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Abstract: This research aimed to determine the feasibility of using mushrooms as an alternative
ingredient in texturized vegetable protein (TVP) production using a single-screw extruder. TVPs
from King Oyster (TVP-KO) and Pheonix mushroom (TVP-PH) were successfully developed and
characterized. The visual appearance of TVP was reddish-brown, with a distinct roasted mushroom-
soybean aroma. When rehydrated and cooked, both TVPs provided a minced meat-like appearance
and chewy meat texture comparable to commercial TVP (TVP-Com); however, they had inferior water
and oil holding and rehydration capacities. TVPs contained comparable protein content to TVP-Com
(45-47 wt%), slightly lower carbohydrate content (33-36 wt% vs. 39 wt%), and ash (3—4 wt% vs.
8 wt%), but higher lipid content (7-8 wt% vs. 0.84 wt%) than TVP-Com. Sai-aua prepared from
TVP-KO gained the highest overall acceptability. Mushrooms proved to be a potential source for
TVP production due to their availability, low cost, nutritional value, and health benefits. Moreover,
this finding helps add value to traditional meat products, which offer an opportunity for developing
non-animal products with satisfactory sensory properties and low cost. In addition, the study would
provide scientific resources for developing plant-based meat products that address health awareness
and economic and environmental sustainability concerns.
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1. Introduction

The trends of plant-protein-based meat analogs have been driven by the combined
effects of a growing global population, awareness of the sustainability of animal protein,
and societal and environmental concerns. Not only those mentioned but also consumer
health considerations on plant protein-based meat analogs that contribute to the health
benefits, such as being low in saturated fats and sodium, cholesterol-free, and an excellent
source of comparable protein to animal meat [1-3]. Between 2018 and 2026, the global, Asia-
Pacific, and European markets for plant-based meat are anticipated to expand at CAGRs
of 14.8, 15.9, and 14.4%, respectively [4]. These challenges encourage the development
of plant-based meat analogs that replicates the aesthetic qualities (structure, flavor, and
appearance) of animal meat. These studies attempted to create plant-based meat analogs
from various protein sources (e.g., soybean, green pea, peanut, rice bran, oilseed, cereal,
and mycoprotein) [2]. Kyriakopoulou et al. [5] and Webb et al. [6] summarized the sources
of the plant-based proteins most widely used in meat analogs in recent years are soy protein
and wheat gluten, while other sources have also been used in meat analogs, including
legumes from peas, faba beans, kidney beans, mycoprotein, and mushrooms [6].

Mushrooms have been used as meat substitutes in human diets due to their high
macronutrient (protein and fiber) and micronutrient (essential amino acids, vitamins, and
essential minerals) content, as well as their low fat, sodium, and calorie content [7,8].
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Mushrooms have been substituted in developing texturized vegetable protein (TVP),
beef/chicken patties, sausage, and nuggets to create healthier protein foods with an ap-
pealing appearance, flavor, and texture [8,9]. Recent studies have reported the use of
mushrooms in meat products due to their distinctive flavors and health-promoting proper-
ties [10], but few have examined the use of mushrooms as the primary ingredient in TVP.
According to Riaz [11], TVP or meat extender is a plant protein-based product produced
from the extrusion processing of defatted soy flour or flakes and soy concentrates. TVP
expands as it exits the extruder die and forms a random, spongy meat-like structure when
hydrated, imitating the chewy texture of meat. The size and speed of the extruder’s cutting
knife determine the size and shape of the extruded material. Typically, they are purchased
in a dry form (6-10% moisture) in sizes ranging from small flakes or granules of approxi-
mately 2 mm or cubes of approximately 620 mm to large “steaks” that are 12 mm thick by
80 mm wide by 120 mm long [11,12].

Different processing techniques, e.g., single screw extrusion [1], twin-screw extru-
sion [7-9], Couette cell technology, shearing, and electrospinning [5], were applied to
develop plant protein-based meat alternatives. The main challenges were the operation to
achieve the right texture, appearance, and nutrient content of meat analogs. In a previous
study, Mohamad et al. (2020) [1] reported the combined effect of low-grade oyster mush-
room addition and the extrusion setting parameters on the properties of soy protein-based
meat analogs were assessed via a single-screw extrusion. Another group of researchers
investigated edible mushrooms and soybean protein isolate (SPI) to prepare a fibrous meat
analog using thermos-extrusion and the extruded mushroom-based meat analog as a meat
substitute, as well as different formulations for non-meat sausage [13,14]. In addition,
Lee et al. [15] reported the production of rice bran protein and soy protein isolate (SPI)
through low-moisture single-screw extrusion cooking.

As mentioned above, the different plant-based meat processing methods that have
recently been developed are more expensive than authentic meat products. This is be-
cause they require more technology, technical know-how, specific machinery, raw material
yield, expensive binders or additives, and a larger production scale. Currently, the food
industry cares a lot about processing costs and the environment, and it is expected that
new ways will be found to reduce processing costs and waste losses. Apart from that,
one of the advantages of using mushrooms for this purpose is their compatibility with
meat products because of their umami flavor and fibrous meat-like texture [1,8,10,16].
Moreover, the advantages of alternative sources such as mushrooms promote not only
their healthy aspects but also their affordability, availability, scalability, and sustainabil-
ity [7]. Thus, in this study, the feasibility of developing TVPs using mushrooms as a main
ingredient via conventional single-screw cold extrusion. The developed conventional cold
extrusions, which are (1) mixing and hydration, (2) mechanical treatment for texturization,
and (3) drying while looking to improve the taste, texture, and storage shelf-life stability
of plant-based meats with intelligible methods without costly additives and investment.
Therefore, the set objectives were to (1) select two potential mushrooms to be the main
ingredients for the development of TVPs, (2) determine the feasibility of using mushrooms
as main ingredients for the development of TVPs via a conventional single-screw cold
extrusion, and (3) evaluate the physicochemical properties (i.e., cooking loss, water-holding
capacity, oil holding capacity, rehydration capacity, and bulk density), texture profile, and
microstructure of TVPs, and (4) prepare as a meat substitute in Thai Northern-style sausage
(Sai-aua) and analyze organoleptic properties.

2. Materials and Methods
2.1. Materials

King Oyster (Pleurotus eryngii, KO) from Rayong mushroom farm and VV Biotec.
Co., Ltd., Rayong, Thailand was distributed by the supermarket, Makro, Chiang Rai,
Thailand. Pheonix or Indian oyster (Pleurotus pulmonarius, PH) was purchased from
mushroom farm, Tha-sud and Phan, Chiang Rai, Thailand. Soybean protein isolate
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(SPI) and vital wheat gluten (WG) were purchased from Krungthep Chemipan Co., Ltd.,
Bangkok, Thailand. Chickpea flour purchased was from purchased HuglamoolFarm, Ubon
Ratchathani, Thailand. Additives such as yeast extract and beet juice powder were ac-
quired from Value Industrial Products Co., Ltd., Bangkok, Thailand and Narah Co., Ltd.,
Chiang Mai, Thailand, respectively. Commercial TVP (TVP-Com) (long granule shape,
size 5 mm length and 2 mm width) was purchased from FoodTech Products, Co., Ltd.,
Prathumthani, Thailand.

2.2. Reagents

All reagents used were of analytical grade. The distilled water produced from a water
purification system was used in all analyses and experiments.

2.3. Processing of Dehydrated Mushroom Powder

The fresh King Oyster (KO) and Phoenix (PH) mushrooms were washed to remove
dirt and foreign particles, and they were left in a strainer for 15 min to remove excess
water. For KO, the mushroom body was cut horizontally at about 3 mm in thickness,
whereas PH was manually shredded horizontally, then boiled in boiling water for 5 min.
They were placed in a strainer for 15 min to cool before removing excess water again with
a vegetable spinner. They were then chopped into coarse pieces using a meat grinder
(SOKANY®, Model SK-312, Yiwu, China). The coarsely minced mushroom was seared by
pan without oil at 70-85 °C and monitored by a handheld thermometer and needle probe
kit Traceable®6460, Webster, TX, USA) for 45-60 min until the moisture content was around
65 wt%. The dehydrated minced mushroom was left to cool to room temperature and kept
in a resealable low-density polyethylene zipper storage bag (Ziploc®, San Diego, CA, USA)
and stored at —20 °C until being used as a starting material and further analyses.

2.4. Preparation of Texturized Vegetable Protein

A mixture of ingredients was prepared and weighed into the bowl according to Table 1.
The ratios of mixtures were concealed and not allowed to be provided in the paper due
to matters regarding Mae Fah Luang University’s intellectual property. The dehydrated
mushroom from Section 2.3 was soaked in distilled water, which had previously been
mixed with beet juice powder, for 15 min. The mushroom-infused beet juice from the
previous step was poured into a mixer bowl and mixed using a whisk with a mixer (Model
5KPM5EWH, KITCHENAID®, St. Joseph, MI, USA) while gradually adding dried ingredi-
ent powder, including soy protein isolate, chickpeas, yeast extract, and vital wheat gluten
while mixing for 10 min before adding canola oil. The mixture was mixed well for 15 min
and subsequently rested at room temperature for another 10 min. After the designated
time, the mixture was formed into tiny chunks or granules with a size of 3 mm x 3 mm
using a tabletop screw meat grinder (SOKANY®, Model SK-312, Yiwu, China). Within this
step, wet TVP analogs from two mushrooms were shaped by a conventional single-screw
cold extrusion. The wet TVP analogs were dried using a tabletop electric oven (OTTO,
CO-707, Supor Co., Ltd., Hangzhou, China) at 100 °C for 15 min, turning the TVP analogs
every 2 min, and continued drying at 150 °C for 10 min, turning the mixture over every
2 min to allow the mixture to dry thoroughly. The moisture content of dried TVP analogs
was determined and controlled to be around 8-10 wt%. The TVP analogs were left at room
temperature, some of which were tested for moisture content, texture profile analysis, ap-
pearance, and color, while others were kept in a polyethylene zipper storage bag (Ziploc®,
San Diego, CA, USA) and stored at —20 °C until being used as a starting material and
undergoing further analyses. Commercial TVP was marked as TVP-Com, kept in the same
condition, and used for comparison with TVP-KO and TVP-PH. This step was performed
in triplicate to ensure the accuracy of the replication of trials.
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Table 1. Ingredients of commercial plant-based meat and TVP analogs.
. Commercial Plant-Based
Ingredients (g) Minced Meat TVP Analogs

Water 55 30-35
Soy protein isolate 19 15-20
Mushroom: Split gill/King
Oyster/Pheonix 17 30-35
Wheat flour or gluten 3 5-10
Canola oil 2 3-5
Coconut oil 1 0
Yeast extract 1 0.5-1
Beet juice powder 1 1-2
Chickpea flour 0 5-10
INS 407 Carrageenan 0.5 0
INS 461 Methyl Cellulose 0.5 0
Total 100 100

2.5. Proximate Composition of Selected Mushrooms and TV Ps

Different dried mushroom powder and TVPs were ground into powder using a blender
(PHILIPS, ProBlend, HR2041/30/AC, Taizhou, China) and sifted through a 60 mesh sieve
to obtain a homogeneous fine powder. The Association of Official Analytical Chemists
(AOAC) [17] was used to quantify moisture, protein, lipid, and ash. The water activity of
each TVP was measured using a water activity meter (Aqualab 4TE/PRE, METER Group
Inc., Pullman, WA, USA). The moisture content of each TVP was determined using an
oven-drying method at 105 °C. Ash content was determined by incinerating around 3 g of
sample powder in a furnace (Fisher Scientific, Waltham, MA, USA) at 575 °C overnight.
The protein content of all sample powders was determined for total nitrogen content based
on the Kjeldahl method, with a conversion factor of 6.25. Soxhlet apparatus was utilized
to measure the fat content using petroleum ether as an extracting solvent. All proximate
compositions were analyzed in triplicate and reported as a percentage of dry weight (wt%,
d.b.). The total carbohydrate content was calculated by deducting the total protein, fat, and
ash contents from 100%, as shown in Equation (1):

Total carbohydrate (wt%, d.b.) = 100 — (protein + ash + fat) (wt%, d.b.) €))

2.6. Amino Acid Compositions

For analysis of amino acid compositions, only KO and PH mushrooms were selected.
Central Laboratory, Ltd., Muang, Chiang Mai, Thailand, analyzed the amino acid compo-
sitions of dried mushroom powders using the in-house method TE-CH-372 based on the
Official Journal of the European Journal of communities, L257/16 by amino acid analyzer
technique and reported the results as mg/100 g sample, d.b.

2.7. Physicochemical Determination
2.7.1. Color Analysis, pH, and Water Activity

The color of each TVPs was determined using a portable colorimeter (CM-600d1,
Konica Minolta Inc., Tokyo, Japan) (10° standard observers, illuminant D65) that was
calibrated using a standard white plate according to the reference CIE 1976 L* a* b* color
space [18]. The CIE L* a* b* values of the samples were recorded at ten random locations
on the sample surface of TVPs. The parameters L * indicated the lightness of the sample
from blackness (L* = 0) to whiteness (L* = 100). The a* indicated red (a* is positive) and
green (a* is negative) of the sample. The b* indicated yellow (b* is positive) and blue (b* is
negative) of the sample.

The pH of the samples was measured with a digital pH meter after homogenization
of the sample with distilled water in the ratio of 1:1 (w/v). The water activity (aw) of all
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samples was analyzed in triplicate to evaluate their microbial stability. A water activity
meter (AquaLab Ver 3TE, Decagon Devises, Pullman, WA, USA) was used.

2.7.2. Visual Surface Appearance, Microstructure by Scanning Electron Microscopy (SEM)

Visual appearance: TVPs were photographed with a mobile phone (iPhone X, Apple®,
Cupertino, CA, USA) under a portable photo studio box equipped with high-brightness
LED modules.

Microstructure: Scanning electron microscopy (SEM) analysis was conducted to ob-
serve fibrous structures and air cell formations in TVPs. The microstructure of TVP was
observed by a scanning electron microscope (TESCAN, MIRA, TESCAN ORSAY HOLD-
ING, Brno, Czech Republic). Sample pieces were prepared and mounted onto aluminum
stubs using double-sided carbon tape and then coated with gold particles. The images
were photographed at magnification levels of 500, 2000 x, and 5000 %, respectively, with
an accelerating voltage of 10 keV features a maximum resolution of 200 um.

2.7.3. Water-Holding Capacity (WHC) and Oil Holding Capacity (OHC)

Minor modifications were made to the previous method described by Hong et al. [19]
to conduct water/oil holding capacity (WHC/OHC) tests. For WHC, 0.5 g (W) of ground
dried TVP analog sample was dispersed in 5 mL deionized (DI) water in a 15 mL centrifuge
tube that had been pre-weighed (W;). The mixture was thoroughly vortexed and allowed
to rest for 5 min at room temperature. The supernatant was discarded after 10 min of
centrifugation at 8000x g, and the tube containing the residue was inverted and allowed
to rest for 5 min prior to reweighing (W,). For OHC, 0.5 g (Op) of each sample was
thoroughly mixed with 5 mL canola oil in a 15 mL centrifuge tube that had been pre-
weighed (Oq). The mixture was allowed to stand at room temperature for 30 min before
being centrifuged at 8000x g for 10 min. After removing the oil, the tube containing the
protein sediment was inverted for 10 min to drain the excess oil, then reweighed (O,). Each
sample was performed three times. The WHC and OHC were calculated by using the
Equations (2) and (3), respectively, and expressed as grams of water and oil absorbed per
gram of sample, respectively.

g sample Wy
g oil - (02—01—00)
OHC <g sample) o Oy @)

2.7.4. Rehydration Capacity and Rehydration Yield

Minor modifications were made to the previous method described by Hong et al. [19]
to conduct the analysis of rehydration capacity and yield. Twenty grams of TVPs were
rehydrated in 300 mL distilled water (1:15 solid-to-liquid ratio, w/v) at room temperature
(RT) for 1 h, followed by 1 h of draining on a mesh screen. The final weight was recorded in
order to quantify the rehydration capacity (RHC) and the rehydration yield (RHY), which
can be calculated using Equations (4) and (5) as follows:

RHY (%) = {

gHy,O \  (Weight after rehydration (g) — Weight before rehydration (g)) )
gsample ) Weight before rehydration (g)
Weight after rehydration (g) — Weight before rehydration (g)
. . %100 5)
Weight before rehydration (g)

2.7.5. Cooking Loss

Minor modifications were made to the previous method described by Hong et al. [19]
to conduct a cooking loss test. Ten grams each of TVPs were selected randomly soaked,
cooked, and weighed using an analytical balance (Sartorius, ED224S, Goettingen, Germany)
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directly. After cooking, the samples were left at room temperature until the ambient
temperature. The cooking loss was performed in six replications and was calculated as
Equation (6) follows:

__ Initial weight (g) — Cooked weight (g)
B Initial weight (g)

Cooking loss (%) x 100 (6)

2.7.6. Bulk Density

Minor modifications were made to the previous method described by Hong et al. [19]
to conduct a bulk density test. TVPs were poured into a 1 L graduated cylinder and tapped
twice to eliminate the spaces between the crumbles. The mass and volume were recorded,
and the bulk density was determined by dividing the mass by the volume (g/L). There
were two measurements taken for each sample.

2.8. Textural Properties Measurement

Texture profile analysis (TPA) of soaked or uncooked and cooked TVPs was measured
in the test setting parameters of TA.XT Plus Texture Analyzer (Stable Micro Systems, Surrey,
UK) according to Hong et al. [19]. For sample preparation, TVP analogs and TVP-Com was
soaked in distilled water in the ratio 1:1 (w/v) for 1 h (soaked /uncooked) and cooked by
pan searing without oil for 15 min. (cooked) before measurement. Uncooked and cooked
samples (12 replications) were sheared using two cycles of compression using a cylinder
probe (SMSP/36R, cylinder diameter = 36 mm). The testing conditions were as follows:
pre-test speed = 1 mm/s; test speed = 5 mm/s; post-test speed = 5 mm/s; strain = 50%;
trigger force = 10 g; the time interval between the two compressions: 5 s. The results were
calculated by the EXPONENT CONNECT®software (Stable Micro Sys-tems, Surrey, UK)
as hardness (g), chewiness (g-s), springiness (%), adhesiveness, cohesiveness, gumminess,
and resilience (%). Firmness (g) and toughness (g-s) were also determined with the same
setting condition with the strain mode. The analyses were performed in twelve replicates
for each sample and expressed as the means.

2.9. Thai Northern-Style Sausage (Sai-aua) Preparation

The TVP analogs, TVP-KO, TVP-PH, and TVP-Com were used as meat substitutes
for producing Sai-aua. TVPs were soaked in water (1:15 solid-to-liquid ratio, w/v) for 1 h
at room temperature (RT), followed by draining for 1 h on a strainer. Each soaked TVPs
(80 wt%) were mixed with Sai-aua chili paste (15 wt%) and seasoning (5 wt%) in the mixing
bowl. The mixture was homogenized manually by hand and then filled into cellulose
casings (diameter 3.5 cm and 19 cm in length). The Sai-aua from TVPs were cooked by
steaming for 5 min followed by grilling at 140 °C for 12 min. using an electric oven (OTTO,
CO-707, Supor Co., Ltd., Hangzhou, China).

Sensory Analysis of Plant-Based Sai-aua

According to COE no. 126/2022, ethical review and approval were waived for this
study. The Mae Fah Luang University Ethics Committee on Human Research (MFU EC)
reviewed Protocol No. EC 21191-14, in accordance with international guidelines such as
the Declaration of Helsinki, the Belmont Report, CIOMS Guidelines, and the International
Conference on Harmonization of Technical Requirements for the Registration of Pharma-
ceuticals for Human Use—Good Clinical Practice (ICH-GCP) and decided to exempt the
aforementioned research protocol on 19 September 2022. The sensory evaluation focused
on appearance, color, odor, flavor, texture, firmness, juiciness, and overall acceptability. The
scoring of each sample was performed according to a 9-point hedonic scale to assess con-
sumers’ preferences for each attribute [20]. On the 9-point hedonic scale, ‘9" corresponded
to ‘strongly like” and ‘1’ corresponded to ‘strongly dislike’. A mean liking on a nine-point
scale is usually indicative of highly acceptable sensory quality; hence, a product achieving
this score could be used confidently as a suitable illustration of ‘target” quality [20]. To
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mimic the consumers’ evaluation more objectively and actually, 30 untrained panelists (con-
sisting of 15 females and 15 males, aged 18-65 years) were recruited from Mae Fah Luang
University, Chiang Rai province, Thailand, randomly. The Sai-aua analogs were warmed at
140 °C for 5 min using an electric oven before assessment. Samples were kept warm (37 °C)
in a heater for between 5 and 10 min until evaluation. The plant-based Sai-aua samples and
commercial plant-based Sai-aua were cut into slices with a thickness of 1.5 cm and then
distributed to panelists. The commercial plant-based Sai-aua was used as a benchmark.
Samples were given to panelists one at a time in an order that was established to avoid the
effect of sample order presentation. Panelists were asked to drink some drinking water to
rinse their palate among samples. A sensory session of Sai-aua analogs was performed at
22 + 1 °Cin isolated rooms (individual cabins) under controlled environmental conditions
with white light (300 Ix) and relative humidity of 54 & 1%. Moreover, to avoid the impact
of shocks, all panelists were informed in advance that the samples were a novel product
designed to replace conventional animal meat Sai-aua.

For the just-about-right (JAR) scale, the appropriateness of the intensities of seven
sensory attributes including mushroom flavor, beany, chili paste taste, firmness, juiciness
and Sai-aua-like texture, was evaluated by ratings provided on a 5-JAR scale, where 1 and 2
corresponded to “too weak” (TW), 3 to “just about-right” (JAR) and 4 and 5 to “too strong”
(TS) evaluations according to Morlein [21].

2.10. Statistical Analysis

All statistical data were analyzed with one-way ANOVA and Duncan’s multiple
range test using IBM SPSS 16.0 (Version 16.0, IBM Corporation, Armonk, NY, USA). A
p-value < 0.05 was considered statistically significant. Values are presented as mean =+ stan-
dard deviation based on at least three independent analyses except for the amino acid
composition. Twelve and ten replicates were executed for texture profile and color analy-
sis, respectively.

3. Results and Discussion
3.1. Nutritional Compositions of Some Edible Mushrooms

Edible mushrooms were formerly called the ‘meat of poverty” because of mass-scale
production, availability, and affordable price. Edible mushrooms are rich in nutrients,
including proteins, essential minerals and vitamins, complex polysaccharides, essential un-
saturated fatty acids, and secondary metabolites [7,8]. In this study, the selected mushrooms
were recruited by availability, affordable price, nutritional value, and health benefits.

The results of the nutritional value obtained for the studied edible mushrooms are
shown in Table 2. From the screening, carbohydrate (57-62 wt%) were and high while
the contents of ash (2.67-7.43 wt%) and fat (0.47-2.0 wt%) were low in all mushrooms.
Mushrooms contain a high proportion of moisture and depend on the mushroom species
and other factors such as harvesting, growth, and storage conditions [22]. Each mushroom
presented similar amounts of proteins (23-29 g/100 g), fat contents, and carbohydrates
values except those of white jelly and black fungus mushroom. Since, white jelly and black
fungus mushrooms were retrieved in dried form from the shelf and assumed to have a
long shelf life before analysis. Dimopoulou et al. [23] document that 16 mushroom species
of protein ranged from 13.8 to 38.5 g/100 g, carbohydrate ranged 32 to 61.4 g/100 g, fat
ranged from 0.4 to 5.9 g/100 g and ash ranged 1.3 to 14.4 g/100 g.

Mushrooms are reported to be a suitable source of protein. From the study, Pheonix
mushroom showed the highest protein content (29.29 wt%) followed by King Oyster, black
Shimeji, Enoki, white Shimeji and white jelly and black fungus (23.25, 23.06, 22.02, 20.71,
9.09, and 9.38, wt%, respectively). Tepsongkroh et al. [24] reported the protein contents
P. ostreatus (22.01 wt%) and P. pulmonarius (21.16 wt%). The current results agreed with
Reis et al. [22] and Sardar et al. [25]. The crude protein of Pleurotus eryngii in the range
of (18.93-25.36 wt%) was reported according to Sardar et al. [25]. The protein content of
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mushrooms is typically high but varies widely based on factors such as the genetic profile
of the species, the compost or growing medium, and the harvesting stage [24,25].

Table 2. Mean nutrient content of dried mushroom powders reported as g per 100 g or wt%.

Sampvl:ts/g)llﬂﬂ & Moisture Dry Matter Protein Ash Lipid Carbohydrate
Pheonix/Indian 57.76 =022 ¢
Oyster 461+015e 95.39 £ 0.15a 2929 £0.05a 6.95 4+ 0.07 ¢ 1.39 £0.03 ¢ (Dietary fiber: 32.63)
. 60.97 +0.07 ¢
King Oyster 8.16 +0.09 ¢ 9184 +0.19¢ 2325 +0.03b 6.90 +0.09 ¢ 0.73+0.04e (45.73)

Enoki 7.34+0.19d 92.66 +0.19b 22.02+0.15¢ 743 +0.08 a 1.37 £0.02d 61.84 +0.20 ¢
White Shimeji 8.05 £ 0.06 ¢ 91.95 £ 0.06 ¢ 2071 £0.17d 7.40 £0.08 a 1.85+0.17b 61.99 £0.15¢
Black Shimeji 8.554+0.07b 91.45 4+ 0.07 d 23.06 £0.11Db 736+0.13a 2.00 +0.06 a 59.05 4+ 0.15d

White Jelly Fungus 11.10 £ 0.08 a 88.90 £ 0.08 e 9.09 £0.04 f 711+£0.18b 0.46 £0.05 f 7224+ 0.24b
Black Fungus 11.05+0.11a 8895+ 0.11e 9.38 £0.02e 2.62£0.02d 0.47 £0.01 f 7648 £0.10 a

Values represent mean observations of three replicates + standard deviations. The mean values encoded by
different lowercase letters in the same column are significantly different (p < 0.05).

Carbohydrates, calculated excluding protein, ash, and fat levels, were the most abun-
dant macronutrients, and the highest level was found in white jelly and black fungus
that provided the highest carbohydrates level (72.24 and 76.48 g/100 g, d.b., respectively).
Higher carbohydrate content is likely the result of a greater proportion of non-fiber carbo-
hydrates, such as sugars, as well as fiber, structural polysaccharides, beta-glucans, chitin,
hemicelluloses, and pectic substances [26]. Tepsongkroh et al. [24] reported the highest
amount of carbohydrate was obtained from P. pulmonarius and P. ostreatus, at 56.78 and
56.30 wt%, respectively. Due to the presence of non-starch polysaccharides, mushrooms
are a potential source of dietary fibers. In all cases, the stem portion of the mushroom con-
tained more insoluble dietary fibers than the pilei [27]. In this study, KO and PH contained
total dietary fiber accounting for 32.63 and 45.73 wt% (Table 2). The total dietary fiber in
mushrooms consists primarily of the non-digestible carbohydrate chitin [27]. Cuptapun
et al. [28] and Tepsongkroh et al. [24] reported that the fiber contents of P. pulmonarius and
P. ostreatus as 12.29-16.68% and 7.80-14.01%, respectively.

Enoki, white Shimeji, and black Shimeji revealed the highest ash (7.36-7.43 g/100 g)
and fat (1.37-2.00 g/100 g) contents; white jelly and black fungus provided the lowest fat
levels (0.46-0.47 g/100 g). In general, mushrooms are low-calorie foods since they provide
low amounts of fat (Table 2). Tepsongkroh et al. [24] reported that the ash content of
various mushrooms ranged from 5.27% to 9.48%, indicating that the mushrooms contained
nutrient-rich minerals such as potassium and phosphorus. According to Reis et al. [22], the
main components of mushroom ash are potassium, phosphorus, or magnesium, in addition
to calcium, copper, iron, and zinc.

Mushroom are low in fat content ranging from 0.47 to 2.00 wt% in selected species
(Table 2). Elavarasan [27] reported some essential fatty acids in fat of mushroom. Nonethe-
less, mushrooms are not considered to be a significant source of essential fatty acids for
fulfilling the human body requirements. Due to a low total lipid content and a small pro-
portion of desirable n-3 fatty acids, the nutritional value of mushroom lipids is limited [24].
In the case of Pleurotus species, oleic acid and linoleic acid are reported as the predominant
monounsaturated and polyunsaturated fatty acids, respectively. Literature demonstrates
discrepancies in the concentrations and types of fatty acids present in specific edible species,
depending on the species and their geographic distribution, a factor that influences their
nutritional value [26,29].

Only two types of mushrooms, both Pleurotus species (King Oyster (KO) and Pheonix
(PH) mushrooms), were selected to determine amino acid compositions regarding higher
protein content, bioactive compounds, and bio-properties (Figures 1 and 2), as well as
availability, the production scale, and cost. According to reports, mushrooms are a suitable
source of protein, and some researchers have even argued that their amino acid profiles are
comparable to those of animal proteins, as presented in Table 3 [22]. KO showed inferior
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amino acid content than that of PH mushrooms. The major essential amino acids in KO
and PH are listed as leucine (1617.33 and 1897.47 mg/100 g, d.b.), lysine (1329.64 and
157517 mg/100 g, d.b.), threonine (1081.28 and 1367.32 mg/100 g, d.b.), valine (1398.27 and
1685.61 mg/100 g, d.b.), whereas glutamic acid (2855.36 and 6302.33 mg/100 g, d.b.), aspar-
tic acid (1747.43 and 2331.38 mg/100 g, d.b.), alanine (1700.02 and 2045.82 mg/100 g, d.b.),
glycine (1084.61 and 1329.72 mg/100 g, d.b.), and serine (1126.27 and 1508.64 mg/100 g,
d.b.) are the most abundant non-essential amino acids, respectively. Methionine was the
very limiting amino acid (217.77 and 287.18 mg/100 g, d.b.). It is known that the growth
medium and condition can influence the chemical composition and, consequently, the culti-
vated mushrooms’ nutritional value [25]. Mushroom quality is also influenced by other
parameters, such as the stage of development and pre- and post-harvest conditions [22]. In
addition to intraspecific genetic variation, geographical origin, and producer affected the
chemical composition and nutritional value of samples [22].
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Figure 1. Total phenolic (A) and total flavonoid contents (B) of the seven different mushrooms. Bars
represent the standard deviation. Different lowercase and uppercase letters indicate significant differ-
ences (p < 0.05) among mushroom extracts extracted from methanol and distilled water, respectively.
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Figure 2. Antioxidant activities under DPPH radical scavenging activity (DPPH, (A)) and ferric
reducing power activity (FRAP, (B)) of the seven different mushrooms. Bars represent the standard
deviation. Different lowercase and uppercase letters indicate significant differences (p < 0.05) among
mushroom extracts extracted from methanol and distilled water, respectively.

Table 3. Amino acid contents of two potential mushrooms reported as mg/100 g sample (d.b.).

Amino Acid (mg/100 g, Dry Basis) King Oyster Pheonix
Essential amino acids
Histidine 526.39 726.05
Isoleucine 858.90 970.69
Leucine 1617.33 1897.47
Lysine 1329.64 1575.17
Methionine 217.77 287.18
Phenylalanine 901.33 1275.33
Threonine 1081.28 1367.32
Tryptophan 261.18 418.61
Valine 1398.37 1685.61
Non-essential amino acids
Glutamic acid 2855.36 6302.33
Aspartic acid 174743 2331.38
Alanine 1700.02 2045.82
Glycine 1084.61 1329.72
Proline 890.07 1011.94
Serine 1126.27 1508.64
Tyrosine 598.82 830.67
Arginine 907.38 1217.31
Cystine ND ND
Hydroxylysine ND ND
Hydroxyproline ND ND

ND = not detected.
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3.2. Bioactive Compounds and Bioactivities of Some Edible Mushrooms
3.2.1. Total Phenolic and Flavonoid Content

In this study, two extracting solvents, distilled water and absolute methanol, were
used to extract TPC and TFC from mushrooms. TPC and TFC of mushroom extracts were
shown in Figure 1A,B, respectively. In the case of selected mushrooms, the TPC values
ranged from 1.50 to 10.56 mg gallic acid equivalents (GE)/g sample (d.b.). All analyzed
mushrooms extracted by distilled water showed higher TPC on average, 1- to 3-fold higher
than that of methanol. The highest content of TPC in water extract of 10.56 mg GE/g
sample, d.b. was observed in Enoki mushroom followed by Pheonix and King Oyster
mushroom as 9.93 and 7.96 mg GE/g sample, d.b., respectively. These results could be
explained by phenolic compounds are often extracted in higher amounts in more polar
solvents. Thus, a higher TPC was observed. The highest TPC derived from hot water
extracts in Pleurotus spp. between 4 and 80 pg GE/g sample was observed according to
Tepsongkroh et al. [24]. Similar findings were reported by Gonzalez-Palma et al. [30], who
discovered that the TPC in several edible Indian mushrooms extracted with hot water was
greater than that extracted with methanol.

The opposite trends were observed in TFC values in mushroom extracts by distilled wa-
ter and methanol. The content of flavonoids found in all samples was low. The values were
in the range of 0.50 to 2.65 mg quercetin equivalents (QE)/g sample, d.b. The highest con-
tent of TFC was observed in the methanolic extracts of black Shimeji as 2.65 mg QE/g sam-
ple (d.b.), followed by that of white Shimeji and PH mushroom as 2.61 and 2.43 mg QE/g
sample (d.b.). Methanolic extracts presented superior TFC than that of water extracts. It
should be because of the different polarity of solvent and flavonoid compounds’ structure,
which solute more in methanol. Sudha et al. [31] reported that, specifically, the methanol
extracts of various species of Pleurotus showed higher TFC with values of 6.38 to 7.79 mg
catechin equivalents/g extract. The results indicated that the TPC and TFC vary depending
on the mushroom species and extractant medium (p < 0.05).

3.2.2. Antioxidants Properties

Antioxidant and ferric-reducing properties are depicted in Figure 2A. Consequently,
antioxidant activity was also higher for water extracts, which concordance with the TPC
content. Water extracts imparted polarity to compounds with a high number of hydroxyl
groups, which acted as hydrogen donors [26]. Mushroom extracts exhibited different
antioxidant capacities depending on species and extraction medium (13.03-29.07 and
3.52-16.64 as mmol Trolox equivalents (TE)/g sample (d.b.)) for DPPH activities of wa-
ter and methanol extracts, respectively, and 30.84-76.54 and 8.36-30.54 as mmol FeSO4
equivalents (FE)/g sample (d.b.) for FRAP of water and methanol extracts, respectively.
The top three ranking of DPPH values were found in water extract of Enoki, phoenix, and
King Oyster mushroom as 49.91, 29.27, and 27.49 as mmol TE/g sample (d.b.) and FRAP
were 76.54, 35.59, and 30.43 mmol FE/g sample (d.b.)., respectively. The higher antioxidant
activity value on selected species of uncooked oyster mushrooms, Pleurotus spp. of 48.87 to
92.51 pmol TE/100 g by Tan et al. [32]. However, Ng and Tan [33] reported lower FRAP
in selected raw edible mushrooms such as Pheonix, King Oyster, and Enoki as 11, 11, and
51 umol FE/100 g FW, respectively, than those in the current study.

The different antioxidant properties can be explained by the different phenolic com-
pounds’ structure represented in mushroom extract, which can be dissolved differently
due to the different polarities of the solvents used [31]. The results indicated that water is a
better extraction solvent for phenolic compounds of mushroom in the present study and,
as a consequence, water extracts of these mushrooms have better antioxidant properties.

3.3. Physicochemical Analysis of Difference Mushroom-Based TV Ps
3.3.1. Color Analysis

Color is considered the most important quality characteristic in meat and is tightly
associated with the quality of food and acceptance by consumers [10]. Table 4 shows the
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difference between TVP analogs and TVP-Com. L* represents the distinction between the
color and the whiteboard. The greater the value, the smaller the color difference between
the sample and the whiteboard, indicating that the surface was brighter. From the study,
TVP-Com showed a significant difference in color parameters with TVP-KO and TVP-PH
(L* =54.58 £ 0.41, a* = 4.68 &+ 0.23, and b* = 22.61 £ 0.65), while those of TVP analogs
were similar between TVP-KO and TVP-PH. The lower lightness of TVP analogs value
L* =31.58 & 0.50 for TVP-KO and 34.95 £ 0.67 TVP-PH because the color of the mushroom
itself that is coloration to be the reddish tone by beet juice powder and together with the
cooking processing that used high temperature in drying induce brown color by Maillard
reaction. The slightly lower lightness of TVP-KO than TVP-PH due to the gray color
of PH. a* and b* was lower in TVP analogs than those of TVP-Com due to the color of
the ingredients. TVP-Com consisted of soy flour (either soy flour (50 wt% protein) or
soy protein concentrate (70 wt% protein)) mixed with water, sodium chloride, and other
ingredients, which present white or faint yellow powder [12].

Table 4. Physicochemical properties of difference mushroom-based and commercial TVPs.

Properties TVP-KO TVP-PH TVP-Com
Proximate compositions (wt%, dry basis)
Moisture 827 £0.07a 8.09 £0.07b 7.99 £0.06 b
Protein 4559 £0.33 ¢ 4778 £ 024 a 4729 £0.59b
Ash 399+033c 454 +£0.08 b 8.02+0.04a
Lipids 810+£0.19a 7.89 £ 0.09 a 0.84 £0.06 b
Carbohydrates 33.86 £0.34 ¢ 35.59 +£0.16 b 39.73+0.55a
Water-holding capacity (g H,O/g sample) 2194+ 0.07b 2.09 +0.08 b 3.45+£0.10a
Oil-binding capacity (g Canola oil/g sample) 1.23+£0.09b 1.08 £ 0.09b 142+ 0.05a
Bulk density (g/L) 0.44 £0.04b 0.50 £ 0.01 a 0.28 +0.01c
Rehydration capacity (g/g) 0.96 +0.00 ¢ 1214 0.04b 2.08 +0.06 a
Rehydration yield (%) 102.07 £ 0.53 ¢ 108.05 + 0.66 b 187.65 +0.02 a
Cooking loss (%) 33.88+0.02¢ 35.53 £ 0.05b 63.58 £0.02a
pH 7.01+0.01a 7.09 £0.01b 7.06 £0.01c
aw 0.90 £0.01a 0.84 +£0.00 b 0.65 £ 0.00 ¢
Color parameters
L* 31.58 £ 0.50 c 34.95 £ 0.67 b 5458 £0.41a
a* 930 £0.72a 923 +£0.37a 4.68 £0.23b
b* 1692 +02c 18.72 £ 0.40 b 22.61 £0.65 a

Means with different lowercase letters within the same row are significantly different (p < 0.05) among samples.
The parameters L* indicated the lightness of the sample from blackness (L* = 0) to whiteness (L* = 100). The

a* indicated red (a* is positive) and green (a* is negative) of the sample. The b* indicated yellow (b* is positive)
and blue (b* is negative) of the sample.

3.3.2. Visual Surface, Macrostructure, and Microstructure

The TVP-KO and TVP-PH presented similar granules or tiny chunks of about 3 mm,
whereas TVP-Com presented long granules of about 4-5 mm in length and 2 mm in width.
The colors of TVP analogs look reddish and brown mixed, but when soaking and cooking,
the color disappears and is disclosed to brown and similar to the color of cooked TVP-Com
(Figure 3), which correlates to the color attributes in Table 4. As shown in Figure 3, the
development of TVP analogs from mushrooms had an apparent effect on the macrostructure
of TVPs, as can be observed in Figure 4A,B. The visual surface and macrostructure of TVP
analogs, TVP-KO and TVP-PH, as illustrated in Figure 4, the surface of TVP-KO and TVP-
PH became similar. However, at the highest magnification of 5000, the fibrous structure
with diagonal air cell was observed in TVP-KO. TVP-PH showed more air cell bubbles
and less fibrous structure. Notably, the images of TVPs were captured in their naturally



Foods 2023, 12, 1269 13 of 22

exhibited directions (longitudinal or horizontal cross-sections of extrusion) because the
current samples from the experiment were difficult to cut intentionally due to their shape
and size constraints. This may explain why TVP-KO had more elongated cells and TVP-PH
had smaller pores. The limitation of texturizing plant protein by using a single-screw
extruder was recognized as no anisotropic structure could be observed, similar to that
produced by the standard single-screw or a twin-screw extruder [34,35].

Uncooked Cooked

Minced pork

Figure 3. Visual appearance of minced pork, mushroom-based TVP analog, and commercial TVP
before (left, uncooked) and after (right, cooked) cooking by searing in a non-stick frying pan without
oil for 15 min.
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Figure 4. Microstructure of meat-based TVP analogs made from King Oyster mushroom (TVP-
KO, (A)) and Pheonix mushrooms (TVP-PH, (B)) at a magnification of 500 %, 2000, and 5000 x.

3.3.3. Water and Oil Holding Capacity (WHC and OHC)

The water-holding capacity (WHC) of a material represents its hydration properties
and indicates the amount of water it can absorb at the macromolecular level [36]. WHC
is known to play a significant role in the development of food texture, and higher levels
of WHC result in less cooking loss, indicating WHC as a quality index for TVPs. As fresh
raw meat is considered a high-moisture food, meat analogs must contain a higher WHC to
mimic the texture, succulence (juiciness), and chewiness of authentic meat [19]. A protein’s
amphiphilicity gives it the ability to interact with both water and oil. In addition, WHC
and OHC depend on the presence of polar and non-polar amino acid residues, as well as
the micro- and macrostructures of the protein [19]. Future research must clarify the amino
acid profiles of TVP analogs in order to provide additional evidence.

Table 4 compares and summarizes particular functional properties of TVP analogs and
TVP-Com. TVP-KO and TVP-PH demonstrated lower WHC (2.19, 2.09, and 3.45 g H,O/g
sample) and OHC (1.23, 1.08, and 1.45 g o0il/g sample) than TVP-Com. Low-moisture
extrusion processing contributed to TVP-Com’s capacity to retain both water and oil. TVP
expands rapidly upon emergence from the die and loses a great deal of water through
evaporation, resulting in a sponge-like structure before being dried to safe moisture levels
of 7-10% for storage [11].

TVP-Com had the highest OHC with 1.42 g oil per gram, followed by TVP-KO and
TVP-PH with 1.23 and 1.08 g H,O per gram, respectively. WHC and OHC may correlate
with the degree of denaturation since extrusion cooking causes the unfolding of proteins
and the exposure of more hydrophobic sites [35]. TVP-Com is derived from extrusion
cooking, a high-temperature, short-time (HTST) process. High temperature, high pres-
sure, and mechanical shear cause protein denaturation, partial unfolding, and subsequent
aggregation in proteinaceous food materials. The structural modifications induced by
heat treatment result in the formation of a more flexible protein conformation, which may
be considered the responsible factor for the improvement of surface activity that affects
WHC and OHC [37], thereby introducing more accessible hydrophobic sites that contribute
to higher OHC values in TVP-Com. The heating of proteins during extrusion cooking
may change the distribution pattern of hydrophilic and hydrophobic sites on the protein
surface and expose the functional groups, which consequently affect their surface activity
and facilitates the absorption and formation of a physical layer at air-water and oil-water
interfaces [38]. In addition, polar carbohydrates may have a detrimental effect on the extent
of oil interactions. According to Osen et al. [35] and Samard et al. [39], the relationship
between carbohydrate content and OHC is inverse.

The absorption of water, oil content, and meat-like texture of TVP also depends on the
raw material used to produce it [11]. Utilizing the appropriate formulation and processing
techniques can aid in achieving these properties. To produce TVP, soy flour with a protein
content of 50% and a protein dispersibility index (PDI) of 60 to 70 is recommended. In the
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production of soy concentrates, a material with a lower protein solubility can be utilized.
Other ingredients may be added to a recipe for a variety of reasons, including economics,
nutritional balance, functionality, color of the final product, or allergen reduction. Vital
wheat gluten, which is highly soluble in water and contains protein of at least 80 wt%, can
be combined with soy flour or soy concentrate to produce TVP [11].

3.3.4. Water Activity (aw)

aw below 0.7 inhibits microbial growth, and the material can be considered storage
stable [40]. TVP-Com exhibited the lowest a, of 0.65, followed by TVP-PH and TVP-KO
with 0.84 and 0.90, respectively. This proved that TVP could be a stable shelf life because of
their low moisture and water activity. After extrusion processing, TVP is conveyed to a dryer
where long retention times are required to remove water, thus it from the dense structure,
thereby leading the low moisture and ay, in TVP. TVP is not only for Niche markets such
as vegetarian, vegan, and flexitarian. It fulfills food scarcity, esp. in war zone areas and
under-developing countries, due to its being shelf stable, lightweight, and nutritional.

3.3.5. Rehydrating Capacity and Yield

Water is essential in meat products for imparting the proper texture and juiciness to
ensure customer acceptance. Rehydrating capacity (RHC), which refers to the amount
of water that intact TVP could hold upon rehydration, is a crucial factor influencing the
meat-like chewiness of plant-based meat analogs [41]. As shown in Table 4, the RHC
values of TVP-KO, TVP-PH, and TVP-Com were significantly different in the current study,
ranging from 1.5 to 4.2 g/g. The rehydrating yields of TVP-KO, TVP-PH, and TVP-Com
were 102.07 £ 0.53, 108.05 & 0.65, and 187.65 £ 0.02, respectively, indicating that the
weight of rehydrated TVP was greater than that of dried TVP prior to soaking. The retain
ability was very high in TVP-Com, proving the better heat and processing by the standard
manufacturer. Differences in RHC are dependent on protein types, protein-water molecule
interactions, and water-water molecule interactions but are more closely related to product
structure, particularly porosity and air cell size (Figure 4) [19].

To transform TVP into a ready-to-eat meat alternative, it must absorb at least three
times its weight in water, which takes 15 to 20 min under boiling conditions or as long as
several hours in cold water, then can be used for further processing into ready-to-eat meals
and as meat extenders [11]. The texture becomes chewy and juicy upon rehydration to
mimic the texture of meat [42]. TVP made with soy flour can typically absorb 2.5 to 3 times
their weight in water, whereas those made with soy concentrates can absorb 4.5 to 5 times
their weight in water. Rehydration rates are proportional to product size and surface
area [11]. The rehydration yields of TVP samples are also represented in Table 4. This
highest rehydration yield was observed from TVP-Com (187.65%), whereas that of TVP-KO
and TVP-PH was 102-108%. From the results, it could be mentioned that TVP-Com yields
a better value because of its spongy structure, which permits faster water absorption and a
higher amount of water [11]. In addition to the number of pores, the size of the air space
is crucial for water retention [19]. Contrary to some prior research that linked a greater
RHC to a lower bulk density, goods with a low bulk density may have a higher porosity
(TVP-Com), which permits faster water absorption and hence a higher WHC.

3.3.6. Cooking Loss

Cooking loss is of interest because it is expected to explain part of the variation in
juiciness but also because it influences the appearance of the meat [43]. The cooking loss of
TVP-KO 33.88 + 0.02% was lower than that of TVP-PH 35.53 & 0.05%. TVP-Com showed
the highest cooking loss, 63.58 £ 0.02%. The study showed a small loss of moisture and
retained juiciness in TVP analogs. The parameters influence the cooking loss, and part of
the effect on juiciness might depend on the raw meat quality center temperature cooking
procedure (heating time/heating temperature and heating method). In real meat, it has
been shown that juiciness and cooking loss are negatively correlated, implying that a high
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cooking loss results in low juiciness [43]. TVP-Com showed the highest cooking loss, which
is associated with their high porous structure. TVP has a porous structure owing to their
expansion and has a sponge-like structure that rapidly absorbs water; however, the more
pores, the more total volume of water can penetrate and be adsorbed [11].

3.3.7. Bulk Density

The bulk density of TVP products interprets the overall expansion and changes in the
protein network [44]. The studied TVP samples displayed a wide range in bulk density,
as shown in Table 4, with TVP-PH being the highest (0.50 g/L) and TVP-Com being the
lowest (0.28 g/L). TVP-KOs derived exhibited (0.44 g/L). Conventionally, higher protein
content has been shown to undergo a higher degree of protein cross-linking and forming
strong structures, which prevents expansion, thus increasing bulk density [45]. However,
in this case, the varied inherent qualities of the raw material may contribute more to bulk
density. As noted previously, in comparison to other proteins, soy protein often possesses
superior texturizing properties and forms stronger structures, resulting in a greater bulk
density, esp. TVP-Com. In addition, additional extrusion processing variables, including
feed moisture, extruder barrel temperature, and screw speed, may also contribute to the
broad range of bulk density [1,13,19].

3.4. Texture Analysis of Difference Mushroom-Based TVPs

Texture is unquestionably the most important factor in determining the quality of
textured plant proteins since the primary objective of meat substitutes is to emulate the
desired texture of real meat [19]. The research demonstrated that TVPs consisting of a
mixture of protein powder, mushroom powder, and water made from a single-screw cold
extrusion process could induce the formation of a spongy and chewy texture (Figure 4).
Textural profile analysis (TPA) simulates chewing using a double compression test and
generates sensory-relevant characteristics from the force-time curves that follow [46].

Textural properties of uncooked and cooked TVP analog, TVP-Com, and minced pork
are shown in Figure 5. The uncooked version provides a lower value than the cooked
version except for adhesiveness. In raw minced meat, the hardness and chewiness increase
upon cooking, while all TVP was lower in those values due to the immersion in water,
making TVP soft. The best resilience was observed in TVP-Com since it derived from the
high-temperature extrusion process, which contributes to the porousness to hold water and
fluffy structure [19,47].

Protein-rich raw materials are more easily texturized with less energy input using
an extruder. In addition, commodities with a higher protein content tend to have harder
and firmer textures [47]. Fiber from mushrooms 32.63 and 45.73 g/100 g, in PH and KO,
respectively, could have a negative effect on the texturization of protein. As well, without
the high heat during extrusion processing, the desired structure could not be formed well.
The combination of heating and shearing during extrusion cooking of TVP-Com leads to
a porous sponge-like structure owing to their expansion [47]. Additionally, according to
Riaz [11], a high fiber content will hinder the texturization process by diluting the protein
concentration and generating discontinuities in the texturized matrix. The cross-linking of
protein macromolecules is somewhat inhibited by fiber, which might influence the structure
and texture of the texturized product. This could be the reason why TVP analogs and
TVP-Com are harder and have a softer texture.
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Figure 5. Textural properties of raw and cooked TVP analogs made from King Oyster mushroom
(TVP-KO) and Pheonix mushrooms (TVP-PH), and commercial TVP (TVP-Com) reported as hardness
(N), chewiness (N.s), adhesiveness (%), springiness, cohesiveness, gumminess, and resilience (%)
from 12 replications. Bars represent the standard deviation.

3.5. Quality Parameters of Thai Northern-Style Sausage from Mushroom-Based TV P

Though recent consumer trends have accepted the concepts of sustainability and
wellness, the sensory attributes, especially taste, and texture, of food products are one of the
most important factors that consumers consider when deciding whether to purchase or to
re-purchase. Thus, the development of Thai Northern traditional dishes from TVP analogs
was invented to meet consumers’ expectations and to mimic the quality characteristics of
animal-based Sai-aua. The visual appearance of the Sai-aua analog is depicted in Figure 6.

For sensory attributes, appearance, color, odor, flavor, texture, firmness, juiciness,
and overall acceptability were presented in Figure 7. Sai-aua TVP-KO gained the best
overall acceptability, followed by Sai-aua TVP-PH and Sai-aua TVP-Com with the score of
5.95 + 0.93,5.20 £ 0.62, and 4.20 £ 0.81, respectively whereas 5.65 =+ 0.26 for commercial
plant-based Sai-aua (Figure 7). Form the high score mainly contributed the study, the
highest overall acceptability observed in Sai-aua from TVP analogs for attributes such
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as appearance, color, odor, and flavor. The results confirm the potential of using TVPS
for the development of plant-based meat products with satisfied sensory qualities and
high acceptance from consumers. TVP-KO proved the highest and most comparable to
commercial plant-based Sai-aua, whereas TVP-Com Sai-aua presented the lowest score
of acceptance. However, the texture, juiciness, and firmness of Sai-aua from TVP analogs
need to be improved in future work. The result from this stage can be applied in future
work to develop Sai-aua analogs to meet consumers’ expectations.

Uncooked

R e e

e -

Length 15 cm

Cooked

AV

B N L N WA

Figure 6. Visual appearance of uncooked and cooked Thai Northern-style sausage (Sai-aua) made
from mushroom-based texturized vegetable protein (TVP) in cellulose casing (diameter 3.5 cm and

15 cm in length).
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=== Sai-aua TVP-PH

Odor

Juiciness

Firmness ur

Textiire

Figure 7. Sensory profile of Thai Northern-style sausage (Sai-aua) made from King Oyster mushroom-
based TVP (Sai-aua TVP-KO, blue line) and Pheonix mushroom-based TVP (Sai-aua TVP-PH, green
line), and commercial TVP (Sai-aua TVP-Com, orange line) evaluated compared to commercial
plant-based Sai-aua (gray line) by 30 untrained panelists.

From the JAR scale, panelists were asked to evaluate the optimum in different aspects
such as mushroom odor, beany odor, wheat odor, chili paste, juiciness, firmness, and Sai-
aua-like texture of Sai-aua analog. In commercial plant-based Sai-aua, all the parameters
were mainly scored in the “JAR” category, ranging from 35% (beany-wheat odor) to 45%
(juiciness). The most remarkable results were that 40-55% of the consumers thought that
the firmness, Sai-aua-like texture, and juiciness of the commercial plant-based Sai-aua
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were “JAR”. The Sai-aua analog samples showed lower percentages of JAR responses than
the commercial plant-based Sai-aua for most of the attributes evaluated (Figure 8), and it
was observed that the percentage of JAR responses dropped as in texture attributes. The
developed Sai-aua analogs showed higher “JAR” in taste attributes (mushroom, beany,
wheat odor, and chili paste) than those of commercial plant-based Sai-aua.

Sai-ana TVP-KO B Much less Sai-aua TVP-PH B Much less
W Lass W Less
(@) wJust shoutright || (b) m Just shout right
hiore More

B Mhbach less
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Figure 8. Just-about-right (JAR) scales of Thai Norther—style sausage (Sai-aua) analogs made from
King Oyster mushroom-based TVP (Sai-aua TVP-KO, (a)) and Pheonix mushroom-based TVP (Sai-
aua TVP-PH, (b)) and commercial TVP (Sai-aua TVP-Com, (c)) evaluated compared commercial
plant-based (d) Sai-aua by 30 untrained panelists.

7

Consumers considered Sai-aua TVP-Com, and Sai-aua TVP-PH to have “much more”
mushroom, beany, and wheat odor (5-10%) and (15%), respectively. The obtained results
also showed that the TVP-Com might have its unique odor, and PH mushroom decreased
the perception of Sai-aua TVP-PH odor. Rothman [48] documented that JAR provides
guidance for product reformulation or a better understanding of attribute adequacy in
relation to liking in terms of direction, with the assumption that the maximum hedonic
score will occur at the JAR point. Thus, Sai-aua analogs from mushroom-based TVP will be
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reformulated and developed to acquire the optimum recipe and best consumer preference
in future studies.

4. Conclusions

King Oyster and Phoenix mushrooms were selected to use as the main ingredients due
to their higher nutritional values and bioactivity, as well as their availability and affordable
price. With the right proportions of mushroom and other ingredients, the invented TVPs
from conventional single-screw extrusion could maintain a structure, chewiness, and
juiciness comparable to that of minced pork. Even though mushroom-based TVPs showed
inferiority in certain properties such as WHC, OBC, RHC, and hardness compared to
TVP-Com, they had an attractive reddish color, high nutritional value, and were preferred
by consumers. This study has demonstrated the viability of developing value-added
products to meet consumer demand, as well as establishing a cost-effective processing
technology (conventional single-screw extrusion with natural additives) that could benefit
both manufacturers and consumers by minimizing the price differential between meat
substitutes and real meat. This study demonstrates the potential of mushrooms as an
innovative alternative ingredient for the production of TVP, as well as their economic
and ecological sustainability. The results may provide future scientific references for
conventional processing procedures and the development of meat substitutes.

Author Contributions: S.K.: Conceptualization, Methodology, Formal analysis, Data curation,
Writing—original draft, S.R.: Conceptualization, Resources, Supervision, Project administration,
Funding acquisition, Supervision, Visualization, Investigation, Writing—review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a postdoctoral fellowship from Mae Fah Luang Univer-
sity under Reinventing University Program Fund Grant No. 652A04045/2565, Ministry of Higher
Education, Science, Research, and Innovation.

Institutional Review Board Statement: According to COE no. 126/2022, ethical review and approval
were waived for this study. The Mae Fah Luang University Ethics Committee on Human Research
(MFU EC) reviewed protocol no. EC 21191-14, in accordance with international guidelines such as the
Declaration of Helsinki, the Belmont Report, CIOMS Guidelines, and the International Conference
on Harmonization of Technical Requirements for the Registration of Pharmaceuticals for Human
Use—Good Clinical Practice (ICH-GCP) and decided to exempt the aforementioned research protocol
on 19 September 2022.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data is unavailable due to privacy or ethical restrictions.

Acknowledgments: The authors gratefully acknowledge the financial support received from the
Mae Fah Luang University Postdoctoral fellowship under the Reinventing University research grant
program no. 652A04045/2565. The authors would also like to thank the employees of Mae Fah Luang
University’s Food Science and Technology and Scientific & Technological Instruments Center (STIC)
for providing facility support and technical assistance in using SEM instruments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mohamad, M.M,; Talib, R.A.; Chin, N.L.; Shukri, R.; Taip, ES.; Mohd, N.M.Z.; Abdullah, N. Physical, microstructure properties of
oyster mushroom-soy protein meat analog via single-screw, extrusion. Foods 2020, 9, 1023. [CrossRef]

2. Ishagq, A.; Irfan, S.; Sameen, A.; Khalid, N. Plant-based meat analogs: A review with reference to formulation and gastrointestinal
fate. Curr. Res. Food Sci. 2022, 5,973-983. [CrossRef]

3.  Kumar, P; Chatli, M.K,; Mehta, N.; Singh, P.; Malav, O.P.; Verma, A.K. Meat analogues: Health promising sustainable meat
substitutes. Crit. Rev. Food Sci. Nutr. 2017, 57,923-932. [CrossRef]

4.  Statista. Compound Annual Growth Rate (cagr) of the Plant-Based Meat Market Worldwide between 2018 and 2026, by Region.

Available online: https:/ /www.statista.com/statistics /1067707 / global-meat-substitutes-market-growth-by-region/ (accessed on
9 November 2022).


http://doi.org/10.3390/foods9081023
http://doi.org/10.1016/j.crfs.2022.06.001
http://doi.org/10.1080/10408398.2014.939739
https://www.statista.com/statistics/1067707/global-meat-substitutes-market-growth-by-region/

Foods 2023, 12, 1269 21 of 22

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kyriakopoulou, K.; Dekkers, B.; van der Goot, A.J. Plant-Based Meat Analogues. In Sustainable Meat Production and Processing;
Galanakis, C.M., Ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 103-126.

Webb, D,; Li, Y.; Alavi, S. Chemical and physicochemical features of common plant proteins and their extrudates for use in
plant-based meat. Trends Food Sci. Technol. 2023, 131, 129-138. [CrossRef]

Das, A.K.; Nanda, PK.; Dandapat, P.; Bandyopadhyay, S.; Gullén, P,; Sivaraman, G.K.; McClements, D.J.; Gullén, B.; Lorenzo,
J.M. Edible mushrooms as functional ingredients for development of healthier and more sustainable muscle foods: A flexitarian
approach. Molecules 2021, 26, 2463. [CrossRef]

Pérez-Montes, A.; Rangel-Vargas, E.; Lorenzo, ].M.; Romero, L.; Santos, E.M. Edible mushrooms as a novel trend in the
development of healthier meat products. Curr. Opin. Food Sci. 2021, 37, 118-124. [CrossRef]

Arora, B.; Kamal, S.; Sharma, V.P. Effect of binding agents on quality Characteristics of mushroom based sausage analogue. J. Food
Process. Preserv. 2017, 41, e13134. [CrossRef]

Lang, M. Consumer acceptance of blending plant-based ingredients into traditional meat-based foods: Evidence from the
meat-mushroom blend. Food Qual. Prefer. 2020, 79, 103758. [CrossRef]

Riaz, M.N. Texturized vegetable proteins. In Handbook of Food Proteins; Elsevier: Amsterdam, The Netherlands, 2011; pp. 395-418.
Featherstone, S. Ingredients used in the preparation of canned foods. In A Complete Course in Canning and Related Processes,
14th ed.; Featherstone, S., Ed.; Woodhead Publishing: Oxford, UK, 2015; pp. 147-211.

Thadavathi, Y.L.N.; Wassén, S.; Kadar, R. In-line rheological and microstroctural characterization of high moisture content protein
vegetable mixtures in single screw extrusion. J. Food Eng. 2019, 245, 112-123. [CrossRef]

Yuan, X,; Jiang, W.; Zhang, D.; Liu, H.; Sun, B. Textural, sensory and volatile compounds analyses in formulations of sausages
analogue elaborated with edible mushrooms and soy protein isolate as meat substitute. Foods 2022, 11, 52. [CrossRef]

Lee, J.-S.; Oh, H.; Choi, I; Yoon, C.S.; Han, J. Physico-chemical characteristics of rice protein-based novel textured vegetable
proteins as meat analogues produced by low-moisture extrusion cooking technology. LWT—Food Sci. Technol. 2022, 157, 113056.
[CrossRef]

Myrdal Miller, A.; Mills, K.; Wong, T.; Drescher, G.; Lee, S.M.; Sirimuangmoon, C.; Schaefer, S.; Langstaff, S.; Minor, B.; Guinard,
J.X. Flavor-enhancing properties of mushrooms in meat-based dishes in which sodium has been reduced and meat has been
partially substituted with mushrooms. J. Food Sci. 2014, 79, S1795-51804. [CrossRef]

Horwitz, W.; Latimer, G.W. Official Methods of Analysis of AOAC International; AOAC International: Gaithersburg, MD, USA, 2012.
EN ISO/CIE 11664-4:2019; Colorimetry—Part 4: CIE 1976 L*a*b* Colour Space. ISO: Geneva, Switzerland, 2019.

Hong, S.; Shen, Y.; Li, Y. Physicochemical and functional properties of texturized vegetable proteins and cooked patty textures:
Comprehensive characterization and correlation analysis. Foods 2022, 11, 2619. [CrossRef]

Everitt, M. Consumer-Targeted Sensory Quality. In Global Issues in Food Science and Technology; Barbosa-Canovas, G., Mortimer, A.,
Lineback, D., Spiess, W., Buckle, K., Colonna, P., Eds.; Academic Press: San Diego, CA, USA, 2009; pp. 117-128.

Morlein, D. Sensory evaluation of meat and meat products: Fundamentals and applications. IOP Conf. Ser. Earth Environ. Science.
2019, 333, 012007. [CrossRef]

Reis, ES.; Barros, L.; Martins, A.; Ferreira, .C.ER. Chemical composition and nutritional value of the most widely appreciated
cultivated mushrooms: An inter-species comparative study. Food Chem. Toxicol. 2012, 50, 191-197. [CrossRef]

Dimopoulou, M.; Kolonas, A.; Mourtakos, S.; Androutsos, O.; Gortzi, O. Nutritional composition and biological properties of
sixteen edible mushroom species. Appl. Sci. 2022, 12, 8074. [CrossRef]

Tepsongkroh, B.; Jangchud, K.; Trakoontivakorn, G. Antioxidant properties and selected phenolic acids of five different tray-dried
and freeze-dried mushrooms using methanol and hot water extraction. J. Food Meas. Charact. 2019, 13, 3097-3105. [CrossRef]
Sardar, H.; Ali, M.A.; Anjum, M.A.; Nawaz, F.; Hussain, S.; Naz, S.; Karimi, S.M. Agro-industrial residues influence mineral
elements accumulation and nutritional composition of king oyster mushroom (Pleurotus eryngii). Sci. Hortic. 2017, 225, 327-334.
[CrossRef]

Kalag, P. A review of chemical composition and nutritional value of wild-growing and cultivated mushrooms. J. Sci. Food Agric.
2013, 93, 209-218. [CrossRef]

Elavarasan, K.; Shamasundar, B.A. Angiotensin-I-converting enzyme inhibitory activity and antioxidant properties of cryptides
derived from natural actomyosin of Catla catla using papain. J. Food Qual. 2018, 2018, 9354829. [CrossRef]

Cuptapun, Y.; Hengsawadi, D.; Mesomya, W.; Yaieiam, S. Quality and quantity of protein in certain kinds of edible mushroom in
Thailand. Agric. Nat. Resour. 2010, 44, 664—670.

Sande, D.; de Oliveira, G.P.; Fidelis e Moura, M.A.; Martins, B.d.A.; Lima, M.T.N.S.; Takahashi, J.A. Edible mushrooms as a
ubiquitous source of essential fatty acids. Food Res. Int. 2019, 125, 108524. [CrossRef]

Gonzalez-Palma, I.; Escalona-Buendia, H.B.; Ponce-Alquicira, E.; Téllez-Téllez, M.; Gupta, VK,; Diaz-Godinez, G.; Soriano-Santos,
J. Evaluation of the antioxidant activity of aqueous and methanol extracts of Pleurotus ostreatus in different growth stages. Front.
Microbiol. 2016, 7, 1099. [CrossRef]

Sudha, G.; Vadivukkarasi, S.; Shree, R.B.I.; Lakshmanan, P. Antioxidant activity of various extracts from an edible mushroom
Pleurotus eous. Food Sci. Biotechnol. 2012, 21, 661-668. [CrossRef]

Tan, Y.S.; Baskaran, A.; Nallathamby, N.; Chua, K.H.; Kuppusamy, U.R.; Sabaratnam, V. Influence of customized cooking methods
on the phenolic contents and antioxidant activities of selected species of oyster mushrooms (Pleurotus spp.). J. Food Sci. Technol.
2015, 52, 3058-3064. [CrossRef]


http://doi.org/10.1016/j.tifs.2022.11.006
http://doi.org/10.3390/molecules26092463
http://doi.org/10.1016/j.cofs.2020.10.004
http://doi.org/10.1111/jfpp.13134
http://doi.org/10.1016/j.foodqual.2019.103758
http://doi.org/10.1016/j.jfoodeng.2018.10.006
http://doi.org/10.3390/foods11010052
http://doi.org/10.1016/j.lwt.2021.113056
http://doi.org/10.1111/1750-3841.12549
http://doi.org/10.3390/foods11172619
http://doi.org/10.1088/1755-1315/333/1/012007
http://doi.org/10.1016/j.fct.2011.10.056
http://doi.org/10.3390/app12168074
http://doi.org/10.1007/s11694-019-00232-2
http://doi.org/10.1016/j.scienta.2017.07.010
http://doi.org/10.1002/jsfa.5960
http://doi.org/10.1155/2018/9354829
http://doi.org/10.1016/j.foodres.2019.108524
http://doi.org/10.3389/fmicb.2016.01099
http://doi.org/10.1007/s10068-012-0086-1
http://doi.org/10.1007/s13197-014-1332-8

Foods 2023, 12, 1269 22 of 22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ng, Z.X.; Tan, W.C. Impact of optimised cooking on the antioxidant activity in edible mushrooms. J. Food Sci. Technol. 2017, 54,
4100-4111. [CrossRef]

Schmid, E.-M.; Farahnaky, A.; Adhikari, B.; Torley, PJ. High moisture extrusion cooking of meat analogs: A review of mechanisms
of protein texturization. Compr. Rev. Food Sci. Food Saf. 2022, 21, 4573-4609. [CrossRef]

Osen, R.; Toelstede, S.; Wild, F.; Eisner, P.; Schweiggert-Weisz, U. High moisture extrusion cooking of pea protein isolates: Raw
material characteristics, extruder responses, and texture properties. |. Food Eng. 2014, 127, 67-74. [CrossRef]

McClements, D.J.; Weiss, J.; Kinchla, A.J.; Nolden, A.A.; Grossmann, L. Methods for testing the quality attributes of plant-based
foods: Meat- and processed-meat analogs. Foods 2021, 10, 260. [CrossRef]

Mozafarpour, R.; Koocheki, A.; Milani, E.; Varidi, M. Extruded soy protein as a novel emulsifier: Structure, interfacial activity and
emulsifying property. Food Hydrocoll. 2019, 93, 361-373. [CrossRef]

Bueno, A.S.; Pereira, C.M.; Menegassi, B.; Aréas, ].A.G.; Castro, . A. Effect of extrusion on the emulsifying properties of soybean
proteins and pectin mixtures modelled by response surface methodology. J. Food Eng. 2009, 90, 504-510. [CrossRef]

Samard, S.; Ryu, G.-H. Physicochemical and functional characteristics of plant protein-based meat analogs. J. Food Process. Preserv.
2019, 43, e14123. [CrossRef]

Tapia, M.S.; Alzamora, S.M.; Chirife, J. Effects of water activity (aw) on microbial stability as a hurdle in food preservation. In
Water Activity in Foods: Fundamentals and Applications; Barbosa-Canovas, G.V., Fontana, A.J., Schmidt, S.J., Labuza, T.P, Eds.;
Wiley-Blackwell: Hoboken, NJ, USA, 2020; pp. 323-355.

Webb, D.; Plattner, B.J.; Donald, E.; Funk, D.; Plattner, B.S.; Alavi, S. Role of chickpea flour in texturization of extruded pea protein.
J. Food Sci. 2020, 85, 4180-4187. [CrossRef] [PubMed]

Maningat, C.C.; Jeradechachai, T.; Buttshaw, M.R. Textured wheat and pea proteins for meat alternative applications. Cereal Chem.
2022, 99, 37-66. [CrossRef]

Aaslyng, M.D,; Bejerholm, C.; Ertbjerg, P.; Bertram, H.C.; Andersen, H.]. Cooking loss and juiciness of pork in relation to raw
meat quality and cooking procedure. Food Qual. Prefer. 2003, 14, 277-288. [CrossRef]

Brishti, FH.; Chay, S.Y.; Muhammad, K.; Ismail-Fitry, M.R.; Zarei, M.; Karthikeyan, S.; Caballero-Briones, F; Saari, N. Structural
and rheological changes of texturized mung bean protein induced by feed moisture during extrusion. Food Chem. 2021, 344, 128643.
[CrossRef] [PubMed]

Philipp, C.; Oey, L; Silcock, P.; Beck, S.M.; Buckow, R. Impact of protein content on physical and microstructural properties of
extruded rice starch-pea protein snacks. J. Food Eng. 2017, 212, 165-173. [CrossRef]

Morey, A.; Owens, C.M. Methods for measuring meat texture. In Poultry Quality Evaluation; Elsevier: Amsterdam, The Netherlands,
2017; pp. 115-132.

Riaz, M.N. Texturized soy protein as an ingredient. In Proteins in Food Processing; Woodhead Publishing Ltd.: Cambridge, UK,
2004; pp- 517-558.

Rothman, L. The Use of Just-About-Right (JAR) Scales in Food Product Development and Reformulation. In Consumer-Led Food
Product Development; Woodhead Publishing Ltd.: Cambridge, UK, 2007; pp. 407—433.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s13197-017-2885-0
http://doi.org/10.1111/1541-4337.13030
http://doi.org/10.1016/j.jfoodeng.2013.11.023
http://doi.org/10.3390/foods10020260
http://doi.org/10.1016/j.foodhyd.2019.02.036
http://doi.org/10.1016/j.jfoodeng.2008.07.028
http://doi.org/10.1111/jfpp.14123
http://doi.org/10.1111/1750-3841.15531
http://www.ncbi.nlm.nih.gov/pubmed/33216380
http://doi.org/10.1002/cche.10503
http://doi.org/10.1016/S0950-3293(02)00086-1
http://doi.org/10.1016/j.foodchem.2020.128643
http://www.ncbi.nlm.nih.gov/pubmed/33246681
http://doi.org/10.1016/j.jfoodeng.2017.05.024

	Introduction 
	Materials and Methods 
	Materials 
	Reagents 
	Processing of Dehydrated Mushroom Powder 
	Preparation of Texturized Vegetable Protein 
	Proximate Composition of Selected Mushrooms and TVPs 
	Amino Acid Compositions 
	Physicochemical Determination 
	Color Analysis, pH, and Water Activity 
	Visual Surface Appearance, Microstructure by Scanning Electron Microscopy (SEM) 
	Water-Holding Capacity (WHC) and Oil Holding Capacity (OHC) 
	Rehydration Capacity and Rehydration Yield 
	Cooking Loss 
	Bulk Density 

	Textural Properties Measurement 
	Thai Northern-Style Sausage (Sai-aua) Preparation 
	Statistical Analysis 

	Results and Discussion 
	Nutritional Compositions of Some Edible Mushrooms 
	Bioactive Compounds and Bioactivities of Some Edible Mushrooms 
	Total Phenolic and Flavonoid Content 
	Antioxidants Properties 

	Physicochemical Analysis of Difference Mushroom-Based TVPs 
	Color Analysis 
	Visual Surface, Macrostructure, and Microstructure 
	Water and Oil Holding Capacity (WHC and OHC) 
	Water Activity (aw) 
	Rehydrating Capacity and Yield 
	Cooking Loss 
	Bulk Density 

	Texture Analysis of Difference Mushroom-Based TVPs 
	Quality Parameters of Thai Northern-Style Sausage from Mushroom-Based TVP 

	Conclusions 
	References

