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Abstract: The aim of the study was to investigate the effect of using various by-products (orange
and apple pomace, tomato peel, pepper peel, prickly pear peel, and prickly pear seed peel) on the
dough rheology and properties of gluten-free bread. The by-products were incorporated into a
gluten-free bread formulation based on corn and chickpea flours (2/1 w/w). Different levels of each
by-product (0, 2.5, 5, and 7.5% in the basic replacement) were tested. Wheat bread and gluten-free
bread without the addition of by-products were used as controls. The results indicated that the
by-products increased the maximum dough height, the total CO2 production, and CO2 retention
coefficient compared to unenriched gluten-free dough. The highest K-value consistency coefficient
was observed for the dough enriched with the prickly pear peel. The addition of by-products
significantly improved (p < 0.0001) the specific volume of gluten-free bread, with values increasing
from 1.48 to 2.50 cm3/g. The hierarchical cluster analysis and the constellation plot showed four
groups: the wheat bread group, the second group containing the gluten-free control bread, the group
with bread enriched by pomace, and the group with bread enriched with peels, exhibit the same
effect on gluten-free bread and the peels exhibit the same effect on gluten-free bread.

Keywords: gluten-free bread; pomace; peel; rheology; bread properties

1. Introduction

Global market data have shown 10.4% compound annual growth rate in gluten-free
sales between 2015 and 2020 because of the incidence of celiac disease and other gluten-
associated allergies [1,2]. The gluten-free market today provides a variety of foods that
can be eaten safely by patients suffering from celiac disease [3]. Bread is one of the major
staple foods [4,5]. In general, breads formulated with gluten-free raw materials have low
nutritional properties, poor taste, and are of inferior quality. In the absence of gluten,
dough presents poor rheological properties (viscoelasticity) and is unable to develop a
protein network, affecting the final quality of gluten-free bread [6,7].

The replacement of gluten is one of the most challenging problems in food tech-
nology [8]. The use of alternative ingredients including starch, hydrocolloids, protein,
enzymes, emulsifiers, and fibers in the preparation of gluten-free bread can improve the
texture, mouthfeel, acceptability, shelf life, and nutritional properties of the products. In
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addition, the viscoelastic properties of gluten can be imitated [9–12]. Similar effects can be
expected when adding fruit and vegetable by-products to bread [13].

Some by-products from fruit and vegetable processing are appropriate sources of
nutrients and functional ingredients for gluten-free products, and could be used as low-
cost ingredients. Fruit and vegetable by-product processing includes pomace, peel, and
seed fractions, which are good sources of functional substances. These products offer
beneficial bioactive compounds such as carotenoids, enzymes, polyphenols, oils, vitamins,
dietary fibers, amino acids, and proteins for gluten-free products [14–16]. Dried fruit
pomace can be used in bakery products to substitute flour, sugar, or fat, increasing the
amount of fiber and antioxidants and reducing the energy consumption [8]. Each fruit
and vegetable contains approximately 5–50% of peel/skin by-products, which are rich
in cellulose, hemicellulose, and lignin as major constituents and may also contain other
functional groups of lignin, including aldehydes, ketones, alcohols, carboxyl, hydroxide,
and phenols [17]. In addition, antioxidant components, flavonoids, minerals, and vitamins
are also available in such by-products [18–20].

Many studies are in progress to evaluate the effects of fruit and vegetable by-products
(such as orange peel, pomegranate peel, mango peel, grape peel, and potato peel) on wheat
bread to improve the texture and quality of the final products [21–23], but only a few
studies have been conducted on the utilization of fruit and vegetable peels for gluten-free
bread products.

Thus, in this study we evaluated the rheological and gluten-free properties of bread
prepared with corn and chickpea flours and enriched with two different types of pomace
(from orange and apple) and four different types of peels (from tomato, pepper, prickly pear,
and prickly pear seeds). These breads were compared with the non-enriched gluten-free
bread and wheat bread.

2. Materials and Methods
2.1. Breadmaking Materials

Soft white wheat flour was obtained from Kenza (Constantine, Algeria), and contained
12.01% moisture, 0.52% ash, 2.08% fat, 7.9% protein content, 77.04% carbohydrates, and
0.45% fiber. Corn flour (Bio Aglut, Constantine, Algeria) had 9.96% moisture, 0.83% ash,
1.8% fat, 7.9% protein content, 76.31% carbohydrates, and 3.2% fiber. Chickpea flour (9.22%
moisture, 2.67% ash, 4.35% fat, 22% protein content, 58.33% carbohydrates and 3.43%
fiber) was obtained after grinding dried chickpea grains provided by CCLS (Constantine,
Algeria). Salt (ENAsel, Setif, Algeria) and instant dry yeast (Saf-instant, Maisons-Alfort,
France) were purchased from a local market.

2.2. By-Product Materials

The raw materials for the research were by-products of selected fruits and vegeta-
bles including oranges (Citrus sinensis), apples (Malus domestica), tomatoes (Solanum ly-
copersicum), peppers (Capsicum annum), and prickly pears (Opuntia ficus-indica). These
by-products were sourced from Algerian food industries.

The orange pomace (peel, a small amount of pulp and seeds) was obtained after juice
extraction from N’Gaous-Conserves (SPA, Batna, Algeria).

Apple, tomato, and pepper pomace were collected from Maison Latina (Chelghoum
Laid- Mila, Algeria). Apple pomace (peel, a small amount of pulp, and seeds) came from the
processing of apple jam. Tomato pomace (peels and seeds) was derived from the production
of tomato paste. The paprika pomace from green sweet pepper and red-hot pepper (peels
and seeds) was obtained after the preparation of Hmiss (a local Algerian product).

The dried peel of prickly pear seeds was formed during a process of separating the
prickly pear seeds from the pulp (Figure 1), which was supplied by Nopaltec (Souk Ahras,
Algeria). Fresh, ripe red-yellow prickly pear fruits were harvested from private farms (Aïn
beïda Ahriche, Mila, Algeria).
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Figure 1. Seeds and seed peels of prickly pear during the processing of separation.

2.2.1. Preparation of By-Product Samples

The orange and apple by-products were dried at 40 ◦C in a ventilated dryer (MAXEI,
S.A. ARRAS MAXEI, Type MC 100, Arras, France). Then, the dried pomace was manually
separated from the seeds. The tomato and pepper by-products were dried at 40 ◦C in a
fluid bed dryer (Retsch. TG 200, Haan, Germany). Then, the seeds were separated from the
pomace by sieving (1100 µm).

The prickly pear fruits were washed several times using distilled water to remove the
thorns, placed on a sieve to drain out surface water, and manually peeled with a knife. The
obtained peel (46.60 ± 2.40% of peel) was cut into small pieces, and then the samples were
dried in the ventilated dryer at 35 ◦C. The peel of prickly pear seeds donated by the food
industry was already dried. The weight percent of each by-product fraction is shown in
Table 1.

Table 1. The proportion of pulp, peel, and seeds in selected fruit and vegetable by-products.

Product By-Product Waste Content (%)

Orange * Peel + pulp 94.50
Seeds 5.50

Apple * Peel + pulp 91.22
Seeds 8.78

Tomato *
Peel 52.13

Seeds 47.87

Pepper * Peel 61.5
Seeds 38.50

Prickly pear ** Peel 46.60
Seeds + pulp 53.40

* Dried pomace. ** Fresh pomace.

All dried seedless by-product samples (Figure 2) including dried orange pomace
(DOP), dried apple pomace (DAP), dried pepper peel (DPP), dried tomato peel (DTP),
dried prickly pear peel (DPPP), and dried prickly pear seed peel (DPPSP) were milled
to a particle size of 500 µm. The by-product powders were stored at room temperature
(25 ± 5 ◦C) until further use.

2.2.2. Physico-Chemical Analysis of By-Product Samples

Proximate Composition

The moisture, ash, fat, and protein contents of the by-product powders (pomace and
peels) were determined by the standard AOAC method [24]. The moisture content was
determined by AOAC method 926.12, the ash content by the AOAC method 942.05, and the
protein content by the AOAC method 960.52. The fiber content was determined according
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to the Weende method [25] using a raw fiber extractor. The total carbohydrates were
calculated by subtracting: 100 − (%water + %ash + % total fat + % total protein + % total
fiber). The chemical composition was determined 3 times.

Figure 2. Dried fruit and vegetable by-product samples. DOP: dried orange pomace; DAP: dried
apple pomace; DPP: dried pepper peel; DTP: dried tomato peel; DPPP: dried prickly pear peel;
DPPSP: dried prickly pear seed peel.

Extraction of Pectins from By-Product Samples

Extraction was carried out on powders from dried pomace and peels. Each sample
(2 g) was mixed with 40 mL of hydrochloric acid (0.1 N), heated at 90 ◦C for 45 min, and
then cooled to room temperature. The insoluble material was then removed by filtration
through a nylon strainer. The filtrate was dispersed in 2 volumes of ethanol 95% (V/V);
pectin was precipitated overnight at room temperature away from light. The precipitate
was collected by filtration through a nylon strainer, washed twice with 70% ethanol, and
centrifuged (20 min; 10,000 tr/min, 10 ◦C). The supernatant was then discarded and the
obtained wet pectin was dried at 65 ◦C until constant weight [26–28]. The percentage yield
of pectin samples was calculated as follows [29]:

Pectin yield (%) =
Obtained product

Initial by product powder
× 100

Water-Holding Capacity

The water-holding capacity was calculated as the water weight which is retained by
1 g of dry by-product sample after soaking and centrifugation [30]. The water-holding
capacity (WHC) of samples was determined by mixing 1 g of by-product powder with
15 mL of distilled water in a centrifuge tube. The mixture was vortexed (VELP Scientifica,
ZX3) for 30 s and allowed to hydrate overnight. The suspension was then centrifuged
(Sigma 3-30K, Osterode am Harz, Germany) at 15,000× g for 20 min. The supernatant was
discarded, and WHC was expressed as gram water retention per gram dry powder [31,32].

2.3. Characteriscics of the Bread Dough

The wheat control dough was made from wheat flour and without by-products. The
gluten-free control dough was made with corn flour and chickpea flour, also without
by-products. The fortified gluten-free doughs were prepared by adding by-products at
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different levels (2.5, 5, and 7, 5% w/w). Doughs were prepared according the same process
of breadmaking. Then, the properties of the dough were examined with the help of
Chopin’s rheofermentometer and a rheoviscosimeter.

2.3.1. Rheofermentometric Analysis

A Chopin rheofermentometer (F3 Chopin, Villeneuve La Garenne Cedex, France)
was used to measure the gas production and dough development parameters during the
fermentation process. A piece of dough (200 g), prepared as described in the breadmaking
process, was placed in the rheofermentometer basket, and the piston was placed on dough
without the 2 kg of cylindrical weight for gluten-free dough [33–35]. The dough was then
fermented for 90 min at 37 ◦C. The recorded parameters were: Maximum height of dough
(Hm), time at a maximum height of dough (T1), maximum height of gaseous release (H’m),
time of maximum gas formation (T´1), height of dough at the end of the test (h), weakening
coefficient (W) = (Hm-h)/Hm, total CO2 production (Vt), volume of CO2 loss (Vl), volume
of CO2 retained (Vr), and CO2 retention coefficient (R). The analyses were performed
in duplicate.

Moreover, to isolate the effect of yeast activity, the adjusted maximum height (Hm
adj)

was calculated according to the method of Altuna and Ribotta [36].

Hadj
m =

(
Hm

Vt

)
×Vt0

where Vt0 is the total volume of the gas obtained from the control dough.

2.3.2. Rheological Measurements of Dough (Flow Test)

The flow test of dough was measured with a rheoviscosimeter. All dough ingredients
except the yeast were mixed with an overhead mixer (Heidolph RZR 2020, Schwabach,
Germany) at 210 rpm. The dough was then left for 20 min before being placed in a Haake
VT 550 rheometer (Haake MessTechnik Gmbh Co, Karlsruhe, Germany) to release the
residual stress. The dough samples were placed on a parallel plate geometry, the plate
diameter was 50 mm (Haake, PK 5, 0.5 grads), and the gaps between the plates were of
4.5 mm. Fine-grained sandpaper was glued to the top and bottom plates to limit possible
slippage between the plates and the dough [37–39]. The excess dough was trimmed and
the edges coated with paraffin oil to prevent dehydration of the sample. The dough was
left for 5 min before starting the test to ease the stress and stabilize the temperature [40].
The temperature was maintained at 25 ◦C by circulating water and the rheological data
were analyzed with HAAKE Rheo Win software version 2.09 over a shear rate range of
1.2–200 s−1 for 3 min. The number of measuring points was 100; each test was performed
in triplicate. The apparent viscosity was determined using the low power law model
(Ostwald de Waele) [35,41]:

ηap = K.γn−1

where ηap: apparent viscosity (Pa.s); γ: shear rate (s−1); and n: flow behavior index. K
(consistency index, Pa.sn) represents the stress required to obtain a shear rate of 1 s−1.

2.4. Bread-Making Process
2.4.1. Pre-Hydration of By-Products

By-product powders were soaked in distilled water overnight at room temperature.
The amount of soaking in water required for this differed depending on the results of the
water-holding capacity for each sample (Table 2). According to Chen and Rubenthaler [42],
pre-hydration of the by-product reduces the absorption of water necessary to form the
dough and reduces the water competition between the dough ingredients and the dry
by-product.
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Table 2. Formulations of wheat and gluten-free bread.

Wheat
CTRL1

GF
CTRL 2

2.5%
B-P

5%
B-P

7.5%
B-P

Wheat flour (g) 100 0 0 0 0
Corn (g) 0 66.67 65 63.33 61.67

Chickpea flour (g) 0 33.33 32.5 31.67 30.83
DOP/ DAP/ DPP/ DTP/

DPPP/DPPSP (g) 0 0 2.5 5 7.5

Water for dough (mL) 63.25 100 97.5 95 92.5
Water for pre-hydration

(mL) 0 0 2.5 × X 5 ×X 7.5 × X

Salt(g) 2 2 2 2 2
Yeast (g) 2 2 2 2 2

CTRL: control; DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried
prickly pear peel; DPPSP: dried prickly pear seed peel; B-P: by-product; X: water-holding capacity (WHC).

2.4.2. Preparation of Bread

Bread with 100 g of wheat flour was prepared as control of wheat bread (Wheat
CTRL 1). Gluten-free bread made from a mixture of corn flour and chickpea flour at a
ratio of 2/1 (w/w) and with 0% w/w addition of by-products represented the gluten-free
control bread (GF CTRL 2). Gluten-free breads were prepared and enriched with pomace
and peel powders.

Gluten-free bread recipes were prepared by replacing the base flour with 0, 2. 5, 5, or
7.5% (w/w) by-products (DOP, DAP, DPP, DTP, DPPP, or DPPSP). All by-product powders
were used after their pre-hydration. The flour, yeast, by-products, and water were mixed
for 1 min at medium speed. Then salt, previously dissolved in water, was gradually added
to the mixture. The dough was mixed for an additional 6 min; then, the obtained dough
was divided, molded, placed in an aluminum foil pan (9 × 7 × 3 cm), and fermented
at 37 ◦C. The fermentation time varied depending on the T1—the time at which dough
attains the maximum height (Hm) in rheofermentometer measurements. The baking test
was carried out in an aluminum foil pan in an electric oven at 230 ◦C for 30 min. After
baking, the bread was cooled at room temperature. The wheat control bread was prepared
without any additives, as was the gluten-free control bread. The formulations for each type
of bread are presented in Table 2.

2.5. Bread Quality Evaluation

The analysis of wheat and gluten-free bread was performed after 1 h of baking and
included: weight loss, specific volume, moisture content, pH of bread, color, and crumb
cell analysis.

Weight loss (WL) is the difference between the weight of the dough and the weight of
the bread just after baking dividing by the weight of dough [43].

2.5.1. Specific Volume

The loaf volume was calculated by the rapeseed displacement method (10.05) [44],
and the specific volume (cm3/g) was calculated by dividing the volume by the weight.

2.5.2. Moisture Content

Moisture content in bread was determined according to the ICC 110/1 method [45].

2.5.3. Measurement of pH Values

The bread was ground into a fine powder; 10 g of this powder was mixed with 100 mL
of distilled water which had an initial pH of 5.68 ± 0.16. The mixture was then placed on
an orbital shaker (Heidolph polymax 1040, Schwabach, Germany) and stirred for 30 min at
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room temperature. The pH was measured in the supernatant solution after a resting time
of 10 min [46,47].

2.5.4. Color Analysis

The color of the crust and the crumb of the bread were determined according to the
method of He and Pei [48] using the Color Grab color-extracting application (version 3.6.1,
2017, Loomatix Ltd., Munchen, Germany). To ensure that the color capture was not affected
by ambient light, a closed polystyrene box (39 × 17 × 28 cm) was used, integrated with a
1.2 W 5 V white LED to obtain an evenly scattered light on top of the sample. The CIE-L*a*b*
color space mode was chosen. This is a mathematical color model based on the sensitivity
of the human visual spectrum [49], where L* represents the lightness, a* represents green −
/red+, and b* represents blue − /yellow+. Color measurements were taken at 5 different
locations on the same crust or crumb.

2.5.5. Crumb Cell Analysis

Image processing was performed using the Image J software (1.43u; Java1.7.0-2132
bit, Wayne Rasband, National Institute of Mental Health (NIH), Bethesda, MD, USA).
The bread was cut on a horizontally into 2 slices. The slice images were captured and
saved in TIFF format. Each image was cropped to keep only the bread crumb and then
converted to 8-bit grayscale to obtain black (crumb pores) and white (crumb) thresholds.
The measured parameters were as follows: cell number/mm2, average pore size, pore area
fraction, perimeter, and solidity.

2.6. Statistical Analysis

Statistical analysis was performed using the statistical JMP Trial 15(SAS Institute Inc.,
Cary, NC, USA). The significance of the difference between the mean values was estimated
using one-way analysis of variance (ANOVA), and the means were compared using the
Tukey’s test (p ≤ 0.05). Principal component analysis (PCA) and hierarchical cluster
analysis (HCA) were carried out to establish the correlation between dough properties
and bread quality. The HCA was based on the Ward method using Euclidean distances to
show the similarities and differences between the bread samples. The by-product addition
percentage parameter was excluded from the HCA. The results of PCA and HCA are
presented in graphical form.

3. Results and Discussion
3.1. Physicochemical Properties of By-Products
3.1.1. Proximate Composition

Table 3 shows the proximate composition of the by-products. The moisture content of
the samples ranged from 5.23% to 11.41%; protein content ranged from 2.66% to 8.48%, fat
from 1.03% to 4.37%, and the fiber and ash contents ranged from 7.41% to 52.90% and from
1.51% to 19.60%, respectively. Carbohydrate content ranged from 16.88% to 64.36%. All the
present by-products had a different composition (p < 0.05). The highest moisture content
was found for DAP and the highest values of ash and protein content were noted for DPPP.
These values are higher than those found by Anwar and Sallam [18]. When it comes to fat,
DOP had a high value compared to other by-products. DTP, DPPSP, and DPP presented
high fiber contents compared to other by-products (greater than 49%). It was found that
DAP was rich in carbohydrates; the proximate composition of DAP was confirmed by
Skinner and Gigliotti [50]. Differences between the proximate composition of by-products
obtained in this study and the results of other studies may be due to geographic location,
season, variety, ripeness, or processing.
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Table 3. Physico-chemical characteristics of by-products (per 100 g).

Moisture
(%)

Protein
(%)

Fat
(%)

Fiber
(%)

Ash
(%)

Carbohydrates
(%)

WHC
(g/g d.w)

Pectin
(%)

DOP 9.90 ± 0.00 a 5.40 ± 0.12 a 4.37 ± 0.56 a 12.41 ± 0.13 a 3.76 ± 0.01 a 64.16 7.42 ± 0.27 c 21.92 ± 1.11 a

DAP 11.41 ± 0.28 b 3.66 ± 0.23 b 3.16 ± 0.80 c 15.90 ± 0.02 b 1.51 ± 0.08 b 64.36 6.84 ± 1.17 c 8.65 ± 0.03 b

DPP 6.04 ± 0.37 d 4.38 ± 0.20 d 2.46 ± 0.03 bc 49.00 ± 0.1 d 2.92 ± 0.00 c 35.20 4.61 ± 0.15 b 5.76 ± 0.15 d

DTP 5.23 ± 0.38 c 7.87 ± 0.05 c 3.31 ± 0.35 c 52.90 ± 0.16 c 3.61 ± 0.05 a 27.08 5.40 ± 0.34 b 3.91 ± 0.24 c

DPPP 10.29 ± 0.03 a 8.48 ± 0.09 e 1.69 ± 0.13 db 7.41 ± 0.26 e 19.60 ± 0.15 d 52.53 4.83 ± 0.33 b 7.14 ± 0.07 e

DPPSP 7.87 ± 0.04 e 7.00 ± 0.23 f 1.03 ± 0.07 d 50.80 ± 0.30 f 16.42 ± 0.34 e 16.88 4.59 ± 0.04 b 9.85 ± 0.20 f

P 0.0000 <0.0001 0.0022 0.0000 0.0000 0.0001 0.0000
F 181,63 93,580.682 15.68 961,272.49 4720.53 19.28 508.60

DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel; DPPSP: dried prickly pear seed peel; WHC: water-holding capacity;
P: p-value probability; F: F-value Fisher. a–f letters indicate a statistical different of means in the same column. (p < 0.05).
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3.1.2. Water-Holding Capacity

As shown in Table 3, DOP presented the greatest water-holding capacity (7.42 g/g
d.w), followed by DAP and DTP. There was no difference between the WHC of DTP, DPP,
DPPP, and DPPSP.

The water-holding capacity of DOP was found to be higher than that reported by Ocen
and Xu [51]. The water-holding capacity of DAP was previously demonstrated by Bchir
and Rabetafika [52]. Various factors can affect the water-holding capacity of the powder,
such as pH, the presence of hydrophilic components such as fiber and free hydroxyl groups,
and flour porosity [53–55]. The substances with high WHC can be used as a functional
ingredient to promote beneficial health effects, reduce calories, and change the viscosity
and texture of processed foods [56,57].

3.1.3. Pectin

As shown in Table 3, DOP had the highest pectin content (21.92%); a lower value
was noted for DTP from 3.91%. As reported by Wang and Chen [58] the citrus peel is rich
in pectin. Similarly, Sundarraj and Ranganathan [59] showed that citrus peel and apple
pomace are the main sources of pectin. The pectin content in DPPP is 9.856%, which is
a higher value than that obtained by Anwar and Sallam [18]; this difference may be due
to the ripening stage of the fruit and the extraction method. The addition of pectin to
bakery products can change their texture, WHC, and consistency behavior. The addition of
pectin can also extend the shelf life and be used to replace fat due to their high oil-holding
capacity, thus reducing calories without losing taste [60].

3.2. Gas Production and Dough Development Parameters during Fermentation

Table 4 shows the effect of by-product addition on the fermentation characteristics of
doughs. Gluten-free dough with DOP, DAP, DPP, DTP, DPP, and DPPSP was characterized
by a higher maximum dough height (Hm) compared to the gluten-free control dough,
except for the dough with 2.5% DOP and 7.5% DPP, while this parameter was lower for
the control wheat dough. Overall, the gluten-free dough with DAP, DTP, and DPPP had
higher maximum dough heights (Hm) than the other samples.

The maximum height of gas release (H′m ) of the gluten-free dough increased with
the addition of selected dried peels at various levels, except for the 5% and 7.5% DOP
addition. The time (T1) to achieve the maximum dough development ranged from 25 min
to 84 min. Overall, all by-products at different levels reduced the time at maximum height
(T1) compared to the wheat dough (at 63 min) and gluten-free dough (at 84 min). The
increase in the H′m value and the decrease in the T1 value could be related to the accelerated
kinetics of CO2 formation after adding the dried peels.

The time of maximum gas formation (T´1) was influenced differently by each dried
peel at different levels of addition. The same T´1 value (45 min) was demonstrated for the
gluten-free control dough and the DOP dough with 2.5% and 5% addition. The time of
porosity (Tx) of all samples with by-products appeared earlier than the Tx of the control
wheat dough (55.30 mn) and the gluten-free control dough (31.30 mn). The maximum
dough height (Hm) of all samples was reached after the Tx. Verheyen, Jekle [61] indicated
that the time when gas started to escape from the dough Tx and its retention capacity was
related to the CO2 volume and the dough rheology. The addition of 7.5% DOP reduced the
final dough height (h) to 0.9 mm.

Loss of dough volume W (weakening coefficient) after 90 min was high for all samples
compared to the gluten-free and wheat controls, except for the 2.5% DPPSP addition for
which the T1 increased (61:30 mn). The lower weakening coefficient (3.4%) and the higher
final height (h) (5.6 mm) indicated that gluten-free dough with 2.5% DPPSP produced a
dough with a stronger structure compared to all other samples.
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Table 4. Dough development and gas production parameters of wheat bread and gluten-free bread with and without added
by-products.

Addition
Level Hm H′m T1 T´1 Tx h W Vt CO2 Vl CO2 VrCO2 RCO2 Hadj

m

% mm mm min min min mm % mL mL mL % mm

Wheat
CTRL 1 0 34.6 77.4 63:0 43:30 55:30 32.6 5.8 939 37 902 96.1 34.6

GF CTRL 2 0 4.1 96.3 84:0 45:00 31:30 3.9 4.9 874 259 615 70.4 4.10

CTRL
2+DOP

2.5 4.0 98.1 30:0 45:00 30:00 3.2 20.0 979 80 899 91.9 3.57
5 5.0 91.9 28:3 45:00 25:30 1.6 68.0 943 89 854 90.6 4.63

7.5 6.6 85.3 31:3 57:00 28:30 0.9 86.4 953 91 862 90.5 6.05

CTRL 2
+DAP

2.5 6.5 104.7 39:0 49:30 27:00 2.4 63.1 1151 144 1006 87.5 4.94
5 7.8 105.0 43:30 55:30 31:30 2.4 69.2 1179 132 1047 88.8 5.78

7.5 7.5 103.9 30:0 54:00 28:30 3.3 56.0 1221 164 1058 86.6 5.37

CTRL
2+DPP

2.5 5.9 106.8 52:30 43:30 24:00 5.0 15.3 1083 107 975 90.1 4.76
5 6.4 103.0 36:00 36:00 24:00 4.0 37.5 1004 114 890 88.7 5.57

7.5 3.9 100.3 39:00 39:00 25:30 2.3 41.0 996 100 896 90.0 3.42

CTRL
2+DTP

2.5 8.2 98.8 39:00 40:30 27:00 1.0 87.8 1014 98 917 90.3 7.07
5 6.5 102.2 31:30 36:00 27:00 1.4 78.5 969 96 874 90.1 5.86

7.5 7.7 97.6 25:30 33:00 25:30 1.6 79.2 937 90 848 90.4 7.18

CTRL
2+DPPP

2.5 7.6 108.3 48:00 46:30 22:30 4.0 47.4 1118 103 1015 90.8 5.94
5 7.8 109.1 36:00 42:00 24:00 3.6 53.8 1136 148 988 87.0 6.00

7.5 5.8 105.7 58:30 46:30 24:00 4.8 17.2 1166 158 1008 86.4 4.35

CTRL
2+DPPSP

2.5 5.8 105.6 61:30 43:30 28:30 5.6 3.4 1070 100 970 90.6 4.74
5 4.7 102.8 43:30 37:30 24:00 3.3 29.8 993 105 887 89.4 4.14

7.5 5.7 106.3 31:30 33:00 27:00 4.6 19.3 969 97 872 90.0 5.14

DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel;
DPPSP: dried prickly pear seed peel; CTRL: control; GF: gluten-free; Hm: maximum height of dough; T1: time at maximum height of dough;
H´m: maximum height of gaseous release; T´1: the time of maximum gas formation; h: height of dough at the end of the test; W: weakening
coefficient = (Hm − h)/Hm; Vt: total CO 2 production volume; Vl: volume of CO2 loss; Vr: volume of CO2 retained; R: retention coefficient
of CO2; Hm

adj: adjusted maximum height.

The addition of selected dried peels at various levels to gluten-free doughs increased
the total volume of CO2 production (Vt), decreased the volume of CO2 loss (Vl), and
increased the volume of CO2 retained (Vr) as well as the CO2 retention coefficient (R),
which means that the addition of by-products improves the production and the retention
capability of CO2 compared to the non-enriched gluten-free dough.

Significant gas production and retention have a positive effect on the final quality of
the bread, as reported by Martínez and Díaz [34]. The CO2 retention capacity depends on
the ingredients used and internal structure of the dough. The adjusted maximum height
(Hadj

m) of all samples was found to be lower than Hm after the yeast activity effect was
isolated, which explains that the Hm was related to yeast activity and not only to dough
rheology, where the selected by-products accelerated yeast activity.

The by-products used contained fermentable sugars such as glucose and fructose [20,62]
and minerals such as K+, Ca2+, and Zn2+ [63,64]. The yeast cells consume the fermenting
sugars in the dough directly from the by-products or after pre-hydrolyzing the corn starch
or chickpea flour, and produce carbon dioxide and ethanol, which are responsible for
acidifying the dough during fermentation and the growth phase in the oven. On the other
hand, the presence of the Ca2+ in fermentation media allows for maximum fermentation
efficiency through increased alcohol production [65,66].

3.3. Rheological Properties of Dough

The coefficient of consistency (K), flow behavior index (n), r-value (statistical corre-
lation coefficient), and chi-square (χ2) are presented in Table 5. The power-law model
showed low chi-square (χ2) and high values of the correlation coefficient (r) for all sam-
ples. The value of consistency coefficient ranged between 103 and 1049 Pa.sn. The highest
values of the K consistency coefficient were observed for DPPP addition and then DPPSP.
The lowest values were found in the samples of DPP dough. There was no statistically
significant difference between the K consistency coefficient of the control bread and DOP,
DAP, and DPP at the 2.5% and 5% additive levels and between the K of DTP at the 5%
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additive level and DPPSP at the 2.5% and 5% additive levels. As the amount of DOP, DAP,
DPP, or DTP increased in the dough, the K consistency coefficient decreased. This could be
related to the pre-hydration of the by-products before adding them to the dough, where the
water absorption and the consistency of the dough are reduced. The flow behavior index
ranged from −0.436 to 0.33. In accordance with Ronda, Pérez-Quirce [35], the n values of
gluten-free dough ranged between 0.25 and 0.35. Then, values of flow behavior index of
whole dough were less than 1, indicating pseudo-plasticity (shear thinning) of the samples.
In the case of pseudoplastic substances, the viscosity decreases with the increase in the
shear rate because the connections between the device components break down as a result
of shearing, which, under the influence of shear, decomposes the interactions between the
components of the system [67]. Increasing levels of DOP, DPP, and DPPP additive reduced
the value of the flow behavior n index of these samples.

Table 5. Rheological parameters of wheat bread and gluten-free bread with and without added by-products.

Addition Level
(%)

K
(Pa.sn) n χ2 r

WheatCTRL 1 0 141.90 ± 25.74 e 0.33 ± 0.04 a 0.25 ± 0.06 0.97 ± 0.007

GF CTRL 2 0 173.30 ± 20.08 de 0.29 ± 0.02 ab 0.47 ± 0.26 0.97 ± 0.007

DOP
2.5 216.60 ± 134.49 de 0.08 ± 0.01 bcdefg 1.77 ± 0.40 0.93 ± 0.01
5 221.70 ± 48.93 de −0.11 ± 0.09 abcde 5.21 ± 3.76 0.88 ± 0.04

7.5 134.55 ± 9.83 e -0.25 ± 0.04 efg 0.94 ± 0.14 0.98 ± 0.004

DAP
2.5 337.30 ± 95.74 bcde 0.10 ± 0.06 abcde 0.54 ± 0.27 0.98 ± 0.01
5 291.40 ± 22.84 de -0.12 ± 0.02 fg 4.88 ± 2.67 0.89 ± 0.06

7.5 159.60 ± 21.64 e 0.03 ± 0.02 abcdef 4.37 ± 0.05 0.87 ± 0.01

DPP
2.5 289.65 ± 130.74 cde 0.05 ± 0.05 abcde 0.86 ± 0.62 0.97 ± 0.02
5 182.76 ± 67.76 e 0.17 ± 0.04 abcd 1.73 ± 1.19 0.87 ± 0.05

7.5 103.71 ± 39.73 e 0.23 ± 0.08 abc 0.28 ± 0.17 0.98 ± 0.01

DTP
2.5 955.40 ± 323.29 ab −0.20 ± 0.00 defg 2.83 ± 0.46 0.94 ± 0.01
5 229.05 ± 80.40 de 0.14 ± 0.01 cdefg 1.15 ± 1.43 0.95 ± 0.06

7.5 125.75 ± 20.7 e 0.162 ± 0.08 abcde 0.05 ± 0.03 0.99 ± 0.00

DPPP
2.5 822.70 ± 37.62 abcd −0.211 ± 0.24 defg 4.93 ± 5.68 0.92 ± 0.07
5 1049.00 ± 548.71 a −0.376 ± 0.16 fg 8.17 ± 2.11 0.92 ± 0.01

7.5 895.85 ± 106.84 abc −0.436 ± 0.06 g 4.92 ± 1.84 0.93 ± 0.02

DPPSP
2.5 399.0 ± 285.81 abcde 0.033 ± 0.12 abcdef 1.12 ± 1.03 0.96 ± 0.02
5 434.35 ± 63.00 abcde -0.078 ± 0.17 abcdefg 4.53 ± 3.01 0.90 ± 0.03

7.5 480.05 ± 24.54 abcde −0.03 ± 0.18 abcdefg 2.31 ± 3.10 0.95 ± 0.06

P < 0.0001 < 0.0001

F 6.48 7.50

DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel;
DPPSP: dried prickly pear seed peel; CTRL: control; GF: gluten-free; K: consistency coefficient; n: flow behavior index; r: statistical
correlation coefficient; χ2: chi-square; P: p-value probability; F: F-value Fisher; a–g letters indicate a statistical different of means in the
same column (p < 0.05).

According to Cheremisinoff [68] and Ronda, Pérez-Quirce [35], the coefficient of con-
sistency k and the flow behavior index n depend on temperature, pressure, and formulation.
While k is more temperature-sensitive than n on the non-Newtonian liquid food [69], the
suspension becomes less viscous as temperature increases and more viscous when pressur-
ized [70]. The flow behavior index varies depending on the formulation, in particular the
hydration of the dough. Some samples showed a negative value of the flow behavior index
n. There are very few studies that explain the negative values for the flow behavior index.
These negative values can be attributed to the presence of slippage in the fluid, viscosity
dispersion, or molecular degradation of the sample [71–73].
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3.4. Characteristics of the Quality of Bread

The weight loss, specific volume, pH-value, and moisture content of various breads
are presented in Table 6.

Table 6. Basic properties of wheat bread and gluten-free bread with and without added by-products.

Level Addition
(%)

WL
(%)

Vsp
(cm3/g) pH-Value Moisture Content

(%)

Wheat CTRL 1 0 25 ± 0.015 bcd 3.39 ± 0.02 a 5.65 ± 0.02 gh 27.21 ± 0.01 k

GF CTRL 2 0 18.09 ± 0.22 gh 1.48 ± 0.22 i 5.76 ± 0.12 c 29.60 ± 0.23 h

DOP
2.5 18.33 ± 2.35 h 2.00 ± 0.03 f 5.59 ± 0.06 k 31.13 ± 0.06 a

5 26.11 ± 0.78 ab 2.25 ± 0.02 c 5.26 ± 0.23 n 30.19 ± 0.42 d

7.5 27.77 ± 1.57 a 2.46 ± 0.05 b 5.21 ± 0.50 o 30.02 ± 0.50 f

DAP
2.5 23.88 ± 0.78 cde 2.02 ±0.08 f 5.68 ± 0.16 ef 30.24 ± 0.04 d

5 26.66 ± 3.14 ab 2.04 ± 0.01 f 5.58 ± 0.03 l 30.20 ± 0.16 d

7.5 25.55 ± 0.00 bc 2.16 ± 0.10 ef 5.51 ± 0.01 m 30.42 ± 0.01 c

DPP
2.5 20.45 ± 0.37 f 1.69 ± 0.01 h 5.68 ± 0.36 fg 29.57 ± 0.36 h

5 20.45 ± 0.29 f 2.04 ± 0.06 f 5.57 ± 0.20 l 29.63 ± 0.29 h

7.5 20.51 ± 0.33 f 2.10 ± 0.10 de 5.63 ± 0.40 i 30.72 ± 0.12 b

DTP
2.5 23.88 ± 0.78 cde 2.21 ± 0.02 cd 5.57 ± 0.08 l 29.01 ± 0.20 i

5 23.33 ± 0.00 de 2.10 ± 0.10 ef 5.66 ± 0.10 h 29.57 ± 0.08 h

7.5 19.42 ± 0.007 fg 2.20 ± 0.00 cd 5.70 ± 0.01 e 29.57 ± 0.40 h

DPPP
2.5 19.05 ± 0.01 fg 1.83 ± 0.00 g 5.73 ± 0.40 d 30.00 ± 0.03 e

5 19.28 ± 0.08 fg 2.50 ± 0.04 b 5.80 ± 0.14 b 30.35 ± 0.09 c

7.5 22.76 ± 0.16 e 2.15 ± 0.004 de 5.68 ± 0.03 fg 29.70 ± 0.21 g

DPPSP
2.5 20.32 ± 0.10 f 1.72 ± 0.08 h 5.61 ± 0.08 i 28.71 ± 0.12 j

5 20.84 ± 0.48 f 1.72 ± 0.04 h 5.61 ± 0.04 i 30.20 ± 0.05 d

7.5 20.9 ± 0.26 f 2.02 ± 0.20 f 5.87 ± 0.06 a 30.22 ± 0.03 d

P < 0.0001 < 0.0001 < 0.0001 < 0.0001

F 22.34 181.02 1056.020 10211.024

DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel;
DPPSP: dried prickly pear seed peel; CTRL: control; GF: gluten-free; WL: weight loss; Vsp: specific volume; P: p-value probability; F: F-value
Fishera-o letters indicate a statistical different of means in the same column (p < 0.05).

3.4.1. Weight Loss

Table 6 shows that the weight loss was greater for all formulas compared to the gluten-
free control bread (p < 0.05). There was no significant difference in the weight loss values
of bread containing different amounts of DPP and DPPSP by-products. The weight loss of
gluten-free bread increased with increasing levels of DOP, DAP, and DPPP, but decreased
with increasing levels of DTP. At high DOP, DAP, or DPPP values, the water cannot be
retained in the bread. This may be due to the water-holding capacity of the by-products.
Weight loss before and after baking of bread is generally specifically associated with water
loss. The addition of pre-hydration by-products increased the water loss during baking,
which increased the weight loss of the bread [52]. Compared to the gluten-free control
bread, the percent weight loss was greater for the wheat control bread, the DOP bread, and
the DAP bread at 5% and 7.5% additions. Furthermore, DOP bread with 2.5% addition
resulted in little weight loss (18.33%). Regarding the WL results, the samples with DPPP
proved to be more effective in reducing weight loss (19.05–22.76%). In the study of Milde,
Ramallo [74], low weight loss was sought to ensure a moisture content that impeded the
dehydration of bread and to reduce the hardness.
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3.4.2. Specific Volume of Bread

The specific volume of gluten-free bread varies depending on the ingredients and the
preparation process [75]. The addition of by-products influences the specific volume of
bread to a different extent (p < 0.0001). The specific volume of gluten-free bread ranged
from 1.48 to 2.50 cm3/g. All formulas had a much higher specific volume compared to the
gluten-free control bread (1.48 cm3/g), but a lower specific volume compared to the wheat
control bread (3.39 cm3/g)

The specific volume was the highest for DPPP bread at 5% (2.50 cm3/g), followed by
DOP (2.46 cm3/g) at 7.5%, and the lowest specific volume was recorded for DPP bread
(1.69 cm3/g) with an addition of 2.5%. These results are supported by O’shea et al. [76]
with 4% addition of orange pomace. There were no significant differences between the
specific volume of DOP bread at 2.5%, DAP bread at 2.5%, and DPP bread at 5% addition.

Overall, the specific volume increased with increasing levels of by-products, with a
maximum found at 7.5% (w/w). These results are supported by Arslan et al. [77], who
studied the effect of powdered guava pulp on gluten-free bread, Singh et al. [78], who
assessed the effect of dietary fiber from black carrot pomace on gluten-free rice muffins,
and TÜrKEr et al. [79], who investigated the effects of the green banana peel on gluten-free
cakes. According to these authors, adding more than 7.5% by-products reduced the specific
volume of gluten-free products. Parra et al. [75] reported that the right balance between
the amount of apple pomace and water allowed for a gluten-free bread with an acceptable
specific volume to be obtained.

3.4.3. pH Value of Bread

The pH value of bread ranged from 5.21 to 5.87. Except for 5% DPPP bread and 7.5%
DPPSP bread, all formulas had a significantly lower pH value than gluten-free control
bread (p < 0.05). The pH values were similar for DPP bread at 7.5% and DPPSP bread at
2.5% and 5% additive levels. DTP and DPPSP increased the pH value of bread.

The pH of the gluten-free bread was reduced with the addition of DOP and DAP.
Similar results were obtained by Majzoobi et al. [47] for carrot pomace powder, where the
pH value of gluten-free cakes was reduced due to the presence of organic acid [80], amino
acids [81,82], and other acidic components.

3.4.4. Moisture Content of Bread

As shown in Table 6, the bread moisture content ranged from 27.21% to 31.13%. The
control wheat bread had the lowest value of moisture. The addition of DOP, DAP, DPPP,
and DPPSP increased the moisture content of gluten-free bread. A lower value (28.71%)
was noted for DPPSP with 2.5% addition. The moisture content of the gluten-free bread
was gradually increased with the gradual addition of DPP and DPPSP and decreased by
the addition of DOP. The moisture content measurements showed no significant differences
between gluten-free control bread, DPP bread with 2.5% and 5% addition, and DTP bread
with 5% and 7.5% addition. Increased bread moisture contributes to an increase in the
bread weight.

3.4.5. Crust and Crumb Color of Bread

The results concerning the color of the crust and crumbs are presented in Table 7.
A golden brown crust and creamy white bread crumbs are the most important factors
indicating the quality of a bakery product to consumers [5]. The addition of by-products
had a significant (p < 0.05) effect on the color characteristics of crust and crumbs.

The lightness component (L* for crumb and crust) decreased with the addition of
by-products compared to the control wheat and gluten-free bread. For each by-product,
the lightness of the crust and crumb color deceased as the level of the additive increased.
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Table 7. Crust and crumb colors of wheat bread and gluten-free bread with and without added by-products.

Addition
Level (%)

Crust Color Crumb Color

L* a* b* L* a* b*

Wheat
CTRL1 0 81.06 ± 2.23 a 4.78 ± 1.69 cdef 45.58 ± 1.11 k 91.62 ± 2.09 a −2.8 ± 0.51 hi 24.18 ± 3.54 n

GF
CTRL 2 0 74.6 ± 3.95 bc 4.4 ± 1.54 def 53.96 ± 2.06 bcdef 80.42 ± 2.62 bc −1.64± 0.70 gh 45.36 ± 1.30 de

DOP
2.5 69.46 ± 9.63 cd 2.075 ± 1.69 f 47.84 ± 1.96 ijk 66.86 ± 0.96 gh −0.64 ± 0.42 fg 34.42 ± 1.49 kl

5 58.82 ± 3.02 fgh 14.52 ± 1.89 bc 52.68 ± 3.91 defg 68.4 ± 2.27 fg −0.12 ± 0.94 ef 35.24 ± 2.05 jk

7.5 62.68 ± 2.42 efg 10.48 ± 2.32 bcdef 51.88 ± 2.30 defgh 65.84 ± 1.32 gh 1.76 ± 1.46 cd 40.36 ± 1.28 fgh

DAP
2.5 66.58 ± 6.88 de 9.58 ± 2.93 bcdef 54.25 ± 3.32 bcde 64.12 ± 1.55 hi 0.00 ± 1.33 ef 33.2 ± 1.47 klm

5 62.12 ± 2.05 efgh 8.54 ± 3.06 bcdef 50.88 ± 3.35 fghi 61.2 ± 2.1 ijk 0.49 ± 1.08 def 31.66 ± 1.06 lm

7.5 63.56 ± 3.72 ef 5.82 ± 1.89 bcdef 46.36 ± 2.60 jk 60.74 ± 1.95 k 1.08 ± 0.81 de 31.66 ± 1.06 m

DPP
2.5 70.88 ± 4.12 cd 10.32 ± 2.48 bcdef 56.1 ± 1.04 abc 72.56 ± 6.52 de 3.48 ± 1.49 b 44.14 ± 2.17 e

5 71.08 ± 3.32 cd 12.88 ± 2.29 bcde 54.64 ± 1.38 abcd 78.94 ± 1.47 c 3.32 ± 1.02 b 47.48 ± 1.22 bc

7.5 66.84 ± 5.78 de 15.48 ± 2.64 b 53.2 ± 1.97 cdefg 70.5 ± 1.54 ef 9.00 ± 0.44 a 48.58 ± 1.04 b

DTP
2.5 57.52 ± 1.29 h 13.36 ± 0.89 bcde 52.14 ± 1.68 defgh 63.88 ± 1.71 hij 1.82 ± 1.25 cd 38.92 ± 2.03 hi

5 56.7 ± 2.28 gh 14.04 ± 1.57 bcd 54.5 ± 2.17 bcd 60.86 ± 1.21 jk 3.98 ± 0.89 b 42.04 ± 2.12 f

7.5 62.68 ± 2.7 efg 6.9 ± 0.81 bcdef 54.66 ± 0.86 abcd 74.06 ± 1.52 d 3.06 ± 0.97 bc 51.18 ± 1.58 a

DPPP
2.5 70.56 ± 3.13 cd 12.7 ± 2.07 a 57.66 ± 1.75 a 80.66 ± 1.97 bc -1.88 ± 0.60 gh 46.06 ± 1.24 cde

5 69.66 ± 3.59 cd 7.46 ± 1.42 bcdef 56.64 ± 2.46 ab 80.48 ± 2.99 bc 3.56 ± 1.22 i 46.24 ± 1.79 cd

7.5 56.86 ± 9.17 gh 14.58 ± 1.74 bc 51.22 ± 3.91 efghi 60.72 ± 2.15 k 3.70 ± 1.81 b 47.02 ± 1.13 bcd

DPPSP
2.5 80.34 ± 2.73 ab 3.36 ± 1.18 ef 50.82 ± 4.77 fghi 82.2 ± 2.05 b −1.86± 0.82 gh 41.04 ± 0.79 fg

5 62.18 ± 6.19 efgh 12.84 ± 1.5 bcde 50.68 ± 1.40 ghi 74.46 ± 3.28 d 0.25 ± 0.36 def 39.62 ± 0.71 gh

7.5 73.28 ± 4.81 c 6.28 ± 3.00 bcdef 49.32 ± 0.75 hij 77.74 ± 2.39 c −0.24 ± 0.87 f 37.06 ± 1.35 ij

P 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

F 11.81 2.72 8.26 63.74 39.66 86.24

DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel;
DPPSP: dried prickly pear seed peel; CTRL: control; GF: gluten-free. P: p-value probability. F: F-value Fisher. a–n letters indicate a statistical
different of means in the same column (p < 0.05).

Increased levels of DOP, DPP, DTP, and DPPP allowed increasing yellowness (b*)
and redness (a*) of the gluten-free bread crumb. The gluten-free color of the bread crumb
supplemented with by-products was directly correlated with the ingredients used in the
production of the dough.

The color of bread depends on the formulation or baking condition. Maillard reactions
and caramelization of the crust are responsible for the changes in the color parameters
between the crust and the crumb and the development of brown color on the surface at
high temperature, but the color given to the ingredients used in bread formulation may
mask this color [5,55,83,84].

3.4.6. Crumb Structure of Bread

The number of cells/mm2, average size, pore area fraction, perimeter, circularity, and
solidity of crumb cellular structure obtained from image analysis are shown in Table 8.

The number of cells/mm2 ranged from 78 to 308 cells/mm2. A higher number of
cells/mm2 is demonstrated for DPPP and DPP at 2.5% followed by DPPSP at 7.5%, and a
lower number was demonstrated for DOP at 5% and DAP at 2.5%. A higher average size
was obtained for the wheat control bread (1.672 mm). The average crumb size increased
significantly with the addition of DAP, DPP, and DTP and decreased with the addition of
DPPSP. Crumbs of the wheat control bread and DOP and DPPP at 5% were characterized
by a large perimeter.

Gluten-free bread with a large number of cells is characterized by an aerated structure
against the crumbs with a small number of cells. According to Jafari et al. [85] the lower
number of cells and the higher average size reflected the aerated structure. Solidity is
a measure of the shape of disorder gas cells. The solidity value is lower for irregular
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shape of gas cells and higher for regular shape [86,87]. The solidity of samples ranged
from 0.85 to 0.92. The shape of the gas cells DPP at 5% and DPPSP at 2.5% had a regular
structure and uniform shape (solidity = 0.91 and 0.92, respectively) and greater roundness
(circularity = 0.91 and 0.93, respectively) compared to control gluten-free bread. The crumb
appearance of control and enriched bread is shown in Figure 3.

Table 8. Crumb structure of wheat bread and gluten-free bread with and without added by-products.

Number of
Cells/mm2

Average Cell
Size (mm2)

Area Fraction
(%) Perimeter Circularity Solidity

WheatCTRL1 0 203 ± 8 bcd 1.672 ± 0.26 a 18.25 ± 1.34 a 4.32 ± 0.27 a 0.81 ± 0.007 i 0.85 ± 0.006 f

GFCTRL 2 0 239 ± 13 abc 0.46 ± 0.12 cde 12.85 ± 3.18 bc 2.28 ± 0.29 defgh 0.87 ± 0.01 cdefg 0.87 ± 0.00 cdef

DOP
2.5 122 ± 23 ef 0.55 ± 0.19 cde 5.85 ± 2.33 hi 2.64 ± 0.50 cdef 0.85 ± 0.02 gh 0.86 ± 0.00 def

5 78 ± 6 f 0.91 ± 0.14 b 7.25 ± 0.49 efgh 3.08 ± 0.06 bc 0.86 ± 0.01 cdefg 0.881 ± 0.01 cd

7.5 100 ± 0 f 0.67 ± 0.04 bc 5.9 ± 0.57 ghi 2.80 ± 0.15 bcd 0.86 ± 0.01 hi 0.85 ± 0.01 def

DAP
2.5 86 ± 6 f 0.49 ± 0.16 cde 3.65 ± 0.92 i 2.15 ± 0.15 efgh 0.89 ± 0.03 bcde 0.89 ± 0.03 bc

5 116 ± 20 f 0.61 ± 0.09 cd 6.57 ± 2.21 fghi 2.67 ± 0.25 cde 0.86 ± 0.02 efgh 0.87 ± 0.01 def

7.5 125 ± 21 ef 0.65 ± 0.17 bc 7.97 ± 0.61 efgh 2.80 ± 0.32 cd 0.85 ± 0.02 gh 0.86 ± 0.01 ef

DPP
2.5 308 ± 25 a 0.34 ± 0.05 e 11.65 ± 1.91 bcd 2.02 ± 0.20 gh 0.88 ± 0.02 cdef 0.88 ± 0.01 cd

5 200 ± 2 cde 0.36 ± 0.02 de 6.90 ± 0.99 fghi 1.87 ± 0.17 h 0.91 ± 0.00 ab 0.91 ± 0.00 ab

7.5 239 ± 35 abc 0.37 ± 0.02 de 9.25 ± 0.78 defg 2.08 ± 0.07 fgh 0.89 ± 0.01 bc 0.89 ± 0.00 bc

DTP
2.5 210 ± 9 bcd 0.46 ± 0.12 cde 9.30 ± 1.25 def 2.35 ± 0.25 defgh 0.87 ± 0.02 cdef 0.88 ± 0.00 cde

5 262 ± 37 ab 0.48 ± 0.08 cde 11.95 ± 0.59 bcd 2.50 ± 0.06 defg 0.85 ± 0.02 gh 0.86 ± 0.01 f

7.5 242 ± 58 abc 0.50 ± 0.03 cde 10.30 ± 3.11 cde 2.35 ± 0.01 defgh 0.90 ± 0.00 bc 0.89 ± 0.00 bc

DPPP
2.5 308 ± 8 a 0.52 ± 0.05 cde 14.10 ± 0.42 bc 2.46 ± 0.15 defgh 0.88 ± 0.01 bcdef 0.88 ± 0.00 bcd

5 175 ± 7 de 0.89 ± 0.11 b 14.55 ± 1.20 b 3.37 ± 0.22 b 0.86 ± 0.01 defgh 0.87 ± 0.01 def

7.5 190 ± 8 cd 0.49 ± 0.19 cde 11.05 ± 2.33 cd 2.39 ± 0.52 defgh 0.85 ± 0.01 fgh 0.87 ± 0.01 def

DPPSP
2.5 115 ± 76 f 0.59 ± 0.31 cde 5.20 ± 0.85 hi 2.37 ± 0.63 defgh 0.93 ± 0.02 a 0.92 ± 0.00 a

5 223 ± 56 bcd 0.44 ± 0.04 cde 10.45 ± 1.06 cde 2.20 ± 0.01 efgh 0.90 ± 0.03 bcd 0.89 ± 0.02 bc

7.5 302 ± 29 a 0.43 ± 0.09 cde 13.05 ± 1.20 bc 2.11 ± 0.24 fgh 0.87 ± 0.01 cdefg 0.88 ± 0.00 cd

P < 0.0001 0.001 < 0.0001 0.004 0.000 0.001

F 12.15 9.16 10.34 8.00 7.414 6.653

DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel;
DPPSP: dried prickly pear seed peel; CTRL: control; GF: gluten-free. P: p-value probability. F: F-value Fisher. a–i letters indicate a statistical
different of means in the same column (p < 0.05).

3.5. Cluster Analysis

A hierarchical cluster analysis and constellation plot were performed to identity
analogies of the effects of by-products on the properties of the bread (Figure 4). The
constellation plot consisted of four clusters. Group A included one cluster (C1) containing
only the wheat control bread, and group B included three clusters: C2 (gluten-free control
bread), C3, and C4 (gluten-free bread containing different by-products). The C3 cluster
contained the highest counts of similar bread. The similarity between DTP, DPP, DPPP,
and DPPSP at the additive levels of 5% and 7.5% was observed in the C3 cluster and the
gluten-free bread with the addition of DOP, DAP, and DPPPS at the 2.5% additive level in
the C4 cluster. The wheat control bread and gluten-free control bread differed highly from
those with all samples containing by-products. The wheat control bread was characterized
by higher values of Vsp, average size, perimeter, Hm, h, Tx, and RCO2, and the control
gluten-free bread was characterized by a long time at the maximum height of dough T1, a
high value of Vl CO2, and a low value of Vs, average size, Hm, and RCO2 (Figure 5).
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Figure 3. Crumb appearance of wheat bread and gluten-free bread with and without added by-
products. DOP: dried orange pomace; DAP: dried apple pomace; DTP: dried tomato peel; DPP: dried
pepper peel; DPPP: dried prickly pear peel; DPPSP: dried prickly pear seed peel; CTRL: control;
GF: gluten-free; Vsp: specific volume.

Figure 4. Constellation plot and hierarchical clustering of the investigated wheat and gluten-free bread samples based on
the Ward method (level increase: orange, level decrease: green). DOP: dried orange pomace; DAP: dried apple pomace;
DTP: dried tomato peel; DPP: dried pepper peel; DPPP: dried prickly pear peel; DPPSP: dried prickly pear seed peel;
CTRL: control; GF: gluten-free.
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Figure 5. Cluster standard deviations (Cluster 1: wheat control; Cluster 2: gluten-free control; Cluster 3: DOP (2.5%, 5%,
7.5%), DAP (2.5%, 5%, 7.5%), and DPPSP 2.5%; Cluster 4: DPP (2.5%, 5%, 7.5%), DTP (2.5%, 5%, 7.5%), DPPP (2.5%, 5%,
7.5%), and DPPSP (5%, 7.5%)).

3.6. Multivariate Analysis of the Rheofermentometer and Rheological Parameters of Dough and
Bread Quality

Figure 6a presents the correlation circle obtained from the principal component analy-
sis on the rheofermentometer and the rheological parameters of dough and bread qualities
measured in wheat and gluten-free samples. The first and second principal components
justified 49.3% of the variability. Variables with high eigenvectors on principal component
1 were Tx, Hm, average size, perimeter, h, Vsp, H′m, and L* crumb (Figure 6a). On PC1, Tx,
Hm, average size, perimeter, h, and Vsp were negatively correlated with H′m and highly
significant (p < 0.001) and positive correlations were noted between Hm and h (r = 0.94),
followed by the Tx and Hm pairs (r = 0.89), Tx and h (r = 0.89) and Hm and Vsp (r = 0.81).
Variables with high eigenvectors on principal component 2 were W, WL, L* crust, T1, pH,
and H%. Negative correlations were observed between variables W and WL with L* crust,
T1, and pH. Highly significant (p = 0.001) and negative correlations were found between
pH and WL (r = −0.67), T1 and % (r = −0.62), and T1 and W (r = −0.67). A scatter plot for
bread (wheat and gluten-free bread) is shown in Figure 6b. Principal component analysis
confirmed the hierarchical results of the cluster analysis, in which the wheat control bread
and the gluten-free control bread were distinguished from gluten-free bread containing
by-products. The wheat control bread showed higher Tx, Hm, average size, and h; gluten-
free control bread showed higher T1, pH, and Vl CO2; gluten-free bread prepared with DOP
and DAP (all percentage) and DPPPS at 2.5% presented higher W, T′1, Vr, and CO2; and
gluten-free bread containing DPP, DTP, DPPP, and DPPPS at 5 and 7.5% showed higher
H′m, K, circularity, solidity, a* crumb, and a* crust (Figure 5).
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Figure 6. Multiple factor analysis correlating the percentage of by-products, dough rheological properties, and bread
properties. (a) Map of parentage of by-products (in black), rheofermentometer parameters (in green) and rheological
parameters of dough (in red), bread qualities (in blue), crumb structure of bread (in yellow), and crust and crumb colors (in
purple). (b) Map of the distribution of the 20 types of bread.

4. Conclusions

Gluten-free bread based on the corn/chickpea formula was developed by adding
different types of by-products (pomace of orange and apple; peels of tomato, pepper, and
prickly pear; and prickly pear seeds). The rheology of the dough was measured and the
properties of bread were evaluated. It was concluded that orange pomace, apple pomace,
and peel of prickly pear seeds at 2.5% w/w induced the same effect on gluten-free bread.
Pepper, tomato, prickly pear, and prickly pear seed peels with 5% and 7.5% addition had
the same effect on gluten-free bread. Overall, all by-products increased Vsp, Hm, H′m,
VtCO2, RCO2, WL, and circularity, and decreased T1, Tx, n, area fraction, L* crust, and L*
crumb as compared to control gluten-free bread. The addition of prickly pear peel at a 5%
addition level can result in bread with good characteristics. These by-products could be
used as economical and inexpensive improvers for gluten-free bread.
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