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Abstract

The aim of this study was to evaluate the effect of spontaneous sourdoughs on the quality
of gluten-free breads formulated with quinoa (Q) and buckwheat (BW) flours in order
to improve their nutritional, technological, and sensory attributes. The microbiota of the
sourdoughs was dominated by Pediococcus pentosaceus and P. acidilactici. Total polyphenols,
antioxidant capacity, phytic acid, and free amino acids were determined in sourdoughs
(before and after fermentation) and breads. Breads were prepared with three levels of
sourdough: 10%, 15%, and 20%. Bread specific volume, crumb firmness, staling rate, crumb
structure, and consumer acceptability were evaluated. Sourdoughs showed higher phenolic
compound contents compared to the unfermented control, and on average, breads with
sourdough contained 67% more phenolics than control breads. Antioxidant activity also
increased, particularly in BW sourdough samples. Phytic acid decreased in both sour-
doughs and breads, while free amino acids increased. Breads with Q and BW sourdoughs
exhibited a specific volume 40% and 25% higher, respectively, than the control, along with
lower firmness and slower staling. BW sourdough breads reached the highest overall
consumer acceptance. Incorporation of Q and BW spontaneous sourdoughs, especially at
20% substitution, significantly improved the nutritional, technological, and sensory quality
of gluten-free breads.

Keywords: autochthonous; lactic acid bacteria; phytic acid; polyphenolic compounds;
sensorial quality

1. Introduction
Pseudocereals are dicotyledonous plants that produce grains with an appearance

and starch content similar to those of true cereals (grasses) [1]. Grains are milled into
flours used in the production of pasta and baked goods; yet, they are naturally gluten-free.
The most popular pseudocereals are amaranth (Amaranthus spp.), quinoa (Chenopodium
quinoa Willd), and buckwheat (Fagopyrum esculentum Moench and Fagopyrum tataricum
(L.) Gaertn) [2]. Quinoa cultivation began approximately 7000 years ago in the Peruvian
highlands of Ayacucho [3], while buckwheat originated in southwestern China outside the
major agricultural centers associated with rice and millet [4].
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In recent decades, the production and consumption of these crops have steadily
increased [5], largely due to their potential health benefits, as they are rich in polyphenols,
vitamins, phytosterols, betalains, minerals, dietary fiber, lignans, high-quality proteins, and
unsaturated fatty acids [1]. Additionally, the use of pseudocereals contributes to agricultural
diversification by expanding crop rotation options and increasing the availability and
diversity of food species. This is especially relevant considering that just four crops—wheat,
rice, potatoes, and maize—account for approximately 60% of global calorie intake, while 30
crops supply 95% [6].

Pseudocereals also offer a clear advantage for the formulation of gluten-free baked
goods. Demand for such products continues to rise each year, driven both by dietary
choices—often influenced by the perception that gluten is an unsafe ingredient—and
by medical needs, such as celiac disease, wheat allergy, or non-celiac gluten sensitivity.
Altogether, it is estimated that up to 7% of the global population is affected by these
conditions [7]. In this context, expanding the study of gluten-free grains becomes essential.

Sourdough has a long-standing tradition in breadmaking. It is traditionally prepared
by mixing flour and water and allowing the autochthonous microbiota present in the raw
materials to develop under appropriate time and temperature conditions. The process
requires regular refreshments (backsloppings), typically every 16 to 24 h, over a period
of 7 to 10 days [8]. This is the case for spontaneous sourdough, as opposed to inoculated
sourdoughs, in which selected microorganisms are deliberately added.

During spontaneous fermentation, two main types of microorganisms coexist: lactic
acid bacteria (LAB) and yeasts. The metabolic interactions between these microorganisms
affect the technological functionality of the dough, improving both the sensory qual-
ity and nutritional properties of the final product. Reported effects include increased
loaf volume, improved texture, reduced levels of antinutritional factors such as phytic
acid, and enhanced levels of bioactive compounds [9]. LAB, in particular, acidifies the
dough and activates endogenous flour enzymes—such as xylanases, proteases, phytases,
and peptidases—as well as other enzymes that alter amino acids. These transformations
generate bioactive compounds and flavor precursors that directly affect bread’s organolep-
tic characteristics.

Since gluten-free breads are often described as having a flat appearance, pale crust,
crumbly texture, high staling rate, and bland flavor, both the need and the opportunity to
improve their sensory properties have been highlighted [10]. In this context, sourdough
fermentation is a promising strategy to enhance the nutritional and sensory qualities of
gluten-free breads.

Studying spontaneous sourdoughs allows for the exploration of the autochthonous
microbiota. This approach is valuable for characterizing microorganisms already adapted to
the system and constitutes a crucial first step towards isolating robust starter cultures. The
present study aimed to characterize spontaneous sourdoughs prepared from quinoa and
buckwheat flours and to evaluate their effects on the quality of gluten-free breads, thereby
seeking to improve their nutritional profile, technological performance, and sensory quality.

2. Materials and Methods
2.1. Materials

Refined rice flour was obtained from the local market (Córdoba, Argentina), while
quinoa and buckwheat grains were supplied by local producers. Quinoa grains were
washed then dried to remove saponins. Then, both grains were milled using a hammer
mill equipped with a 0.5 mm screen (Supplementary Material, Table S1).
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2.2. Preparation of Quinoa and Buckwheat Sourdoughs

Sourdoughs were prepared by mixing water and flour to achieve a dough yield (dough
weight/flour weight × 100) of 200 for quinoa and 300 for buckwheat, based on preliminary
bread quality results. The doughs were mixed manually and fermented at 30 ◦C for 24 h,
with continuous back-slopping for 7 days.

2.3. Sourdough Characterization
2.3.1. LAB and Yeast Identification

Colonies were isolated from each sourdough (13 from Q and 14 from BW sourdoughs)
in two biological replicates at the end of the fermentation process (7 days). Five colonies
per plate (including duplicates and replicates) were selected based on their morphology.
These selected colonies were then identified by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) using the direct colony on-plate ex-
traction method. A colony growth was smeared on the MALDI target and overlaid with
1.5 µL of formic acid (70% w/v), air dried, and overlaid with 1 µL of matrix (α-cyano-4-
hydroxycinnamic acid). A bacterial test standard provided by the manufacturer was used
for instrument calibration. Mass spectra were acquired using the MALDI-TOF MS spec-
trometer in positive mode (Microflex, Bruker Daltonics, Bremen, Germany). Each sample
was analyzed in duplicate, and mass spectra were analyzed in the m/z range of 2000 to
20,000 Da and compared against the Bruker Biotyper Library v.3.1 containing approximately
8000 main spectrum profile [MSP] entries. Identification was based on characteristic riboso-
mal protein mass fingerprints, matched by mass-to-charge (m/z) pattern similarity. The
cut-off score used for identification using Bruker Biotyper (Bremen, Germany) was ≥1.5 for
the genus level and ≥1.7 for the species level. Otherwise, the identification was considered
unreliable. A minimum difference of 10% between the top score and the next closest score
was required for the bacterial isolate to be considered a different species, based on the
interpretative criteria of the National Network for Microbiological Identification by Mass
Spectrometry (RENAEM) (http://www.anlis.gov.ar/renaem, accessed on 15 March 2024).

2.3.2. pH, Total Titratable Acidity (TTA) and Cell Count

Daily measurements of pH and total titratable acidity (TTA) were performed. pH was
measured using a pHmeter Testo 205 (Testo SE & Co. KGaA, Lenzkirch, Germany) with a
food penetration probe. TTA was determined after homogenization of 10 g of dough with
90 mL of distilled water and expressed as the amount of 0.1 M NaOH needed to reach the
pH value of 8.3; phenolphthalein (2.5% w/v in ethanol) was used as indicator.

LAB were enumerated by plating serial dilutions of doughs (days 1, 3, and 7) into
MRS agar media. Plates were incubated at 37 ◦C for 24 h.

A fraction of sourdough before (day 0) and after (day 7) fermentation was freeze-dried
for further analyses.

2.4. Breadmaking

The formulation used for gluten-free breads is shown in the Supplementary Material
(Table S2). Breads were prepared using three substitution levels of sourdough: 10%, 15%,
and 20%. Ingredients were mixed in a planetary mixer (Peabody SmartChef, Hurlingham,
Argentina) for 1 min at low speed and 2 min at high speed. The dough was proofed for
30 min at 30 ◦C and 96% RH in a fermentation chamber. It was then mixed again for 1 min
at low speed, 60 g portions were placed in individual aluminum molds, and fermentation
was continued for 40 min under the same conditions. After fermentation, the loaves were
baked for 20 min at 180 ◦C (Beta 107 IPA—Pauna, Lomar del Mirador, Argentina). Breads

http://www.anlis.gov.ar/renaem
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were then cooled for 2 h before technological analysis. A fraction of the breads was frozen
at −40 ◦C and freeze-dried for further analyses. Breadmaking was performed in duplicate.

Different controls were considered: (1) bread without sourdough (C), (2) bread with
chemically acidified dough (ChA) (pH 3.5 with a mixture of lactic acid/acetic acid in a 4:1
molar ratio), and (3) bread with unfermented quinoa sourdough (Q-C) and unfermented
buckwheat sourdough (BW-C).

2.5. Evaluation of Bread Technological Quality

Bread volume was determined by rapeseed displacement. Specific bread volume (SBV)
was calculated as the ratio of volume to weight (cm3 g−1). To evaluate crumb firmness, two
breads of each batch were cut longitudinally, and two 15 mm thick slices were taken from
the central part of each loaf. Firmness was measured using an Instron universal testing
machine (Instron, Norwood, MA, USA) with a 25 mm diameter probe at a speed of 5 mm/s
and 40% compression. Breads were stored in sealed plastic bags at 25 ◦C, and firmness was
evaluated after 2, 24, and 72 h. The staling rate was calculated as the slope of the regression
line obtained from the three measurement points [11]. Crumb structure was analyzed by
obtaining digital images of bread slices 2 h after baking using a scanner (HP Scanjet G3010,
Palo Alto, CA, USA) at a resolution of 800 dpi. Images were converted to 8-bit grayscale and
binarized using the default threshold in ImageJ software (version 1.54k, National Institutes
of Health, Bethesda, MD, USA). A pixel-to-centimeter scale was calibrated with a ruler in
each image. The crumb area was selected as the region of interest, and the Analyze Particles
function was used to quantify total air area (%), number of pores/mm2, and average pore
size (mm2) [11].

2.6. Nutritional Quality
2.6.1. Total Polyphenol Extraction

For polyphenol extraction, 0.5 g of each sample (flours, freeze-dried Q and BW sour-
doughs, and freeze-dried breads) were weighed, and 5 mL of HCl 1.2 M/methanol (1:1)
were added. The mixture was shaken for 2 h at room temperature in the dark, and then,
it was centrifuged at 8000× g for 30 min at 15 ◦C, and the supernatants were recovered.
The whole process was repeated once, and the supernatants were then combined. Dupli-
cate extractions were conducted from two independent samples (two distinct freeze-dried
sourdoughs and two loaves from different breadmaking batches).

2.6.2. Total Polyphenol Content (TPC) and Antioxidant Capacity

The TPC in the extracts was determined by the Folin–Ciocalteu method adapted
by [12]. Absorbance was measured at 765 nm with a spectrophotometer (UV-Visible Jasco
V-730, Hachioji, Tokio, Japan). Quantification was performed using a calibration curve
with gallic acid. The ABTS radical scavenging capacity was determined according to Re
et al. [13], and ferric reducing activity was determined by the FRAP method according
to Pulido et al. [14]. In both methods, Trolox was used as a standard. Absorbance was
measured at 734 and 593 nm, respectively, with a spectrophotometer. Determinations were
performed in duplicate.

2.6.3. Identification and Quantification of Phenolic Compounds

The phenolic profile of samples was evaluated by HPLC- MS/MS using an Agilent
Series 1200 LC System (Agilent, Santa Clara, CA, USA) coupled to a DAD detector (Agilent
Series 1200, Santa Clara, CA, USA), in tandem with an ESI source, and connected to a
mass spectrometer (Micro-QTOF II; Bruker Daltonics, Billerica, MA, USA). HPLC analy-
ses were performed on a thermostatized (40 ◦C) Luna C18 250 × 4.6 mm (5 µm) column
(Phenomenex, Torrance, CA, USA) at a 0.4 mL min−1 flow rate using 0.5% (v/v) formic
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acid/water (solvent A) and 0.5% (v/v) formic acid/methanol (solvent B). HPLC runs were
performed using the following gradient: starting with 20% B, changing to 50% B along
3 min, kept for 5 min, followed by a second ramp to 80% B during 5 min, maintained for
17 min, returning to 20% B in 1 min, and remaining at this last condition for 10 min before
the next run. The injection volume was 40 µL. MS spectra were recorded in negative mode
between 80 and 1500 m/z. The working conditions for the ESI source were as follows:
capillary voltage, 4500 V; nebulizer gas pressure, 4.0 bar; drying gas flow, 8.0 L min−1; and
drying gas temperature 180 ◦C. Nitrogen and argon were used as nebulizer and collision
gases, respectively. The MS detector was programmed to perform a MS/MS scan of the
three most abundant ions, using collision energy of 13.0 eV. Data acquisition and processing
were performed using Compass (V. 3.1) and Data Analysis (V. 4.0) software, respectively.
Polyphenols in samples were identified using retention times, exact mass, MS and MS/MS
spectra, and authentic standards when available. When authentic standards were not
available, a preliminary identification was made using exact MS and MS/MS, taking into
account reports about compounds in the literature. Quantification was performed by means
of external calibration curves prepared with available phenolic standards. A calibration
mixture was prepared at different concentrations within this range (0.025–100 ppm), in-
cluding the following standards: p-coumaric acid, gallic acid, isoquercetin, quercetin, and
catechin. When the exact standard was not accessible, a structurally related compound
was used as the reference for quantification. Limits of detection (LOD) and quantification
(LOQ) were experimentally derived from the calibration curves. LOQ values were between
0.04 and 0.54 ppm, while LOD values ranged from 0.01 to 0.16 ppm. All determinations
were carried out in triplicate.

2.6.4. Free Amino Acid Content (FAA)

A total of 0.25 g of sample (flours, freeze-dried sourdoughs, or freeze-dried breads)
was mixed with 25 mL of water and shaken for 30 min at room temperature. The mixture
was then centrifuged at 1000× g for 6 min. Finally, 400 µL of the supernatant were
used to determine free amino acids following the o-phthaldialdehyde (OPA) method [15].
Quantification was carried out using a calibration curve with serine as a standard.

2.6.5. Phytic Acid Content (PA)

PA content (flours, freeze-dried sourdoughs, and freeze-dried breads) was determined
according to the method developed by [16]. Absorbance was measured at 540 nm with a
spectrophotometer. Results were quantified using a calibration curve prepared with phytic
acid sodium salt.

2.7. Sensory Analysis of Breads

Control bread without sourdough (C), bread with 20% Q sourdough (Q20), and
bread with 20% BW sourdough (BW20) were subjected to sensory evaluation to determine
consumer acceptance and preference. This set of samples was randomly presented to a
panel of 70 untrained consumers for evaluation. The panel consisted of 43% female and
57% male participants, with an average age of 24 years. All participants were adults who
provided written informed consent prior to participation in the study. A 7-point hedonic
scale was used to evaluate the following parameters: crumb appearance, color, odor, flavor,
texture, and overall preference, where scores ranged from 1 (“Dislike very much”) to 7
(“Like very much”).

2.8. Statistical Analysis

Results were expressed as the mean of at least two replicates. Data were analyzed
by ANOVA, and results were compared using Fisher’s test at a significance level of 0.05.
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Sensory analysis was evaluated using the Friedman test. Correlation between measured
parameters was evaluated by Pearson’s test (p < 0.05). All analyses were performed using
the statistical software INFOSTAT (version 2017.1.2).

3. Results
3.1. Sourdough Characterization

Pediococcus pentosaceus was the predominant species in both sourdoughs, followed
by Pediococcus acidilactici. Both sourdoughs also contained Lactiplantibacillus plantarum.
Species unique to a single sourdough included Limosilactobacillus fermentum (BW only) and
Latilactobacillus curvatus (Q only). Saccharomyces cerevisiae was the only yeast present in both
samples (Table S3).

Q had higher acidity (measured both by pH and TTA) than BW (Table S4) before
fermentation. A significant decrease in pH was observed from day 1 onward. Reductions
compared to day 0 were also observed in Q (31.3%) and BW (38.7%), with the decrease
being more pronounced in BW. This trend continued throughout fermentation, with a
plateau from day 3 and a marked difference between sourdoughs toward the end. As
expected, TTA values showed the same behavior, with significantly higher acidity in BW
sourdough throughout fermentation. Similarly, Q sourdoughs showed a higher initial cell
count than BW, but by the end of fermentation, BW sourdoughs had a significantly higher
cell count. As expected, negative correlations were found between pH and TTA (r = –0.93,
p < 0.05) and between pH and cell growth (r = −0.89, p < 0.05). Consequently, bacterial
growth was significantly higher in BW than in Q.

3.2. Bioactive and Nutritional Compounds
3.2.1. Total Polyphenol Content and Antioxidant Activity

Unfermented BW sourdough (BW-UnF) showed higher TPC concentration and an-
tioxidant activity than quinoa unfermented sourdough (Q-UnF), as shown in Table 1. Q-F
experienced a 190% increase in TPC compared to Q-UnF. By contrast, TPC concentration
in BW-F increased 24% compared to BW-UnF. The addition of sourdough in breads led to
higher TPC and antioxidant capacity, with the increase being proportional to the level of
sourdough substitution. Q-20 showed 65.75% more TPC than the Q-C; similarly, BW-20
showed a 69.1% increase compared to BW-C. In turn, BW-20 had 75.6% more TPC than Q-20.
Consistently, FRAP values increased significantly after fermentation in both Q and BW
sourdoughs, rising by 30.1% in Q-F compared to Q-UnF and by 45.1% in BW-F compared
to BW-UnF. A similar trend was observed in breads, where sourdough addition led to
increases of 60.3% and 75.9% in Q-20 and BW-20, respectively, compared to their controls
(Q-C and BW-C). ABTS also increased after fermentation, showing a 214.2% rise for Q and
131% for BW. In breads, a 20% substitution with Q sourdough resulted in a 92% increase,
with 30.8% gain between 10% and 20% substitution. For BW, a 140% increase was observed
at 20% substitution compared to BW-C, with a 37.3% rise between 10% and 20% substitution
levels. Notably, BW-20 breads exhibited more than twice the activity of Q-20 breads.

A significant correlation was found between TPC and ABTS (r = 0.81, p < 0.05) and
between TPC and FRAP (r = 0.68, p < 0.05) in sourdoughs; similar correlations were
observed in breads (r = 0.87, p < 0.05; r = 0.79, p < 0.05, respectively). Q sourdoughs
showed a greater increase in TPC and antioxidant activity than BW sourdoughs, whereas
in breads, BW sourdoughs led to higher TPC, and in terms of concentration, breads with
BW sourdough always showed higher values. In both breads, higher substitution levels
resulted in greater increases in TPC content and antioxidant activity.
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Table 1. Total polyphenol content (TPC), antioxidant activity (FRAP and ABTS), and phytic acid and
free amino acids contents of different samples.

TPC
(mg GAE/100 g)

FRAP
(µmol TE/g)

ABTS
(mmol TE/g)

Phytic Acid
(g/100 g)

µmol Serine/g
Protein

Sourdough Q-UnF 52.55 ± 0.51 a 80.53 ± 0.56 a 1.56 ± 0.03 a 2.06 ± 0.05 b 0.89 ± 0.14 a
Q-F 152.42 ± 0.96 b 104.74 ± 0.35 b 4.90 ± 0.08 b 1.16 ± 0.16 a 1.80 ± 0.00 b

Bread

C 90.58 ± 0.61 c 69.33 ± 0.05 a 2.97 ± 0.05 b 1.77 ± 0.02 c 0.78 ± 0.02 a
ChA 84.55 ± 1.16 b 69.88 ± 2.84 a 2.23 ± 0.03 a 1.84 ± 0.00 c 0.83 ± 0.03 a
Q-C 68.24 ± 0.09 a 97.06 ± 0.32 b 3.12 ± 0.071 b 1.78 ± 0.02 c 1.09 ± 0.01 b
Q-10 107.29 ± 0.25 d 140.98 ± 0.01 c 4.56 ± 0.28 c 1.32 ± 0.07 ab 2.28 ± 0.13 c
Q-15 106.83 ± 1.19 d 150.57 ± 2.03 d 5.57 ± 0.08 d 1.37 ± 0.07 b 2.58 ± 0.04 d
Q-20 113.12 ± 0.43 e 155.52 ± 0.98 e 5.95 ± 0.06 e 1.21 ± 0.07 a 2.98 ± 0.08 e

Sourdough BW-UnF 164.65 ± 0.13 a 120.34 ± 0.96 a 3.92 ± 0.10 a 2.24 ± 0.01 b 0.99 ± 0.05 a
BW-F 203.90 ± 1.41 b 174.59 ± 0.45 b 9.06 ± 0.45 b 1.39 ± 0.05 a 1.36 ± 0.01 b

Bread

C 90.58 ± 0.61 b 69.33 ± 0.05 a 2.97 ± 0.05 b 1.77 ± 0.02 b 0.78 ± 0.02 a
ChA 84.55 ± 1.16 a 69.88 ± 2.84 a 2.23 ± 0.03 a 1.84 ± 0.00 b 0.83 ± 0.03 a
BW-C 138.23 ± 0.73 c 107.04 ± 0.77 b 5.72 ± 0.02 c 1.81 ± 0.01 b 1.19 ± 0.01 b
BW-10 213.56 ± 059 d 158.22 ± 0.02 c 9.99 ± 0.23 d 1.21 ± 0.04 a 1.96 ± 0.02 c
BW-15 224.33 ± 1.02 e 183.38 ± 0.34 d 11.167 ± 0.67 e 1.21 ± 0.03 a 2.12 ± 0.04 d
BW-20 233.72 ± 1.25 f 188.38 ± 1.62 e 13.70 ± 0.00 f 1.19 ± 0.09 a 2.33 ± 0.06 e

Different letters within a column for each sample type (sourdough or bread) and flour (Q or W) indicate significant
differences (p < 0.05). Q: quinoa; BW: buckwheat; UnF: unfermented; F: fermented; C: control (bread without
sourdough); ChA: chemically acidified control; Q-C: bread with unfermented quinoa sourdough; BW-C: bread
with unfermented buckwheat sourdough.

3.2.2. Polyphenol Profile

In BW, a total of 14 phenolic compounds (PC) were identified (Table S5). The flavonol
group was the most abundant family, accounting for 78.3% in the unfermented sourdough
and 73.9% in fermented sourdough (Table 2). The main compounds in BW-UnF were
rutin and isoquercetin, representing 32.5% and 33.4% of the total PCs, respectively. In BW-
F, quercetin represented 64.2%, isoquercetin 6.6%, and rutin 1.73%. Within the flavanols,
catechin and epicatechin stood out, accounting for 9.7% and 6.1% of the total in unfermented
and 15.8% and 3.9% in fermented sourdoughs, respectively.

Eight compounds were detected in quinoa. In Q-UnF, flavonols constituted 95.3%
of the phenolic compounds, with quercetin-apiofuranoside, quercetin glucuronide, and
rutin being the most abundant (38.2%, 23.4%, and 13.3%, respectively). In Q-F, flavonols
represented 85.4% of the phenolic compounds, with rutin, quercetin, and quercetin-
apiofuranoside (34.3%, 26.3%, and 16.1%, respectively) being the most abundant. In
addition, the presence of p-coumaric acid was notable in Q-F (14.6%).

During buckwheat fermentation, the PC content increased significantly from 159.6 µg/g
in flour to 332.6 µg/g in sourdough. In turn, an important increase in quercetin and catechin
was observed, along with a decrease in isoquercetin, rutin, and kaempferol glucoside.

By contrast, the content of phenolic compounds decreased from 26.2 µg/g in flour to
20.5 µg/g in sourdough during quinoa fermentation. There was a decrease in quercetin
glucuronide (from 6.12 µg/g to 0.57 µg/g), quercetin-apiofuranoside (from 9.9 to 3.3 µg/g),
and isoquercetin (from 2.5 to 0.1 µg/g), while an increase in rutin (from 3.5 to 7.1 µg/g)
and quercetin (from 1.8 to 5.4 µg/g) was observed compared to flour.

The use of sourdough in breadmaking led to an increase in PC content compared to the
control bread: 25% for bread with Q sourdough and 186% for BW sourdough bread. This
increase is mainly attributed to the substantial rise in quercetin and epicatechin contents.

In sourdough breads, similar trends were detected: a decrease in p-coumaric acid,
increase in gallic acid and epicatechin, and increase in quercetin and isoquercetin; espe-
cially in breads with buckwheat sourdough, kaempferol and rutin also increased, whereas
catechin remained stable.
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Table 2. Polyphenol profile of unfermented and fermented sourdoughs and gluten-free breads.

Phenolic
Compound Family

µg/g
Sourdough Bread

Q-UnF Q-F BW-UnF BW-F C Q-C Q-20 BW-C BW-20
p-Coumaric acid Hydroxycinnamic acid 1.23 ± 0.05 2.99 ± 0.69 0.73 ± 0.01 5.63 ± 0.35 2.15 ± 0.15 1.49 ± 0.71 1.91 ± 0.67 2.23 ± 0.13 1.95 ± 0.72
Gallic acid Hydroxybenzoic acid nd nd 3.71 ± 0.05 11.39 ± 0.16 1.10 ± 0.12 1.48 ± 0.68 2.59 ± 2.16 2.82 ± 0.35 1.78 ± 0.78
Catechin Flavanol nd nd 15.48 ± 0.84 52.65 ± 3.29 3.33 ± 0.37 1.02 ± 0.14 3.74 ± 3.43 5.28 ± 0.12 3.13 ± 2.49
Epicatechin Flavanol nd nd 9.69 ± 0.06 13.08 ± 0.44 0.76 ± 0.03 0.43 ± 0.28 0.58 ± 0.41 2.35 ± 0.05 1.70 ± 0.46
Epicatechin gallate Flavanol nd nd 0.57 ± 0.00 0.11 ± 0.01 0.03 ± 0.00 nd nd 0.11 ± 0.04 0.09 ± 0.01
Epicatechin
O-dimethylgallate Flavanol nd nd 0.55 ± 0.08 0.44 ± 0.03 0.02 ± 0.03 nd nd 0.09 ± 0.03 0.07 ± 0.00

Quercetin Flavonol 1.76 ± 0.14 5.41 ± 1.09 10.07 ± 2.61 213.20 ± 49.17 5.37 ± 0.32 5.34 ± 0.27 6.56 ± 1.06 21.70 ± 9.16 20.12 ± 1.91
Quercetin
glucuronide Flavonol 6.12 ± 0.22 0.57 ± 0.06 nd nd 1.04 ± 0.03 1.61 ± 0.89 1.04 ± 0.35 4.06 ± 0.01 2.28 ± 0.52

Quercetin
rhamnoside Flavonol nd nd 2.27 ± 0.14 2.45 ± 0.06 0.25 ± 0.05 0.19 ± 0.03 0.35 ± 0.10 0.91 ± 0.04 0.71 ± 0.27

Isoquercetin Flavonol 2.51 ± 0.01 0.09 ± 0.03 51.93 ± 5.89 21.98 ± 0.99 5.92 ± 0.21 4.09 ± 0.69 5.35 ± 1.99 26.28 ± 0.79 18.21 ± 4.07
Quercetin
apiofuranoside Flavonol 9.99 ± 0.17 3.29 ± 0.91 nd nd 1.84 ± 0.10 1.89 ± 1.22 1.74 ± 0.78 4.34 ± 0.32 2.81 ± 0.63

Kaempferol
glucoside Flavonol 0.09 ± 0.00 0.05 ± 0.02 7.27 ± 0.20 2.35 ± 0.00 0.04 ± 0.01 0.33 ± 0.08 0.39 ± 0.13 1.51 ± 0.11 1.07 ± 0.33

Rutin Flavonol 3.48 ± 0.09 7.05 ± 1.79 53.39 ± 0.66 5.74 ± 0.63 1.19 ± 0.04 4.32 ± 1.49 5.03 ± 2.55 18.14 ± 1.88 13.42 ± 3.98
Mauritanian Flavonol 0.99 ± 0.02 1.09 ± 0.16 nd nd 0.94 ± 0.04 0.66 ± 0.29 0.79 ± 0.29 1.19 ± 0.11 1.23 ± 0.19

Q: quinoa; BW: buckwheat; UnF: unfermented; F: fermented; C: control (bread without sourdough); ChA: chemically acidified control; Q-C: bread with unfermented quinoa sourdough;
BW-C: bread with unfermented buckwheat sourdough. nd: not detected.
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3.2.3. Phytic Acid Content

In general, both in Q and BW, a decrease in phytic acid (PA) concentration was
observed after sourdough fermentation and baking (Table 1). At the end of Q sourdough
fermentation (Q-F), PA was reduced by 44% compared to the control (Q-UnF). The BW
sourdough at D7 showed a 38% reduction in PA concentration. The same trend was
observed after baking: a decrease of 32% was found in breads with Q sourdough, with 20%
substitution, which was significantly lower than the other substitution levels. For breads
with BW sourdough, the reduction was 34% compared to the control bread, although no
significant differences were observed among the different substitution levels (Table 1).

3.2.4. Free Amino Acid Content (FAA)

Both in sourdoughs and breads made with Q and BW, an increase in FAA was observed
compared to their respective controls (Table 1). At the end of fermentation, Q showed
100% more FAA than the control (Q-UnF), while BW sourdough showed a 36% increase.
After baking, the average increase was 140% for breads with Q sourdough compared to the
control bread. In breads with 20% BW sourdough, the increase was twofold compared to
the control bread. In both Q and BW, breads followed the trend that higher substitution
levels led to higher FAA content, with significant differences among them.

3.3. Technological Quality

Table 3 shows the technological quality parameters of the gluten-free breads. The
highest SBV was observed in breads with 20% of sourdough, both Q and BW. In this
regard, Q-20 breads showed a 25% increase in SBV compared to Q-C and a 40% increase
compared to C. The same trend was observed for BW-20 sourdough, with an 11% in-
crease compared to BW-C and a 25.4% increase compared to C. The controls—C, ChA,
Q-C, and BW-C—showed lower SBV and higher initial firmness than those with sour-
dough, especially Q-20 and BW-20 (4.58 N; 6.79 N, respectively). The incorporation of
sourdough reduced the staling rate, with a 63% and 59% decrease in Q-20 and BW-20,
respectively (Table 3).

Table 3. Technological properties of gluten-free breads with and without sourdough.

SBV (cm3/g)
Initial

Firmness (N)
Firming

Rate (N/day) Pores/mm2 Total Air Area
(%)

Pore Average
Size (mm2)

C 1.937 ± 0.018 a 13.63 ± 1.18 f 5.00 0.390 ± 0.014 ab 41.59 ± 5.91 a 0.593 ± 0.045 a
ChA 2.116 ± 0.011 b 11.96 ± 0.76 e 5.06 0.383 ± 0.005 a 40.43 ± 1.92 a 0.533 ± 0.006 a
Q-C 2.169 ± 0.014 b 10.80 ± 0.71 d 4.65 0.415 ± 0.010 bcd 47.76 ± 1.24 b 0.585 ± 0.033 a
Q-10 2.463 ± 0.028 c 7.12 ± 0.25 b 4.35 0.415 ± 0.013 bcd 50.93 ± 4.60 bc 0.887 ± 0.085 b
Q-15 2.542 ± 0.062 d 4.67 ± 0.85 a 3.96 0.403 ± 0.025 abc 55.16 ± 3.12 cd 0.958 ± 0.029 b
Q-20 2.712 ± 0.054 e 4.58 ± 0.28 a 2.95 0.508 ± 0.010 ef 61.83 ± 3.49 e 1.075 ± 0.013 c
BW-C 2.171 ± 0.046 b 12.23 ± 0.56 e 4.64 0.433 ± 0.015 d 47.73 ± 1.55 b 0.608 ± 0.022 a
BW-10 2.273 ± 0.037 c 8.58 ± 0.39 c 4.54 0.428 ± 0.021 cd 61.31 ± 3.89 e 1.070 ± 0.104 c
BW-15 2.259 ± 0.041 c 7.49 ± 0.60 b 4.04 0.485 ± 0.010 e 57.98 ± 3.42 de 0.893 ± 0.039 b
BW-20 2.417 ± 0.045 d 6.79 ± 0.85 ab 2.74 0.515 ± 0.038 f 60.72 ± 3.07 e 0.913 ± 0.047 b

Different letters within a column indicate significant differences (p < 0.05). Q: quinoa; BW: buckwheat; C: control
(bread without sourdough); ChA: chemically acidified control; Q-C: bread with unfermented quinoa sourdough;
BW-C: bread with unfermented buckwheat sourdough.

In general, breads with sourdough exhibited a more open crumb structure compared
to the controls, particularly breads with 20% BW sourdough, which had the highest air
fraction, even compared to breads with Q sourdough (Table 3, Figure S1).
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3.4. Sensory Analysis

The control bread (C), Q-20, and BW-20 were evaluated, given the better performance
in terms of nutritional and technological quality. The consumer panel consisted mostly of
participants new to gluten-free baked goods (70%). The remaining participants consumed
these goods every 15 days (7.14%), once a month (12.85%), and one to two times per week
(10%). The panelists found significant differences among the breads, especially regarding
crumb appearance, texture, crust color, and overall flavor. C bread obtained the lowest
crumb appearance scores, while Q-20 was perceived most positively by the panelists
(p < 0.05), being described as the spongiest. A total of 51.4% of the panelists considered
the crust color of breads with Q or BW sourdough more appealing. In terms of aroma, no
significant differences were found. The perceived texture of BW-20 was significantly better,
surpassing Q sourdough bread by 5% and the control bread by 20%. A similar trend was
observed in flavor, where the BW-20 showed the most attractive taste (“Like” and “Like
very much”), with 47.1%, followed by the control bread with 41.4%, and lastly the Q-20
with 32.8% (Figure 1).

Figure 1. Sensory evaluation of gluten-free breads. C: control; Q 20%: bread with Q sourdough;
BW-20%: bread with BW sourdough. 1: Dislike very much; 2: Slightly dislike; 3: Dislike; 4: Neither
like nor dislike; 5: Like; 6: Slightly like; 7: Like very much.

Regarding overall preference, 65.7% of participants chose breads with sourdough, with
the majority of this group (65.2%) selecting the BW sample, making it the most frequently
preferred. Regarding regular consumption, 81% of respondents responded affirmatively
despite the product being relatively unfamiliar to them.

4. Discussion
In this work, a predominance of P. pentosaceus and P. acidilactici was observed in both

sourdoughs. Although Pediococcus spp. are generally considered to occur at intermediate
stages of fermentation [8], they have also been found to dominate the microbiota of mature
quinoa sourdoughs [17] and buckwheat sourdoughs [18]. The observed dominance of
Pediococcus spp. is likely due to the presence of hexose-rich fiber in pseudocereals compared
to other grains [19]; the high availability of hexoses may favor homofermentative bacteria,
such as Pediococcus spp., compared to hetero-fermentative LAB. This preference is linked to
the ability of Pediococcus to achieve fast acidification. Likewise, the initial microbiota of the
grains and the local environment could also explain their establishment [20].
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The initial acidity (TTA and pH) and cell count were higher in the Q doughs than
in the BW doughs, but the BW sourdoughs underwent a faster acidification, ending the
process with significantly higher acidity and a higher cell count. According to De Vuyst
et al. [21], sourdoughs with a higher dough yield—resulting in a more hydrated and fluid
matrix—tend to acidify faster due to the generally greater metabolic activity of LAB under
these conditions. This behavior has been attributed to the improved diffusion of nutrients,
enzymes, and metabolites as well as enhanced microbial mobility in low-consistency
doughs, which can accelerate fermentation and the production of organic acids. Conversely,
firmer doughs (low DY), characterized by lower water activity and a denser structure,
restrict microbial access to substrates and typically show slower acidification rates.

In this study, BW showed higher TPC and antioxidant capacity than Q, which is
consistent with previous reports [22,23]. Fermentation significantly increased TPC values,
in line with Lancetti et al. [22]. This effect has been attributed to LAB activity through
several mechanisms: enzymatic hydrolysis of complex and glycosylated forms, activation
of endogenous enzymes, acidification-driven solubilization, and the conversion of phenolic
acids into phenols and derivatives via LAB reductases and decarboxylases [22,23].

The incorporation of both Q and BW sourdough enhanced TPC and antioxidant
capacity in breads, with higher values than those previously reported [24,25]. BW breads
exhibited greater antioxidant capacity than Q breads, a difference largely attributed to
the initial composition of the flours. This antioxidant activity depends not only on the
polyphenolic content but also on the diversity of polyphenols, as these compounds may
exhibit synergistic interactions [23]. This is closely related to the impact of LAB fermentation
on the polyphenol profile, which subsequently influences the antioxidant contribution of
each compound.

Thermal processing also affected results; while baking can degrade phenolics [26], it
may simultaneously generate new antioxidant compounds, such as Maillard products [27].

HPLC analysis confirmed that both pseudocereals are rich in flavonoids, in agreement
with Delcourt-García et al. [28] but in contrast with other reports under comparable matrices
and extraction conditions, such as Rocchetti et al. [23]. These discrepancies suggest strong
genetic, environmental, and postharvest influences [29].

A significant increase in phenolic compounds was observed during sourdough fermen-
tation, as reflected by the increase in TPC. In BW sourdough, a marked increase in phenolic
content was detected, particularly in quercetin and catechin, accompanied by a decrease
in isoquercetin, rutin, and kaempferol glucoside. During quinoa fermentation, decreases
were observed in quercetin glucuronide, quercetin apiofuranoside, and isoquercetin, while
increases were found in rutin and quercetin. In other words, in this study, fermentation
was accompanied by an increase in aglycone concentrations and a decrease in flavonoid
glycosides. According to previous reports, such shifts are commonly attributed to the
glycosidase and decarboxylase activities of LAB, which promote the release of aglycones
from their glycosylated forms [30]. Although we did not directly assess enzymatic activities
in our sourdoughs, these mechanisms provide a plausible explanation for the patterns
observed in our samples. Since aglycones display stronger bioactivity and higher intestinal
absorption than glycosides [31], these shifts may enhance the nutritional potential of sour-
dough breads. Overall, although baking reduced absolute levels, sourdough incorporation
consistently increased phenolic content and antioxidant potential.

It should be noted that general methods (e.g., Folin–Ciocalteu) quantify compounds
against a gallic acid calibration curve —which belongs to the hydroxybenzoic acid family.
These compounds were scarcely represented in the samples studied. Conversely, in HPLC
analysis, quantification is carried out using calibration curves of standards belonging to the
specific families of the phenolic compounds analyzed.
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Phytic acid in gluten-free flours and foods is an important factor to consider, particu-
larly for celiac patients who often suffer from micronutrient deficiencies, as it can chelate
essential minerals [18]. PA content can be reduced through fermentation since the decrease
in pH may activate the endogenous phytases of the flour. In this work, we found that the
pH of BW and Q sourdoughs decreased to values below 5.0, 3.8, and 4.2, respectively, close
to the optimum pH of phytases [32]. The higher PA content observed in BW sourdough
may be attributed to the initial amount of PA present in this flour.

The drop in pH also leads to the activation of flour proteases and peptidases, while
lactic acid bacteria participate in secondary proteolysis, releasing FAA, which subsequently
undergo various catabolic reactions by the same microorganisms The higher FAA content
found in Q sourdough and their corresponding breads is consistent with other studies [33].
The optimum pH of Q and BW proteases ranges between 3.5 and 5.0, which matches the
pH reached after fermentation. During baking, FAA are converted into volatile compounds
that are responsible for the typical flavor and aroma of sourdough bread.

Regarding bread technological quality, the incorporation of sourdough resulted in an
increase in SBV. The breads obtained in this study showed higher SBV than those reported
by other authors working with wholegrain gluten-free flours [34,35]. However, they were
lower than those described by [36]. A positive effect of sourdough on crumb texture was
observed, decreasing firmness and firming during storage. Similar results were reported
by other authors [37]. Initial firmness was lower in breads with sourdough compared to
the control, especially at 20% substitution and particularly in Q samples. These results
cannot be explained exclusively by an acidification effect since ChA bread showed higher
initial firmness than those with sourdough. The specific activity of the microbiota promotes
protein solubilization and modifies structural components of dough, such as starch and
arabinoxylans. This results in breads with a softer crumb texture [22,37]. Moreover, breads
with sourdough showed a decrease in staling rate compared to controls, mainly in BW-20.
This effect could be explained by the presence of organic acids produced during sourdough
fermentation since they delay staling by affecting starch retrogradation [38].

As for sensory quality, 65.7% of consumers preferred breads with sourdough over
the control, in agreement with other authors [39]. This result highlights that sourdough
is mainly used as a flavor enhancer in the baking industry, but it also acts as a texture
improver. Among those who preferred sourdough breads, 65% chose BW sourdough breads,
mainly valuing their texture and flavor. Although Q-20 showed lower crumb instrumental
firmness, they were perceived as “less sandy” by the panelists. Those panelists who
preferred Q-20 emphasized crumb structure and the more familiar color. Quinoa grains
are characterized by a bitter aftertaste upon consumption, which mostly affects their
perception negatively. Consistently, Manzatti et al. [40] reported that the characteristic
flavor and aroma of quinoa had a negative impact on the perception of breads. Moreover,
Q sourdough breads showed higher FAA content as precursors of aromatic compounds,
many of which can be perceived as invasive. According to Irakli et al. [41], improvements
in sensory properties and overall bread quality achieved through sourdough fermentation
have contributed to increased consumption and to the general perception of sourdough
bread as a healthy, high-quality product.

5. Conclusions
In this work, the spontaneous fermentation of quinoa and buckwheat wholegrain

flours was dominated by the lactic acid bacterium (LAB) Pediococcus spp. and the yeast
Saccharomyces cerevisiae. The use of sourdough increased the concentration of phenolic com-
pounds and antioxidant capacity while decreasing phytic acid content. The incorporation
of quinoa and buckwheat sourdough led to gluten-free breads with improved nutritional,
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technological, and sensory quality, particularly when added at 20%. Moreover, sourdough
addition produced crumbs with a more open structure and higher air fraction along with
a slower staling rate and greater consumer acceptability. Breads with quinoa sourdough
exhibited a higher concentration of free amino acids, reduced phytic acid content, increased
bread volume, and lower crumb firmness, while breads with BW sourdough showed higher
polyphenol contents, greater antioxidant activity, and higher overall consumer acceptance.
Overall, these findings demonstrate the effectiveness of using unconventional flours for
sourdough production in gluten-free breads. This represents a promising strategy to im-
prove their nutritional and sensory properties compared to those currently available on
the market, thus contributing to the development of high-quality products tailored to the
needs of individuals with gluten-related disorders.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fermentation11120657/s1, Figure S1: Representative images of
gluten-free breads; Table S1: Proximal composition of gluten-free flours; Table S2: Gluten-free breads’
formulation; Table S3: MALDI-TOF MS analysis of LAB and yeast colonies from spontaneous Q and
BW sourdoughs; Table S4: pH, total titratable acidity (TTA) and cell counts of quinoa and buckwheat
sourdoughs; Table S5: Mass spectrometry data for the tentative identification of polyphenols; Table S6:
Sensory evaluation of gluten-free breads.
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