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Abstract: Partial substitution of flour with soy protein isolate in bread making increases the protein
content and nutritional value of baked goods as it contains more lysine than wheat flour. However,
changes in the bread recipe alter the pH and amino acid content of the baked good, and product
assessment is required to determine whether the product is a non-time/temperature control for
safety food. This study examines the effects of substituting high-gluten flour with 2-8% soy protein
isolate on bread quality and on the shelf life of the bread using the microbiological challenge test.
The results indicate that increased soy protein isolate substitution reduces the volume and specific
volume of bread. Six percent soy protein isolate-fortified bread also had a poorer taste, and, therefore,
the optimal substitution amount is 4%. Based on the yeast and mold growth during the storage
period, the 4% soy protein isolate-fortified bread has a shelf life of four days, while the 2% soy protein
isolate-fortified bread has a shelf life of five days. The microbiological challenge test results revealed
that the substitution of flour with soy protein isolate is conducive to Staphylococcus aureus growth
within the bread. To summarize, the optimal soy protein isolate substitution in bread is 4%, which
offers a four-day shelf life at room temperature.

Keywords: bread; soy protein isolate; product assessment; microbiological challenge test; shelf life

1. Introduction

In food processing, the addition of protein to the initial ingredients improves the
nutritional value of the final food product, allowing consumers to increase protein intake.
These products are particularly beneficial to the elderly as enhancing daily protein con-
sumption promotes the maintenance of dietary habits and quickly compensates for any
protein deficiencies. Protein-enriched bread is among the high-protein foods that elderly
people would gladly purchase and consume [1-7]. Furthermore, some people choose to
adopt a gluten-free diet. Gluten-free products are often described as tasteless, flavorless,
and having poor texture, which amplifies the importance of the choice of gluten substitutes
used in food manufacturing [8,9]. White bread comprises wheat flour and has a protein
content of 8-9%, and protein-enriched bread is made by adding soy protein to the raw
ingredients, which increases the protein content to 13-14%. The addition of soy protein
not only improves the protein content of the bread products, but it also increases lysine
concentrations, which occur in low levels in wheat [10,11]. Additionally, soy protein retains
the water content of bread during baking, thus prolonging the freshness of the bread while
also improving dough handling and crust color [12,13]. To examine the effects of soy
protein on the product quality of dough and flour, previous studies were often conducted
by removing the soy protein isolate that does not contain non-protein constituents [14]. SPI
is a product rich in protein that does not contain certain anti nutritional factors, including
the trypsin inhibitor, lipoxygenase, and it does not have a beany flavor. Numerous studies
have examined the effects of SPI on bread quality by adding SPI to bread recipes or by
substituting a portion of the wheat dough with SPI [11,12,15-18]. SPI does not contain
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gluten and forms net-like structures in the dough similar to those formed by gluten. The
addition of SPI in gluten-free bread production improves the quality and texture of the
bread [18-21].

A time/temperature control for safety food (TCS food) is a food in which pathogenic
microorganisms grow if it is placed under an unsafe temperature for some time. The
Food Code has explicit temperature control requirements for the processing and storage
environments of TCS foods [22]. In bread making, baking limits the growth of pathogens
within the bread, and the low water activity (ay) prevents the growth of pathogens on the
surface of the bread. Hence, baked breads can be stored safely at room temperature. The
traditional uses of bread in human activity and its history as a food provide a basis for its
effective and safe storage at room temperature, and, therefore, bread could be regarded as
a non-TCS food. However, because breads differ by recipe, pH, ay, and means of storage
and shipping, the external and internal factors affecting microorganism growth in bread
vary, and different types of bread should be assessed separately in determining TCS food
status [23]. The interaction between pH and a,, may be a factor that determines whether
a food product requires specific time and temperature controls, and the microbiological
challenge test for product assessment is utilized to ascertain whether a food product
requires time and temperature controls [23,24].

The goal of the microbiological challenge test is to verify whether a food product
remains safe and stable after it is accidentally contaminated with pathogenic or spoilage
microorganisms [25]. The National Advisory Committee on Microbiological Criteria for
Foods suggests that the selection of pathogenic bacteria should be based on its association
with the food, its probability of survival, and the expected use of the product [24]. The
pH and ay, conditions of bread potentially support the growth of Staphylococcus aureus (S.
aureus). Feeherry et al. [26] studied the growth kinetics of S. aureus in bread and reported
that an a,, <0.83 and >0.83 restricts and promotes its growth, respectively. Therefore,
changes in bread recipes can be based on microbiological challenge test results conducted
using S. aureus as the test strain. Moreover, food spoilage and shelf life are often associated
with the microbial count. Therefore, the National Advisory Committee on Microbiological
Criteria for Foods recommends that the shelf life of bread can be determined based on the
growth of typical spoilage microorganisms, such as mold and yeast [24].

The popularity of the “clean label” trend has resulted in continuous demands for
redesigning recipes; consumer preferences and demands for healthier, more natural foods
have driven manufacturers to develop new products and modify the recipes of old prod-
ucts [27]. For instance, reduced salt content in processed foods, including baked foods and
meat, is an issue of concern for the British Food Standards Agency [28]. Another recent
trend is the substitution of sugar with sugar alternatives, despite knowing this approach
may promote increased microorganism growth during storage [25]. Thus, the quality of
new products and old products with modified recipes may differ, and it is crucial to validate
the safety and stability of the final products in question.

Numerous studies have examined how the quality of bread is affected by adding more
protein or substituting a portion of wheat dough with protein. However, no study to date
has performed an in-depth assessment of the effect of substituting wheat flour with protein
on the shelf life of baked goods. Microbiological shelf-life testing is a common means of
ensuring food safety [29,30]. However, no study thus far has evaluated the microbiological
testing of SPI-substituted flour in bread making. This study aims to examine the effect
of SPI on bread quality by substituting a portion of high-gluten flour with SPI and to
assess the shelf life of this bread based on the growth of spoilage microorganisms and
microbiological challenge test results. The results of this study are expected to function as a
reference for food manufacturers in developing techniques for incorporating soy protein
into baked goods.
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2. Materials and Methods
2.1. Raw Material

The high-gluten flour (protein content = 13.7%) was purchased from Yifeng Food Co.,
Ltd. (New Taipei City, Taiwan). SPI powder (protein content = 90.84%) was purchased from
Wellsun Health International Co., Ltd. (New Taipei City, Taiwan). Granulated sugar was
purchased from Taiwan Sugar Corp. (Tainan City, Taiwan). Unsalted butter was purchased
from Fonterra Ltd. (Auckland, New Zealand). Salt was purchased from Taiyen Biotech Co.,
Ltd. (Tainan City, Taiwan). Yeast was purchased from Guangxi Danbaoli Yeast Co., Ltd.
(Guangxi, China).

2.2. Bacterial Strain and Chemicals

Staphylococcus aureus (BCRC 10780) was purchased from the Bioresource Collection
and Research Center (Hsinchu City, Taiwan). pH 4.01 buffer solution and pH 7.00 buffer
solution were purchased from GOnDO Electronic Co., Ltd. (Taipei City, Taiwan). Glycerol
(100%) was purchased from Macron Fine Chemicals (Radnor, PA, USA). Tryptic soy broth
(TSB), peptone (from casein), and dichloran glycerol chloramphenicol agar (DG 18) were
purchased from Merck (Darmstadt, Germany). Potassium dihydrogen phosphate (KH;POy,
99%) and sodium bicarbonate (NaHCO3, 99.5%) were purchased from Showa Chemical
Industry Co., Ltd. (Tokyo, Japan). Sodium hydroxide (NaOH, 98%) was purchased from
Honeywell Research Chemicals (Morris Plains, NJ, USA). S. aureus test plates (3M Petri-
film™ Staph Express Count Plate and 3M Petrifilm™ Staph Express Disk) were purchased
from 3M (St. Paul, MN, USA).

2.3. Bread Making

The bread recipe (Table 1) in this study was based on Mondal and Datta (2008), CNS
3899, and FDA definitions of baked goods as well as the white pan bread recipe in the
revised Taiwanese Technician for Baking Food examination [31-33]. An automatic bread
maker (CBK-100, Cuisinart, East Windsor, NJ, USA) was used to make the bread sample.
Bread-making experiments were carried out in a laboratory at room temperature (27 °C).
The baking conditions were as follows: loaf size of 900 g; crust color set as “light”; and
bread type set as “basic/white”. The baking temperature was set to 205 °C, and the bread
was baked for 30 to 35 min until the top of the loaf was brown in color.

Table 1. Recipes and costs of the breads in this study.

Material Ratio *
High-gluten flour 100 98 96 94 92
Soy protein isolate powder 0 2 4 6 8
Water 50 50 50 50 50
Granulated sugar 8 8 8 8 8
Unsalted butter 8 8 8 8 8
Salt 2 2 2 2 2
Yeast 15 15 15 15 15
Cost (NTD) 23.27 23.83 24.39 24.96 25.52
Group Control 2% 4% 6% 8%

* Total of flour + SPI is 100, the other ingredients were calculated in terms of weight percentage.

2.4. Specific Volume (SV)

The bread weight was measured using methodologies devised by Ribotta et al. and
Masure et al. [11,34]. The baked loaf of bread was removed from the pan entirely, cooled
for two hours at room temperature, and weighed using an electronic balance. The bread
volume was measured using the AACC 10-05.01 rapeseed displacement method [35]. The
first step was to fill a container with rapeseed, smooth the surface, and then measure
the total volume of the container (V1). Then, the bottom of the container was filled with
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rapeseed, and the cooled loaf of bread was placed into the container, followed by rapeseed.
The surface was smoothed, and the total volume of the rapeseed (V2) was measured.
The difference between V1 and V2 is the volume (in mL) of the bread measured by the
container. The specific volume (SV) of the bread was obtained according to Shin et al. [36]
methodologies, in which the volume of the bread is divided by its weight.

Specific volume = bread volume (mL)/bread weight (g)

2.5. Moisture Content, ay, and pH

The moisture content of the bread was measured using AACC Method 44-01.01 [37].
The a,, of the bread was measured using a water activity meter (HP23-a,,-A, Rotronic
AG, Bassersdorf, Switzerland). A 3 g sample was placed smoothly and uniformly in the
container, with its height not exceeding the container. The test was initiated by pressing
the switch, and the a,, of the sample was taken when the sample was in equilibrium
inside the container [38]. To measure the pH of the bread, a ten-fold dilution of 10 g of
the sample using pure water was prepared, and the solution was homogenously mixed
using a stomacher blender (Stomacher 400, Seward Ltd., West Sussex, UK). The pH of the
sample was measured using a pH meter that was calibrated using pH 7.0 and 4.0 standard
solutions [39].

2.6. Sensory Evaluation

After the bread was made, a 5 x 5 x 2 cm® sample was cut from the center of the
loaf, and the 9-point hedonic test was performed to assess consumer preferences based
on the appearance, taste, hardness, texture, and overall acceptance of soy protein breads
with different ratios of SPI [36]. The measures were 1 = extremely dislike, 3 = moderately
dislike, 5 = neutral, 7 = moderately like, and 9 = extremely like. A total of 58 consumers
were randomly recruited on the street to participate in the sensory evaluation.

2.7. Total Yeast and Mold Count

The total yeast and mold count was performed in accordance with the Taiwan Food
and Drug Administration Methods of Test for Food Microbiology—Test of Mold and Yeast
Count [40]. An amount of 10 g of the bread center was placed into a sterile homogeneous
bag and 90 mL of 0.1% peptone diluent was added. The bag was placed into a stomacher
blender for two minutes to produce a ten-fold diluted liquid sample, 1 mL of which was
added into a 9 mL diluent to produce 100-fold and 1000-fold diluted samples. Using the
spread plate method, 0.1 mL of the samples were plated into DG18 agar and spread evenly
using a sterile glass rod. The dishes were incubated for five days in the dark at 25 °C, after
which yeast and mold counts were taken.

2.8. Microbiological Challenge Test

The following method was used to activate and quantify S. aureus in cryovials: After
the bread loaf cooled, a 5 x 5 x 2 cm® sample was cut from the center for S. aureus
inoculation [41]. The sample was stored inside an incubator with a constant temperature of
25 °C and a constant relative humidity of 75%. The initial S. aureus plate count was taken
after two hours. The plate count was taken daily from the second day until the fifth day.

2.8.1. Strain Activation and Storage

S. aureus type strain (BCRC 10780) was activated in TSB at 37 °C inside a shaking incu-
bator. Glycerol (30%) was added to the activated culture, and the mixture was transferred
into cryovials and stored at —80 °C until analysis [42].

2.8.2. Preparation of Diluent

Preparation of Butterfield’s phosphate-buffered dilution water (BPBW): 34 g of KH,PO4
was dissolved in 500 mL distilled water, and the pH was adjusted to 7.2 using 1 N NaOH. A
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1000 mL stock solution was prepared by adding more distilled water to the solution, which
was sterilized for 15 min at 121 °C and subsequently refrigerated. During analysis, 1.25 mL
of the stock solution was taken and diluted with 1000 mL distilled water, transferred to
dilution bottles, and sterilized for 15 min at 121 °C [43].

2.8.3. Quantification of S. aureus

S. aureus culture (20 pL) was transferred from a cryovial to 10 mL TSB and incubated
at 45 °C for six hours at 130 rpm inside a shaking incubator. Two mL of the inoculum was
collected and centrifuged at 7000x g rpm (4 °C, 15 min). The supernatant was removed,
and the precipitate was rinsed three times with BPBW. The inoculum on the surface of the
precipitate was removed. The precipitate was mixed with 1 mL BPBW and shaken, and the
S. aureus inoculum was prepared through serial dilutions [44].

2.8.4. S. aureus Inoculation

The inoculation method must not alter the original properties of the food sample [24].
The preliminary test results indicate that inoculating 0.5 wt. % of S. aureus (Colony count:
4.97 log CFU g~!) onto the surface of our bread sample has no significant effects on the
pH and water activity of the sample. The initial S. aureus count was determined two hours
after inoculation.

2.8.5. Detection of S. aureus

This study used a revised method developed by Silbernagel et al. [45] during the
S. aureus detection experiments. A 5 g bread sample was placed into a sterile homogeneous
bag; 45 mL of BPBW diluent was added to the bag; and the pH of the sample was adjusted
to 6~8 using 1 N NaOH. The sample was placed in the stomacher blender for one minute,
and 1 mL of the diluent was taken and plated into the center of a test plate with its top film
removed. The top film was repositioned carefully to prevent bubbles from forming, and
the test plate was gently clamped for one minute to allow gel solidification. The culture
was incubated at 37 = 1 °C for 24 h. S. aureus was noted as present only when purple-red
colonies are formed. Otherwise, S. aureus was identified using a confirmation disc. The disc
was placed onto the test plate with its top film removed, which was repositioned carefully
to prevent bubbles from forming. The culture was incubated at 37 £ 1 °C for 1-3 h, and
S. aureus was noted as present when pink halos formed around the colonies.

2.8.6. Calculating the Generation Time and Reproductive Rate of S. aureus

Based on a daily count of S. aureus for 2-5 days, the generation time and reproductive
rate were calculated [46].

Generation time (G) = (t1 — t0)/n

Reproductive rate = (G on the s-th day — G on the s + 1-th day)/(G on the s-th day) x 100

where,
tl =24 x t (tis the number of days);
t0=0;

n=23.3 x (logy — log x); y = Colony count on Day t, x = Colony count on Day 0.

2.8.7. Statistical Analysis

Triplicate bread samples were made using three automatic bread makers. The data
were expressed as the mean =+ standard deviation. A one-way analysis of variance
(ANOVA) was performed using Statistical Products and Services Solution (SPSS) soft-
ware, and the statistical significance between the mean of each group was assessed through
Duncan’s multiple range test (p < 0.05). The statistical results between the groups are
expressed in English letters, and different letters indicate the presence of significant differ-
ences (p < 0.05).
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3. Results and Discussion
3.1. Volume, Weight, and SV

The post-cooling constant weight and subsequent specific volume of the entire loaf of
bread were measured on an electronic balance using the rapeseed displacement method.
The results are presented in Table 2. The bread volume significantly decreased (p < 0.05)
with increasing SPI use, and the SV significantly decreased (p < 0.05) with increasing weight.
The SVs of the bread in all groups were within the standard range of 3.5-6 mL g~!. The
external appearances of the breads in all groups are shown in Figure 1. Based on the
external appearance, irregular shapes were formed on the bread surfaces when SPI use
exceeded 6%. This indicates that different proteins were not completely homogenized
during dough fermentation.

Control - Control

(A) (B)

Figure 1. The effects of partially substituting high-gluten flour with soy protein isolate on the external
appearance and cross-section of bread. (A) External appearance. (B) Cross section.

Table 2. Effects of partially substituting high-gluten flour with soy protein isolate on the volume,
weight, and specific volume of bread.

Group Volume (mL) Weight (g) Specific Volume (mL g—1)
Control 3226.00 + 64.09 2 617.83 £ 1.572 522 +0.102

2% 3104.67 + 38.28 b 621.53 +2.952b 5.00 + 0.04b

4% 2860.67 + 10.02 € 621.43 4+ 5.832b 460+ 0.03 ¢

6% 2773.67 + 46.36 4 625.20 +£2.70 P 444 +0.094

8% 2390.00 + 39.74 ¢ 625.97 +2.73b 3.82 4+ 0.08 ¢

a7¢: Means within the same column values with different superscript letters are significantly different (p < 0.05).
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SPI affects the structure and specific volume of bread because soy protein and wheat
protein form covalent, disulfide bonds. These bonds affect the arrangements of gluten
proteins and other macromolecules within the dough, forming a dilution effect that causes
the dough to lose its gas-retaining ability [17,47]. Additionally, the substitution of soy
protein reduces the size of the bread, which could be due to the variation in the denaturation
temperature, foaming properties, and soy protein composition or properties. Zhou et al. [48]
highlighted that gluten proteins are primary gluten networks formed by prolamin and
glutenin. Since wheat protein has a lower denaturation temperature, it stabilizes the
dough structure during the early phases of baking. Soy protein consists of 3-conglycinin
and glycinin, which have higher denaturation temperatures. Hence, the presence of soy
protein affects the form and stability of the dough structure by weakening it. Meanwhile,
Horstmann et al. [49] proposed that, because of its higher foaming capacity and its influence
on the stability of multiphase food systems, SPI affects the porosity of bread structure.

The SPI-fortified bread was heavier, probably because of the increased water retention
rate of soy protein. The 3-conglycinin and glycinin in soy protein are spherical, and soy
protein is more hydrophilic than wheat gluten because of its amino acid composition [50].
Additionally, soy protein retains water molecules and prevents them from evaporating
during the baking process [51]. Thus, adding an equal ratio of water to the raw ingredients
increases the weight of the SPI-fortified bread, which also has a lower baking loss. Baking
loss refers to the weight lost during the baking and cooling processes; while it is primarily
associated with water evaporation, it also promotes the loss of organic substances, such
as the fermented carbohydrates released as CO;. Baking loss is directly correlated with
the surface volume of bread [49]. These results indicate that the baking loss had reduced
significantly in the SPI-fortified bread. The control bread had a greater surface volume for
evaporation compared to the SPI-fortified bread, which subsequently affected baking loss.

3.2. Moisture Content, ay,, and pH Value

The variations in the moisture content, a,,, and pH are shown in Figure 2. Moisture loss
is one of the factors that cause dough staling, while moisture retention promotes chemical
or microbial interactions. Therefore, the moisture content is a factor affecting bread quality.
In Figure 2A, the moisture content of the control bread on the first day of storage was
37.85 + 0.17%, while the moisture contents of the 2%, 4%, 6%, and 8% SPI-fortified breads
were 37.87 £ 0.08%, 37.67 £ 0.15%, 37.62 £ 0.08%, and 37.50 £ 0.36%, respectively. On the
fifth day of storage, the moisture content of the control had decreased to 36.88 + 0.26%,
while the moisture contents of the 2%, 4%, 6%, and 8% SPI-fortified bread had decreased to
37.17 £ 0.63%, 36.98 £ 0.81%, 37.32 £ 0.18%, and 37.30 =+ 0.48%, respectively. There were
no significant changes in the water content of the central bread structure, mainly because,
as the dough stales, the water migrates closer to the crust. Thus, there were no significant
changes in the moisture content in the center of the bread. This finding is consistent with
that of Besbes et al. [52]. However, during the sixth day of storage, the moisture content of
the control (36.67 £ 1.01%) was significantly lower (p < 0.05) than those of the SPI-fortified
breads (37.83 & 0.29~37.30 £ 0.36%). During the seventh day of storage, the moisture
content of the control (36.37 & 0.75%) was also significantly lower (p < 0.05) than those of
the SPI-fortified breads (37.70 £ 0.01~37.43 & 0.43%). This is because soy protein is more
hydrophilic than wheat protein, due to 3-conglycinin and glycinin, which have higher
water-binding capacities. Furthermore, during the preparation of SPI, many proteins had
partially denatured or expanded, which increased their water retention capacities. The use
of SPI promotes the water retention capacity of bread, which was observed from the sixth
day of storage onwards.
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Figure 2. Effects of partially substituting high-gluten flour with soy protein isolate on the (A) moisture
content, (B) aw, and (C) pH of bread.

Water activity is closely associated with microbial growth. Most foods become moldy
and spoil when the a,, exceeds 0.80. In Figure 2B, except for the control in which the a.
had decreased to 0.87 on the seventh day, no significant differences were observed in the
ay of the control and SPI-fortified breads during the storage period, which were all greater
than 0.88. The a, of the control and SPI-fortified breads had decreased on the second day
because the rearrangement of water molecules within the bread had altered the bound
water/free water ratio when the water migrated from the internal bread structure to the
crust. This finding is consistent with that of Czuchajowska and Pomeranz [53].

The variation in bread pH during the storage period is shown in Figure 2C. The
pHs of all the breads significantly increased with increasing SPI incorporation (p < 0.05),
likely because of the higher pH of the SPI raw ingredient (8.05), but were not significantly
different over time. On the first day, the mean pH values of the control, 2%, 4%, 6%, and
8% SPI-fortified breads were 5.12, 5.34, 5.52, 5.70, and 5.83, respectively.

3.3. Sensory Evaluation

The sensory evaluation was performed with respect to the appearance, taste, softness
and hardness, texture, and overall acceptance of soy protein breads. The consumers’ accep-
tance of the sensory properties of breads fortified with different SPI ratios was evaluated on
a 9-point hedonic scale, in which 1 = extremely dislike, 3 = moderately dislike, 5 = neutral,
7 = moderately like, and 9 = extremely like. A total of 58 questionnaires were admin-
istered, 51 of which were valid. Male and female evaluators accounted for 54.90% and
45.10% of the participants, respectively. Individuals under 20 years of age comprised 3.92%,
21~30-year-olds accounted for 41.80%, 31~40-year-olds comprised 25.49%, and 41~50-year-
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olds accounted for 25.49% of the participants. Participants above 50 years of age accounted
for 3.92% of the total.

The preferential evaluation results are displayed in Table 3. In terms of appearance,
the control had the highest score (6.37), which was not significantly different from that
of the 2% SPI-fortified bread (5.65). The mean scores of the 4%, 6%, and 8% SPI-fortified
breads were 5.43, 5.25, and 4.33, respectively, all of which were significantly lower than the
control. The evaluation results indicate that the appearance scores decreased with increased
SPI use.

Table 3. Consumer preferences toward breads made by partially substituting high-gluten flour with
soy protein isolate.

Group Appearance Taste Softness/Hardness Texture Overall Acceptance
Control 6.372 6.532 6.842 6.632 7.022

2% 5.652b 5.842b 6.14 2P 6.022 6.10P

4% 5.43P 5.59b 5.65 be 5.842 5.92b

6% 5.25b 5.18b 494°¢ 488" 5.25b

8% 433¢ 431°¢ 3.824d 4.22P 4.16¢

a-d; Means within the same column values with different superscript letters are significantly different (p < 0.05).

In terms of taste, the score of the control (6.53) was not significantly different from
the score of the 2% SPI-fortified bread (5.84). The mean taste score decreased significantly
(p < 0.05) when the SPI use exceeded 4%. The mean scores of the 4%, 6%, and 8% SPI-
fortified breads were 5.59, 5.18, and 4.31, respectively. A possible reason is that SPI contains
polyunsaturated fatty acids, which produce volatile compounds during oxygenation, re-
sulting in beany or grassy flavors. Moreover, polyphenolic compounds, such as isoflavones,
saponin, and phenolic acids, create an astringent taste in the bread [54]. As such, the
consumers felt that the tastes of the >4% SPI-fortified breads were significantly different
from that of the control.

In terms of softness/hardness, the mean score of the control was 6.84 while those of
the 2%, 4%, 6%, and 8% SPI-fortified breads were 6.14, 5.56, 4.94, and 3.82, respectively.
Consumer preference decreased with increasing SPI substitution, which was significant in
the >4% SPI-fortified breads.

In terms of texture, the mean score of the control was 6.63 while those of the 2%, 4%,
6%, and 8% SPI-fortified breads were 6.02, 5.84, 4.88, and 4.22, respectively. The score of the
control was not significantly different with those of the 2% and 4% SPI-fortified breads, but
it was significantly different from the 6% and 8% SPI-fortified breads. A possible reason for
this is that the SV of bread decreases with increasing SPI use and creates a denser structure.
The consumers’ preferences for 6% and 8% SPI-fortified breads were significantly lower.

3.4. Detection of Yeast and Mold

Mold growth affects the shelf life of baked goods and is also the main cause of
spoilage [55-57]. The breads were sliced and stored at room temperature, and the yeast
and mold growth are shown in Figure 3. No yeast or mold was detected in any groups
from the first to the fourth day of storage. The yeast and mold counts of the 4-8% SPI-
fortified breads on the fifth day were 4.06 log CFU g~!, 4.23 log CFU g~!, and 3.57 log
CFU g~ !, respectively. A possible reason could be the pH values of the 4-8% SPI-fortified
breads (Figure 2C), which were 5.52, 5.69, and 5.83, respectively. Comparatively, the control
(pH = 5.14) and the 2% SPI-fortified bread (pH = 5.34) were slightly more acidic and more
unfavorable for mold growth. On the sixth day of storage, the yeast and mold counts of
the control and the 2% SPI-fortified bread were 4.69 log CFU g~ ! and 4.29 log CFU g~ !,
respectively. From the sixth day onwards, mycelia and dark patches, discernible with the
naked eye, were observed on the sliced surfaces of the breads. The yeast and mold counts
of the 4-8% SPI-fortified breads were 5.43 log CFU g~!, 4.90 log CFU g~!, and 4.57 log
CFU g !, respectively. The yeast and mold colonies continued to grow on the seventh
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day, on which the mold counts of the control, 2%, 4%, 6%, and 8% SPI-fortified breads
were 5.58 log CFU g1, 5.44 log CFU g~ !, 6.95 log CFU g~ !, 6.15log CFU g1, and 5.77 log
CFU g1, respectively. Additionally, soy protein has a higher water retention capacity, as
exemplified on the sixth and seventh days, when the moisture contents of the SPI-fortified
breads were significantly higher than that of the control (Figure 2A). This could be a reason
why the yeast and mold counts of SPI-fortified breads were higher than those of the control.

79 »
—e— Control
— 2%
v 4%
6 —Ah— %
—-— 8%

log(CFUg ")

Day

Figure 3. Effects of partially substituting high-gluten flour with soy protein isolate on the mold and
yeast growth in bread.

Baking inhibits the growth of mold and mold spores in bread. Mold growth is caused
by recontamination after baking, such as during the cooling, slicing, packaging, and storage
processes. Bread is contaminated when exposed to mold spores in the air, and the surface
of sliced bread is an ideal environment for mold growth. Therefore, the experimental
environment in this study may have affected mold growth on the bread. However, under
the same conditions, yeast and mold were only detected in the 4% SPI-fortified bread from
the fourth day of storage onwards, while they were only detected in the control and 2%
SPI-fortified breads on the fifth day. Thus, SPI use exceeding 4% in bread promotes faster
yeast and mold growth.

3.5. S. aureus Challenge Test

Lower inoculant can be used to precisely indicate the capacity of a product to support
microbial growth. In this study, a5 x 5 x 2 cm® sample was cut from the center of the
loaf after it had cooled, and the challenge test was performed by inoculating 0.5 wt. %
culture with 2-3 log CFU g~ ! S. aureus. Because S. aureus produces enterotoxins at levels
above 6 log CFU g~ [23], the outcome of the challenge test is based on a threshold of
6 log CFU g~ 1. The results are shown in Figure 4. Because discernible mold had appeared
on the bread from the sixth day onwards, the observation period ended on the fifth day.
The initial S. aureus counts inoculated on all groups of bread on the first day were within
2.62-2.70 log CFU g~ !, and no significant differences were observed on the second day of
S. aureus inoculation as this was the lag phase. The S. aureus counts of the control, 2%, 4%,
6%, and 8% SPI-fortified breads were 3.28 log CFU g~ !, 3.62 log CFU g~ !, 3.55 log CFU
g~1,3.441og CFU g, and 3.68 log CFU g1, respectively. On the third day, the S. aureus
count of the control (3.90 log CFU g~!) was slightly lower than those of the 2%, 4%, 6%,
and 8% SPI-fortified breads (4.50 log CFU g~ !, 4.44 log CFU g~!, 4.21 log CFU g, and
4.45 log CFU g1, respectively.). On the fourth day, the S. aureus counts of the control, 2%,
4%, 6%, and 8% SPI-fortified breads were 4.38 log CFU g~ !, 5.44 log CFU g1, 5.44 log CFU
g~1,5.25log CFU g1, and 5.37 log CFU g1, respectively. This shows that the SPI-fortified
breads had a significantly higher S. aureus count than the control (p < 0.05). On the fifth
day, the S. aureus counts of the control, 2%, 4%, and 6% SPI-fortified breads were 5.12 log
CFU g !,5.79 log CFU g~!,5.81 log CFU g~!, and 5.63 log CFU g~!, respectively, while
that of the 8% SPI-fortified bread had risen to 6.58 log CFU g~ .
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Figure 4. Microbiological challenge test results using Staphylococcus aureus.

According to the challenge test results, the S. aureus count was below 6 log CFU g~!
within the first four days of storage and had successfully passed the challenge test. The
control bread passed the test within the first five days of storage. A possible reason for this
difference is the amino acid composition of SPI in the SPI-fortified and control breads, as
well as the difference between their pH values.

Comparing SPI and flour protein composition, SPI contains 6.14% lysine and 2.47%
methionine and cysteine, while flour protein contains 1.99% lysine and 4.52% methionine
and cysteine [58,59]. Hence, a more balanced intake of essential amino acids can be achieved
by eating bread made from these two different sources of protein. Leucine, isoleucine, and
valine are branched-chain amino acids that provide environments that are conducive to
S. aureus protein and branched-chain fatty acid formation. Grispoldi et al. [60] found a
positive correlation between S. aureus growth and leucine and isoleucine levels in composite
milk. The branched-chain amino acids in SPI account for 16.08% of all amino acids, while
flour protein contains 13.69% branched-chain amino acids [58,59]. This could be a reason
why SPI-fortified bread is more conducive to S. aureus growth than the control.

As shown in Figure 2C, the bread pH increases with SPI use. Feeherry et al. [26]
reported that lowering the dough pH prolongs the lag phase of S. aureus growth and
shortens the microbial growth rate. Tango et al. [61] studied the effects of pH on the biofilm
formation of S. aureus and found a positive correlation between pH and S. aureus growth.
The S. aureus count exceeded 5 log CFU g~! on the fourth day.

Table 4 shows the effect of SPI on the generation time and the reproductive rate of
S. aureus. The generation time of S. aureus in the control on the second day of growth
was 21.83 h, while those of the 2%, 4%, 6%, and 8% SPI-fortified breads were 15.30, 17.06,
18.96, and 14.33 h, respectively. The use of SPI reduced the generation time of S. aureus.
Additionally, the generation times of the control from the third to fifth days had decreased,
and the reproductive rate of S. aureus in the 4% and 6% SPI-fortified breads was fastest
on the third day. On the fifth day of storage, the reproductive rate of S. aureus in the
2-6% SPI-fortified breads had reduced, due to mold and yeast growth. In general, SPI-
fortified bread has a shorter shelf life and S. aureus generation time because it provides a
favorable environment for S. aureus growth. We recommend a shelf life of four days for
SPI-fortified bread.
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Table 4. Effects of partially substituting high-gluten flour with soy protein isolate on the growth
count, generation time, and reproductive rate of Staphylococcus aureus.

Group Day 0 Day 2 Day 3 Day 4 Day 5
Control  Growth count (log CFU gfl) 2.62 3.28 3.90 4.38 5.12
Generation time (hr) 21.83 17.07 16.50 14.52
Reproductive rate (%) 21.84 3.33 11.99
2% Growth count (log CFU g~ 1) 2.67 3.62 450 5.44 5.79
Generation time (hr) 15.30 11.94 10.52 11.67
Reproductive rate (%) 21.92 11.94 —10.94
4% Growth count (log CFU g~ 1) 2.70 3.55 4.44 5.44 5.81
Generation time (hr) 17.06 12.55 10.63 11.70
Reproductive rate (%) 26.44 15.31 —10.08
6% Growth count (log CFU gfl) 2.67 3.44 4.21 5.25 5.63
Generation time (hr) 18.96 14.20 11.30 12.31
Reproductive rate (%) 25.08 20.43 —8.90
8% Growth count (log CFU g~ 1) 2.66 3.68 4.45 5.37 6.58
Generation time (hr) 14.33 12.22 10.75 9.28
Reproductive rate (%) 14.67 12.02 13.71

4. Conclusions

In this study, bread was made by partially substituting flour with 2-8% SPI. The
bread volume and SV decreased with increased SPI use, while irregularities formed on
the bread surface when 6% SPI was used, which all affect the appearance of the bread.
Based on consumers’ preferential evaluations, 6% SPI use significantly affected the texture
of the bread, and hence, the optimal amount should be 4% SPI. Based on the mold and
yeast growth during the storage period, >4% SPI-fortified breads have a shelf life of
four days, while 2% SPI-fortified bread has a shelf life of five days. SPI use affects the
pH of bread by increasing the amount of branched-chain amino acids, thus providing a
favorable environment for S. aureus growth and shortening the S. aureus generation time.
We recommend a shelf life of four days for 2-8% SPI-fortified breads. Even though partially
substituting bread flour with SPI increases the cost of raw ingredients, it compensates for
the limiting amino acid (lysine) in wheat flour and is applicable in various baked goods.
For manufacturers who wish to create and commercialize a wider range of baked goods,
the partial substitution of bread flour with soy protein in baked goods offers promising
business opportunities.
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