N0 (log CFU/g); LT lag time (h); lmax maximum growth rate (h-1); T tem-

perature (�C)
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cereus was at spore state, 16S rDNA sequencing was

applied for bacteria identification. Two main spoilage

strains were isolated from soybean curd and identified as

Bacillus subtilis subsp. Inaquosorum and Bacillus cereus,

respectively. B. cereus is a gram-positive, endospore-

forming and facultative anaerobic pathogen, which has

been detected in cooked beans and soybean curd (Juneja

et al. 2018; Lee et al. 2017). If the environmental condi-

tions were suitable, the spores of B. cereus would germi-

nate. This condition usually occurred after the thermal

process of soybean curd making (MPI 2016). The ingestion

of B. cereus cells and heat-stable emetic toxin produced by

B. cereus in foods will lead to food borne illness (Carlin

et al. 2006). B. subtilis were widely used in fermented food

industry and had gained ‘‘generally recognized as safe’’

(GRAS) status (Yeo et al. 2012). However, some Bacillus

subtilis groups (e.g. B. subtilis, B. licheniformis and B.

pumilis) produced toxin and caused illness as well, but not

all Bacillus subtilis was associated with illness (FSANZ

2016a).

Spoilage bacteria in soybean curd originate from a wide

range of sources including soybean materials, water,

packaging materials and so on. In this study, B. subtilis and

B. cereus were detected in soybean powder, soybean

powder suspension and final soybean curd but absent in

water. Hence, there was a strong possibility that B. subtilis

and B. cereus originated from soybean materials and sur-

vived in soybean curd. In the practical production, addi-

tional heat treatment was usually applied to sterilize the

formed soybean curd. However, due to the presence of

Bacillus spores, heat treatment might be ineffective. Thus,

irradiation sterilization technology could be considered as

an alternative.

Application of quantitative mathematical equations for

predicting microbial growth is the first step to design the

primary models as well as the real-time quality controller

(Phua and Davey 2007). The growth curves of spoilage

bacteria in soybean curd that were depicted in Fig. 1a, b

were built on the observed microbial counts. Obviously,

the observed initial microbial counts (N0) of WSC were

about 1.5 times of that of OFC. Therefore, the introduction

of okara into soybean curd significantly increased the ini-

tial contamination level. As the major environmental factor

that affects the growth kinetics of microorganisms in food

storage process, temperature played an essential role on the

growth conditions of spoilage bacteria and consequently on

the quality of products. According to the results in Table 3,

the difference of lag time between OFC and WSC might

result from the different initial contamination level. The

occurrence of lag phase could result from the changes of

physicochemical environment, because lag time was

dependent on the history and initial biochemical state of

the bacterial cells. Once the bacteria grow logarithmically,

the growth rate would be changed by temperature almost

instantaneously (Baranyi et al. 1995). Therefore, in this

sense, lmax was a parameter that described the growth of

microorganisms in a particular environment (Sant’Ana

et al. 2012). To evaluate the precision of the primary

model, accuracy factor (Af), bias factor (Bf) and root mean

square error (RMSE) were calculated based on the micro-

bial counts of each isothermal condition. The accuracy

factor varied from 1.00 to 1.08, which meant that compared

with the observed values, the prediction varied between 0%

and 8%. Bf represented the deviation between predicted

and observed values. An average Bf value\ 1 for model-

ing meant underprediction occurred, but a Bf value within a

range of 0.90–1.05 is still considered good. RMSE is a

measurement accounting for the difference between pre-

dicted and observed values. A lower RMSE value showed

that more precise experiment data were described (Ross

1996). To conclude, these results suggested that when the

soybean curds were stored at a constant temperature (15,

20, 25, and 30 �C), the models built herein exhibited great

fitting goodness.

Regression curves of growth parameters of spoilage

bacteria in soybean curd that were shown in Fig. 1c, d were

all within the 95% CI. APZ analysis shown in Fig. 1e, f

was applied to evaluate the acceptance of the prediction.

Obviously, all of the relative errors were within the

acceptable prediction zone. Thus, the predictions of growth

parameters were fail-safe.

Reasonable extrapolation of model predictions to con-

ditions that were not experimented in the model was an

effective way to save time and money for food innovation.

To obtain the shelf life of soybean curd that was stored at

10 �C (refrigerated temperature) and 35 �C, the lag time

and lmax of soybean curd were calculated by the predictive

exponential equations shown in Table 4. The initial
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Fig. 2 Predictive growth curves of spoilage bacteria in WSC and

OFC that were incubated at 10 �C and 35 �C
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numbers of microbial counts were determined. The maxi-

mum bacterial counts (Nmax) was calculated by averaging

the bacterial counts that were obtained at other isothermal

conditions (15, 20, 25 and 30 �C). As expected, when

stored at refrigerated temperature (10 �C), the shelf life of

WSC was 5.91 d, which was 31.17% shorter than OFC.

However, when the storage temperature increased to

35 �C, the shelf life of WSC decreased 38.92% in com-

parison with OFC. Hence, the introduction of okara

shortened the shelf life of soybean curd, whereas the

shortened shelf life was still acceptable.

Consumption risk assessment of soybean curd involved

the identification of pathogenic microorganisms and

methodical description of the system. As a moderate haz-

ard, B. cereus usually causes illness of short duration and

has no sequelae. All population might be susceptible to B.

cereus poisoning (FSANZ 2016b). Agata et al. (2002)

confirmed that the number of B. cereus was required to

reach 106 to produce emetic toxin in foods. FSANZ

(2016b) categorized satisfactory evaluation for foods if B.

cereus level was below 102 CFU/g. However, it was

deemed that potential hazard needed to be evaluated if B.

cereus level was over 105 CFU/g.

According to the compendium of microbiological cri-

teria for food in Australia (FSANZ 2016b), B. cereus was

considered as the main pathogen in soybean curd. Other

species of Bacillus associated with food-borne illness are

from the Bacillus subtilis group (including B. subtilis, B.

licheniformis and B. pumilis). Symptoms of illness and

causative factors caused by Bacillus subtilis group were

similar to B. cereus (FSANZ 2016a). FAO/WHO expert

consultations (2004, 2006) categorized Bacillus cereus as

‘‘Microorganisms for which causality with illness is less

plausible or not yet demonstrated’’ (Category C) and it was

generally acceptable that low levels (\ 102 CFU/g) of

these Bacillus groups might exist in powdered infant for-

mula products and should be monitored by the manufac-

turers appropriately.

Conclusion

The present study firstly predicted the shelf life and eval-

uated the food safety risk of an innovative whole soybean

curd. The results suggested that thermotolerant coliforms,

E. coli and S. aureus were not detected in OFC and WSC.

Two dominant spoilage strains were isolated from spoiled

OFC and WSC and identified as Bacillus subtilis subsp.

Inaquosorum and Bacillus cereus using 16S rDNA

sequencing technology. Moreover, the origin analysis

confirmed that spoilage bacteria originated from soybean

materials and survived in soybean curd. To estimate the

shelf life of WSC, modified Gompertz equation was

applied as the primary model. The maximum growth rate

and lag time of spoilage bacteria derived from primary

model were fitted to exponential decay equation and square

root equation. The initial contamination level of WSC was

one order of magnitude higher than that of OFC. The

predicted shelf life of WSC and OFC stored at 10 �C were

141.95 h (5.91 d) and 206.25 h (8.59 d), respectively.

Statistical and validation analyses supported the predictive

purpose. To conclude, the introduction of okara into soy-

bean curd reinforced the initial level of contamination but

didn’t significantly increase the risk profile of WSC.
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