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Abstract

Psyllium is a source of natural dietary fibre with recognised health benefits that can be used as a
hydrocolloid with functional food applications. The purpose of this study was to determine the effect of
different levels of Plantago ovata fibres in plant-based sausages on their composition, physicochemical and
mechanical properties. Proximate composition was studied. Water activity (aw), water release, pH, colour
measurement, texture profile analysis (TPA) and Warner-Bratzler Shear Force (WBSF) were determined
to establish the physicochemical and textural properties of sausages. A plant-based sausages microstructure
study and a sensory study were carried out to better understand conformation and to determine their
acceptance. The results showed that sausages had high ash and carbohydrate contents but, above all, a low-
fat content. The use of psyllium increased water-holding capacity. The results also indicated that employing
Plantago ovata white (PW) fibre can minimise mechanical problems and reduce colour changes. However,
PW fibre showed less retained water, which was why chickpea starch further developed and was more
gelatinised. At the same time, the plant-based sausages with PW fibre obtained the best overall score with
the fewest colour changes in the sensory evaluation. Nevertheless, further studies are recommended to
improve the texture and acceptability of these plant-based sausages.

Keywords: plant-based sausages; psyllium fibre; mechanical properties; physicochemical characteristics;

microstructure
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1. INTRODUCTION

Currently there is an increase in the consumption of veggie diets. The three diets forming part of the veggie
world are flexitarian (predominantly plant-based diets with occasional portions of meat or fish), vegetarian
(can include egg and dairy products) and vegan diets (excludes all animal-sourced foods) [1,2]. As the
Lantern study [2] indicated, 7.8% of the Spanish population followed one of these diet types in 2017, and
the consumption of these diets increased by 27% in 2019. However, this percentage is lower than it is in
countries like Germany and England [3], and these diets are on the increase in Europe and other Western
countries [4]. Between 2017 and 2018, a report on food consumption in Spain recorded a 2.6% reduction
in consumed meat [5]. One of the main reasons for choosing this diet type could be because vegan and
vegetarian diets are associated with lower risks of chronic diseases for adults [6], and a wide range of health
benefits like improving glycaemic control, blood lipids, body weight and blood pressure [7]. Vegetarians
and vegans describe their motives as "ideological" and primarily mention environmental concerns, animal
welfare and other ethical considerations as their reasons for choosing to eat these diet types [3,8].

Meat production is mainly responsible for environmental pressures, such as pollution and unsustainable use
of resources [9,10]. According to a FAO report [11], meat is not essential in diet, since a large number of
vegetarians has a nutritionally adequate diet. Therefore, Kamani et al. [12] concluded that meat should be
substituted for totally vegetable origin food so that the resulting product would be more similar to the
original product in sensorial and textural acceptability terms with an adequate nutritional value. This makes
replacing meat with plant-based meat substitutes an interesting alternative [9]. However, meat analogues
are not always successful, which is mainly related to their low sensory quality [13]. Consequently, the great
challenge for the food industry is to preserve the sensory and texture quality of analogous meat products.
Various plant proteins can be used to help to overcome this problem, such as proteins from legumes, cereals,
oilseeds and soya because these ingredients have functional properties, such as emulsifying, and water and
oil absorption capacities, and high nutritional values [14]. Another problem with today's meat substitutes is
that they are 3 to 4 times more expensive than meat products [13]. These proteins are used in different ways
as textured proteins, flours, and concentrated or isolated proteins.

Some studies have shown that some hydrocolloids are capable to improve the physical and sensory food
properties. It is a well-known fact that dietary fibres (DFs) have technological functions, such as water
absorption and water retention, and minimise production costs without affecting the sensory properties of

the final product [15]. Furthermore, they have opened possibilities to design new fibre-enriched products
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and generate new textures for a variety of applications [ 16]. Psyllium (Plantago ovata) is a source of natural
DF [17] with good water absorbability and gelling properties [18]. This means that it can be used as a
hydrocolloid with functional applications in new food production [19]. Furthermore, much research has
indicated psyllium health benefits for diabetes, constipation, colon cancer prevention, diarrhoea,
inflammatory bowel disease (ulcerative colitis), irritable bowel syndrome symptoms, abdominal pain,
obesity and hypercholesterolaemia [19,20,21]. There are several studies in which psyllium is used as a
source of DF in the preparation of meat batters and sausages to improve texture and organoleptic properties
or reduce fat [22,23,24,25,26]; however, no studies related to the use of this colloid to totally replace meat
in sausages have been found. On the other hand, plant-based meat analogues are generally elaborated by
extrusion [27,28,29]. In this study, three commercial types of P. ovata DFs, two from husk (one in husk
form and other in powder) and one from the seed were used to elaborate a plant-based sausage without
using the extrusion technology due to it high costs. These DFs has been studied in previous studies and
showed different techno-functional properties, highlighting their different particle size and their hydration
properties [18,30].

The main objective of this study was to determine and compare the effect of using three different
commercial DFs from Plantago ovata at concentrations from 0% to 6% on the physicochemical, textural
and sensory characteristics of plant-based sausages.

2. MATERIAL AND METHODS

2.1. Materials

All the ingredients used to prepare samples were supplied by the company Productos Pilarica S.A., Paterna,
Spain. The main characteristics of P. ovata DF samples are shown in Table 1.

2.2. Preparation of plant-based sausages

The control sausage formulation was that used by Majzoobi et al. [31] with minor modifications. Firstly,
the texturised pea protein was hydrated in a ratio 1:50 during 30 min. Then, the plant-based sausages were
prepared by mixing 37% cold water, 32% hydrated texturised pea protein, 13.2% whole chickpea flour,
10.5% olive oil, 4.2% potato starch, 1.3% salt and 1.8% seasonings in a food mincer (Moulinex
Multimoulinette, AT714G32, Moulinex, SEB Group, France) for 10 min—To study the effect of adding
psyllium, the three different Plantago ovata fibres were added to the formulation at 0%, 3%, 4%, 5% and
6% w/w: Plantago Husk (PH), Plantago Powder (PP) and Plantago White (PW). Table S1 shows the

experimental design. The mixture was stuffed inside a 2.5 cm-diameter previously hydrated artificial casing
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(Productos Pilarica S.A., Paterna, Spain). Samples were cooked in a water bath at 80 °C for 20 min until
75 °C were reached in the centre of the samples. Then, samples were cooled in cold water (8 °C) for 15
min. Finally, samples were stored at 4 °C for 24 h before running further experiments. Fig. 1 shows all the
plant-based sausage samples herein formulated.

2.3. Plant-based sausages analysis

All the samples were analysed in triplicate for each analysis.

2.3.1. Proximate composition of the plant-based sausages

Samples’ moisture (g water/100 g sample) was determined according to AOAC [32]. One gram of each
sample was placed in a vacuum oven for drying (Vaciotem, J.P. Selecta, Spain) at 70 °C until constant
weight. Crude fat quantification was performed by ether extraction with an Ankom XT10 Extraction
System (NY, USA) [33]. The Dumas method in a Leco CN628 Elemental Analyzer (Leco Corporation, St.
Joseph, MI, USA) determined the crude protein (nitrogen content x 6.25) according to Method 990.03 of
AOAC International [34]. The crude ash content was determined by Method 923.03 [34]. A 1-gram sample
was incinerated at high pressure in a microwave oven (Muffle P Selecta Mod.367PE) for 3 h at 550 °C, and
ash was gravimetrically quantified. Carbohydrates were calculated by difference.

2.3.2. Water activity (aw)

Samples’ water activity (aw) was analysed by the AquaLab PRE LabFerrer equipment (Pullman, USA).
2.3.3. Water release

Plant-based sausages’ water release was determined according to Majzoobi et al. [31]. One gram of each
sample was cut into a thin slice and placed between two filter papers (Whatman No. 1) of known weight.
Then the samples between filters were pressed with a 1-kilogram weight for 20 min at 25 °C. The results
were expressed as a percentage of water release.

2.34.pH

The pH of the plant-based sausages was measured using a Crison Basic 20+ pH meter (Crison S.A.,
Barcelona, Spain) with a puncture probe (Crison 5231).

2.3.5. Colour measurement

Samples’ colour was measured using a Konica Minolta CM-700d colorimeter (Konica Minolta CM-
700d/600d series, Tokyo, Japan) with a standard D65 illuminate and a 10° visual angle. A measurement
was taken for both the powders of the previously ground P. ovata fibre samples (Minimoka GR-020,

Coffemotion S.L., Lérida, Spain) to present the same granulometry and plant-based sausages. A reflectance



122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

glass (CR-AS51, Minolta Camera, Japan) was placed between the sample and the colorimeter lens. The
measurement window was 6 mm in diameter. For both powders and plant-based sausages, the results were
expressed as in the CIELab system.

The total colour difference (AE) was calculated according to: AE* = [(AL*)* + (Aa*)? + (Ab*)*]'2. For the
P. ovata fibre samples, the powder with the same granulometry was placed inside a circular aluminium
sample holder (17.7 mm diameter x 9.53 mm high). AE| was determined to observe the colour differences
between PH and the other fibres (PP and PW). AE> was performed for the differences between PP and PW.
For plant-based sausage colour, two sausages of each formulation were measured on both the internal and
external sides. AE; was used to observe the differences between the internal and external colours at each
concentration. To observe the colour difference due to the addition of P. ovata fibres (PH, PP and PW),
AFE, (internal and external) was determined in relation to the control sample.

2.3.6. Texture analysis

The plant-based sausages’ texture was measured using a TA-XT2 Texture Analyser (Stable Micro Systems
Ltd., Godalming, UK) with the Texture Exponent software (version 6.1.12.0). A texture profile analysis
(TPA) was performed as described in Kamani et al. [12]. Samples (2 cm long X 2.5 mm diameter) were
compressed to 50% strain of their original height using a steel probe (45 mm diameter). A time of 5 s was
allowed between the two compression cycles and the test speed was 50 mm/min. The attributes calculated
from the force-deformation curve were hardness (N), adhesiveness (N.s), springiness (mm), cohesiveness
(dimensionless), resilience (dimensionless) and chewiness (N).

With the same texture analyser, Warner-Bratzler Shear Force (WBSF) was performed according to Jin et
al. [35] using a shearing V-shaped blade. The plant-based sausage samples (4 cm long x 2.5 mm diameter)
were sheared at a crosshead speed of 100 mm/min. Firmness (N) was measured as the maximum peak force
of shearing on the deformation curve.

2.3.7. Microstructure

The microstructural study was carried out by Cryo-field emission scanning electron microscopy (Ultra 55
FESEM, ZEISS, Oberkochen, Germany) (Cryo-FESEM). Cubes (3 mm?®) were cut by a stainless-steel cutter
before being immersed in slush nitrogen (-210 °C) and transferred to a cryo-trans GeminiSEM 500 (ZEISS,
Oberkochen, Germany) linked with a field emission scanning electron microscope that operated below -

130 °C. Samples were cryofractured at -180 °C and etched at -90 °C.
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Confocal scanning laser microscopy (CLSM) was conducted using a ZEISS 780 microscope coupled to an
Axio Observer Z1 inverted microscope (Carl Zeiss, Germany). To visualise samples, the C-Apochromat
20X/1.2 W water immersion objective was used. Images were obtained and stored at a resolution of 1,024
x 1,024 pixels by the microscope software (ZEN). The employed stains were Rhodamine B and Calcofluor
White (Fluka, Sigma-Aldrich, Missouri, USA).

Rhodamine B stained proteins and carbohydrates (starch granules) and was excited with diode line 488 and
detected at 580 nm. Calcofluor White stained polysaccharides and was excited with diode line 405 and
detected at between 410 - 477 nm.

In order to observe and study samples, tissue sections (20 pum thick) were obtained using a cryostat (CM
1950, Leica Biosystems, Nussloch, Germany). The portion of tissue was placed on a slide. Then 20 pL of
Rhodamine solution were added and left to rest for 5 min. The same procedure was followed for Calcofluor
White, and samples were covered with a glass coverslip.

2.3.8. Sensory analysis

The sensory evaluation of the plant-based sausages was carried out by 10 trained panellists. Sensory tests
were run to describe differences in the addition of psyllium fibres, and to select the best valued fibre and
concentration. Water was served as ‘flavour cleaners’ to avoid the sense-adaptation effect. Seven attributes
of the cooked plant-based sausages were evaluated: general texture, chewiness, juiciness, gumminess,
colour, visual aspect and overall acceptability. Each sausage was cut into 2 cm after removing the casing.
The trained panellists were separated by at least 2 m following COVID-19 regulations. The design involved
randomising the order that samples were served in. Each sensory attribute was represented with a 9-box
scale, where the general texture was labelled from “I do not like” to “I like very much”, chewiness from
“tender” to “leathery”, juiciness from “dry” to “juicy”, gumminess from “gritty” to “rubbery”, colour and

3

the visual aspect from “unappetising” to “very appetising”, and overall acceptability from “totally
rejectable” to “totally acceptable”. Panellists marked the box at the intensity level that they believed best
characterised each sample.

2.4. Statistical analysis

All the analytical determinations were made in at least triplicate. Version 17.2.04 of the Statgraphics

Centurion XVII Software was applied to perform the analysis of variance (one-way ANOVA), with a 95%

confidence level. The LSD test was followed to evaluate differences between samples (p < 0.05). A
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correlation analysis was run at the 95% significance level among all the studied parameters (Statgraphics
Centurion XVII).

3. RESULTS AND DISCUSSION

Proximate composition

Samples’ proximate composition is presented in Table 2. The addition of the various levels of psyllium
fibres had a significant effect on moisture (p < 0.05). The samples with the highest moisture were control
and PH 3%, with no significant differences between them (p > 0.05). A general drop in moisture was shown
as the concentration of psyllium fibres rose, and this decrease became more intense for fibres PP and PW.
According to Stephan et al. [36], the moisture of vegan meat analogues is higher because more water is
required to produce them than conventional meat products, and also due to the hydration of dried proteins
and hydrocolloid powders. For this reason, the moisture values of all the studied meat-free sausages were
higher than those found by Stephan et al. [36] for German sausages (56.5%). However, the water content
of vegan sausages made with isolated pea protein, as reported by Stephan et al. [36], was higher than for
all the samples tested in this study, but similar to that of meat sausages in which animal fat had been
replaced, like those studied by Grasso et al. [37], who used sunflower seed flour as a fat replacer in
frankfurters.

The highest protein content was obtained for samples PW 6% and, PP 5% and 6%. A fibre-concentration
interaction was observed: when concentration rose, so did the protein content for fibres PP and PW, and
this increase was intenser with the PP fibre. Nonetheless, no significant differences were found at the 6%
concentration for PP and PW (p > 0.05). When adding the PH fibre, protein content significantly lowered
(p <0.05) and protein content lowered as the concentration rose. These results are similar to those by Wang
et al. [38] for sausages made with Lentinula edodes as a replacer of pork lean meat at the 50% and 75%
replacement levels.

The control exhibited the highest fat content. However, this content was lower than in the meat-free
sausages with different hydrocolloids made by Majzoobi et al. [31], but higher than the fat content in the
meat emulsion formulated with guar-xanthan gum mixture by Rather et al. [39]. In all the studied samples,
fat content dropped as the concentration of psyllium fibres rose, and the fat content of the plant-based
sausages was very low.

The lowest ash content was for the control sample, although all these values were higher than not only all

the vegan and vegetarian recipes [31,36], but also for meat products [37,40]. It is worth noting that the ash
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content of these sausages was due to the contribution of the minerals that they could represent. This could
also be related by the addition of psyllium fibres because a rise in the fibre concentration resulted in higher
ash content. This effect was stronger from the 5% concentration with PP fibre addition because significant
differences were observed between 5% and 6% of the PP fibres, and between 5% and 6% of fibres PH and
PW (p <0.05).

A concentration-used fibre interaction was observed for carbohydrates content. The sample with the lowest
carbohydrates content was the control, and carbohydrate content rose as the fibre concentration increased.
This increase was greater when PW fibre was added. Therefore, the 5% and 6% PW samples had the highest
carbohydrate content, with no significant differences between them (p > 0.05). Nevertheless, the 5% and
6% concentrations of samples PH and PW obtained significantly lower values than the PW samples (p <
0.05).

Water activity, water release and pH

The water activity, water release and pH of the plant-based sausages are listed in Table 3. Nasonova and
Tunieva [41] indicated that using fat replacer did not significantly affect a,. The results observed in this
study also affirmed that a meat-free sausage can display a similar water activity to both meat sausages and
sausages formulated with fat replacers. This parameter is vital for food microbial stability. One good result
was that the a of all the studied samples was slightly lower than the results reported by Stephan et al. [36]
for different vegan and vegetarian sausages, and those in Wang et al. [38] for sausages formulated with
Lentinula edodes as a fat replacer.

The water release of the samples with added psyllium fibres came close to those obtained by Majzoobi et
al. [31] for meat-free sausages with different hydrocolloid levels. The water release value was significant
for the control sample (p < 0.05). As water release correlates negatively with water-holding capacity, a
lower water release value is considered a desirable characteristic in sausages [31] because it can result in a
product’s better texture and quality. The present study found an increase in the concentration of the three
tested psyllium fibres (PH, PP, PW), which resulted in decreased water release, which means and water-
holding capacity. It is a well-known fact that dietary fibres possess technological functions, such as water
absorption and water retention [15,18].

The range of pH values went from 5.89 to 6.56 (Table 3). A concentration-added fibre interaction took
place, and increasing the concentration of all the tested added fibres led to a higher pH for sausages. This

increase was greater for fibres PH and PP because of the significant differences between the 6% PP and PH
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samples and the PW 6% sample (p < 0.05). The pH values in the sausages with the added psyllium fibres
were comparable to not only those obtained by Majzoobi et al. [31] for meat-free sausages with different
hydrocolloid levels, but also to those found by Stephan et al. [36] for vegetarian sausage analogues and
meat sausages like German boiled sausages. Jridi et al. [42] and Majzoobi et al. [31] reported slightly lower
pH when adding hydrocolloids. On the contrary, pH increased in our study, which could be due to the pH
of the psyllium fibres being between 5.10 and 6.14 [18].

Colour measurement

Table 4 depicts the colour parameters of the psyllium fibre samples. The sample with the significantly
highest lightness (L*) value was the PW fibre (p < 0.05). Redness (a*) and yellowness (b*) also
significantly differed among the three samples, and the PP fibre obtained the highest a* and b* (p < 0.05).
According to Bodart et al. [43], colour differences (AE; and AE>) among all samples were humanly
appreciable, over 3, and the biggest colour difference was between fibre samples PP and PW.

The colour parameters of our sausage samples appear in Table 5. Fig. 1 shows the sausage samples herein
prepared. For external colour, the samples with the highest lightness (L*) values were the control and the
samples with less added fibre. Adding fibres influenced colour, and the L* values significantly lowered
with increasing fibre content. A fibre addition-concentration interaction took place internally and externally
as the PP fibre addition more intensely lowered L*. This could be related to the colour of the PP fibre
sample which had the highest darkness value (Table 4). These results are comparable to those obtained by
Grasso et al. [37], who added sunflower seeds to frankfurters as a fat replacer. Those authors also reported
a drop in L* when adding sunflower seeds.

Our redness (a*) values were lower than those reported by Stephan et al. [36] for the vegetarian sausage
analogue, but similar to the meat-free sausages made with different gums by Majzoobi et al. [31]. The plant-
based sausages with less a* were those samples to which PP fibre was added, but with small differences
between samples and the control for all the tested samples for both external and internal colours. In this
case, the fibre with the highest a* was PP (Table 4). This result in sausages could be due to a colour change
that occurred during cooking and could also be related to the interaction with other sausage ingredients.
The sample with the highest external yellowness (b*), value was the control sausage. A fibre-concentration
interaction was observed both internally and externally, and a b* lowered when fibre concentration
increased. The drop in the b* value was significantly more marked at the PP fibre concentrations of 4%,

5% and 6% (p <0.05). However, the b* value of the PP fibre was the highest (Table 4), which was also the
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case with the a* value. No significant differences were observed between the samples with 4% and 5% of
fibres PW and PH (p > 0.05), but significant differences appeared between the samples with 6% of fibres
PW and PH (p < 0.05). These results were slightly higher than those reported by Stephan et al. [36] for
vegan sausage analogues, but are comparable to those obtained by Wang et al. [38] for sausages with pork
lean meat replaced with Lentinula edodes.

AE; was performed to observe the differences between internal and external colours at each concentration
(Table 5). These results generally showed that AE| was higher with a rising fibre concentration, but only
for PH 3%, PH 6% and PP 6% [43].

Fig. 2a and 2b depict the colour differences (AE») between addition of fibres and the control (internal and
external colours). They show that AE, generally increased as the fibre concentration rose. Fibre samples PP
had a higher AE, from the 3% concentration (see Fig. 1). However, the samples with a lower AE, value
were those formulated with the PW fibre, which was perceptible only at the 5% and 6% concentrations
because the AE, values were above 3 (see Fig. 1) [43]. It should be noted that colour differences were bigger
superficially than internally, except for the plant-based sausages with 5% and 6% PH. This could be due to
the shape and particle size of the husk fibre (PH), as reported by Noguerol et al. [18]. Authors like Grasso
etal. [37], Pintado et al. [44] and Henning et al. [45] have also stated colour alteration when adding different
fibres and fat replacers in frankfurters. For all these reasons, and according to Deliza et al. [46], adding
fibre minimises colour differences in the food matrix, which is important for avoiding possible consumer
rejection because liking food with an appropriate appearance could favour consumers’ healthier product
consumption.

Textural properties

Table 6 indicates the effect of adding different P. ovata fibres levels on the textural attributes of the plant-
based sausages. The control sausage obtained the lowest values for all the studied parameters, except
adhesiveness. This finding implies that adding psyllium fibres modifies products’ mechanical properties.
As for the force required to cut a sausage, the samples with the highest firmness and hardness values were
those made with the PW fibre. A concentration-fibre interaction occurred for hardness, cohesiveness,
resilience and chewiness as a higher content of the fibre samples assumedly increases these parameters.
With hardness, the increase was significantly greater when PW fibre was added at all the concentrations (p
< 0.05). Significant differences were observed for cohesiveness, resilience and chewiness among all the

plant-based sausages (p < 0.05), and adding the PW fibre resulted in significantly higher values for all the
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studied concentrations of these parameters (p < 0.05). Table 7 depicts the Pearson correlation among
mechanical properties (TPA) and physicochemical parameters and carbohydrates content. Significant
Pearson correlations were observed among carbohydrate content and hardness, cohesiveness, resilience and
chewiness. This result indicates that adding psyllium fibres modifies the textural parameters of sausages.
Significant negative correlations were found between the water release and TPA parameters (hardness,
cohesiveness, resilience, chewiness) (Table 7). Hence plant-based sausage texture is related to the water-
holding capacity of added fibres.

All the samples obtained similar springiness values, although significant differences were found among the
plant-based sausages (p < 0.05). Stephan et al. [36] reported similar elasticity values for both meat and
meat-free sausages, whereas Kamani et al. [12] indicated that non-meat proteins could hold more water and
fat, which reduces springiness. So fibre content could also be included in this statement based on the results
herein obtained. However, the elasticity values of Majzoobi et al. [31] for meat-free sausages were slightly
higher, but the hardness values of meat-free sausages with xanthan were similar to the samples with PW
fibre at the 4%, 5% and 6% concentrations. According to Grasso et al. [37], sausages’ textural behaviour
can be related to composition (mainly protein and fibre content) but, in this case, we examined the
mechanical properties of plant-based sausages.

Microstructure

In order to visualise the structure of the plant-based sausages, the lowest (3%) and highest (6%)
concentrations of each psyllium fibre type were selected, as well as the control sample. No differences were
found in the microstructural observation between both concentrations. Images correspond to the 6%
concentration.

Fig. 3 and 4 show the distribution of the ingredients in the plant-based sausages studied by CLSM (confocal
scanning laser microscopy). Polysaccharides, such as vegetal walls and fibre, were observed in blue by
staining agent Calcofluor (Fig. 3). A very complex matrix is observed in the first row; vegetal tissue,
probably from chickpea flour, and is dispersed among the matrix, together with partially gelatinised potato
starch granules and oil droplets. Although the different psyllium fibres were not clearly identified, probably
because psyllium interacted with other components in the matrix, its presence increased the consistency of
the continuous phase, as reflected by the different firmness and hardness values (Table 6). Moreover, Yao
et al. [47] indicated that the moisture content had a profound effect on fibre formation, showing that meat

analogues extruded at 60.11% moisture had well-defined fibre orientation. Similar value to that shown in
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this study for sausages made with 5 and 6% PW (Table 2). Stained cell walls surrounding chickpea starch
granules are observed in Fig. 3 (second row).

Starch granules and protein were red-stained with staining agent Rhodamine (Fig. 4). Protein is observed
in the background and is less intensely stained. In all the samples, potato starch granules are larger and
more gelatinised than chickpea granules, which are smaller and surrounded by cell walls. The plant-based
sausages with PH fibre showed the most packed and least gelatinised chickpea starch granules, perhaps
because PH fibre had the highest WHC and WRC values [18], which means less water available to hydrate
starch. Beikzadeh et al. [48] indicated that some gums prevent starch granules from swelling, chain gums
avoid the interaction between starch polymers, and also between protein and starch, and results in product
texture softening. This falls in line with the results obtained in the present study because the sausages made
with PH fibre had lower firmness values (Table 6). The control and PP sausages presented a similar
structure to the PH samples. However, the PW sausages showed the most deformed, broken and loose
chickpea starch granules. In fact the chickpea tissue in the formulation with PW appeared disintegrated and,
consequently, starch granules were more swollen and freely interacted with other matrix components. This
might indicate that PW fibre retains less water and the PW samples would have more water available to
interact with other components and, therefore, chickpea starch would develops more, which would makes
it more gelatinised.

Consequently, this could correlate with samples’ hardness, and the sausages that contained the PW fibre
were those with the highest firmness, hardness and chewiness values (Table 6).

Fig. 5 shows the structure of the plant-based sausages using Cryo-FESEM. Once again, a complex matrix
was observed with gelatinised potato starch in the matrix (first row). Details of the chickpea starch granules
(second row) confirm that granules were packed and almost intact in both the control and PH and PP
samples. This was not the case with the PW samples, where the chickpea cell tissue breakdown and granules
gelatinisation were once again observed.

Sensory analysis

Fig. 6 shows samples’ sensory attributes. The sensory panel gave lower colour and visual aspect scores to
the samples made with PP fibre than the samples prepared with fibres PH and PW (Fig. 6a). The samples
with the PW fibre scored the best and were perceived to be more similar to the control sample. This scenario
could be related to the colour parameters of the fibre and sausage samples (Table 3 and 4, respectively),

where the darkest fibre sample was PP, and the plant-based sausages with lower L*, a* and b* values were
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also those made with PP fibre. The highest AE, values were between the control sample and the sausages
with PP, generally at high concentrations (5% and 6%) (Fig. 2). This result was expected because they
confirmed that marked colour changes can imply rejection, as indicated by Deliza et al. [35].

Regarding the texture of the plant-based sausages (Fig. 6b), the samples with high juiciness values were
the control, PW 3%, PW 5%, PH 5%, PP 3% and PP 4%. However, samples PW 3% and PW 4% were
evaluated as the gummiest samples. The sample with the highest chewiness value was PW 6% because this
parameter was analysed by a TPA (Table 6). Consequently, these results revealed that samples PW 3%,
4%, 5% and 6% and PP 3% and 6% offered a generally good texture. It was concluded that this texture
must be improved to achieve a similar texture to meat products because it is known that meat replacers or
avoiders do not improve product texture, and texture is one of the main reasons why omnivores reject such
products.?

Finally, the overall acceptability values of the 4% and 6% PW plant-based sausages were higher than for
the other samples (Fig. 6¢). These PW fibre concentrations seemed suitably desirable, which indicates that
this fibre would be acceptable for preparing plant-based sausages, although further research is
recommended to improve texture.

Limitations

As these are products mainly address those consumers who wish to reduce or avoid meat consumption, a
sensory analysis should be carried out with this diet type. Noguerol et al. [3] indicated that product texture
is less important for vegan and vegetarian consumers than for omnivores.

Moreover, in the present study, only psyllium fibres were used as gum to modify texture. General aspect,
colour and gummies were the attributes with the highest scores (> 6 on a scale from 0 to 9). Thus, future
studies should include a combination with other ingredients in an attempt to improve general texture.

4. CONCLUSIONS

The plant-based sausages made in this study had high ash and carbohydrate contents due to the addition of
P. ovata fibres. Above all, a lower fat content can be highlighted compared to other meat and meat-free
sausages. The use of psyllium fibres also increases the water-holding capacity which, as herein observed,
improves the texture of plant-based sausages. However, chewability and colour changes could pose major
problems for these sausages. The results of this study show that employing PW fibre can minimise these
problems because hardness and chewiness increase and colour changes are almost imperceptible compared

to the control. However, PP fibre is rejected, particularly for the colour it confers sausages. The sensory
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evaluation showed that these three fibres can be used to prepare plant-based sausages. Moreover, PW fibre
can be highlighted for obtaining the overall best score and for the fewest colour changes. Nevertheless, it
would be desirable for future studies to research with other fibres, gelling agents, or their combination, to

improve the texture and acceptability of these plant-based sausages.
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