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Preface to ”Grain-based Foods: Processing, Properties,

and Heath Attributes”

Grain-based food plays a pivotal role in the diet of a vast proportion of the world’s population.

It therefore has a strong impact on the nutritional quality of the meals consumed by a large

number of people and consequently on their health. Additionally, as a result of the rapidly growing

global population and limited agricultural area, a sufficient supply of cereals for food has become

increasingly challenging. The purpose of this Special Issue is to provide scientific evidence and

an overview of the nutritional and health aspects of grain-based products. In more detail, the

nutritional and health properties of grain-based products can be strategically improved through a

careful selection of raw materials (cultivars); the application of tailored fermentation biotechnology to

address specific medical conditions; and (bio)fortification and product reformulation. It also describes

the safety aspects of post-harvest preservation and the physical post-harvest treatments able to avoid

grain quality deterioration as a limiting factor of the delivery of high quality raw material able to

address consumer demand for healthy and nutritious foods.

Emanuele Zannini, Raffaella Di Cagno

Special Issue Editors
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Incorporation in Improving the Physical and
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Abstract: Marine-based food supplements can improve human nutrition. In an effort to modulate
glycaemic response and enhance nutritional aspects, marine-derived algal food rich in astaxanthin
was used in the formulation of a model food (wholemeal cookie). Astaxanthin substitution of cookies
made from three flours (wheat, barley and oat) demonstrated a significant reduction in the rate of
glucose released during in vitro digestion together with an increase in the total phenolic content
(TPC) and antioxidant capacity of the food. The significantly (p < 0.005) lower free glucose release
was observed from cookies with 15% astaxanthin, followed by 10% and then 5% astaxanthin in
comparison with control cookies of each flour. Total phenolic content, DPPH radical scavenging
and Oxygen Radical Absorbance Capacity (ORAC) value also notably increased with increase in
astaxanthin content. The results evidence the potential use of microalgae to enhance the bioactive
compounds and lower the glycaemic response of wholemeal flour cookie.

Keywords: microalgae; Hematococcus pluvialis; astaxanthin; bakery products; glycaemic response;
antioxidant

1. Introduction

Whole-grains such as wheat, barley and oat make a substantial contribution to our diet.
They contain a significant amount of bioactive compounds such as fibre, minerals, vitamins and
phytochemicals [1,2] and as such mayplay a major role in enhancing human health by reducing the risk
of diabetes [3,4] and cancer [5], while also regulating serum cholesterol [6] and stimulating beneficial
gut microbiota [7]. In recent years there has been an increased interest in the utilisation of whole-grain
food materials as well as fibre rich ingredients, in cereal products, including bread [8], extruded snack
products [9,10], and pasta [11,12]. These pieces of research have investigated the impact of wholegrains
and fibre on both the physicochemical characteristics of cereal food products as well as their nutritional
quality. A recent review on this subject illustrated that the incorporation of fibre rich ingredients
into cereal products often results in negative consumer acceptability [13]. There therefore remains
a challenge to both utilise wholegrain cereal products as well as functional food ingredients such
a fibre rich materials, into mainstay food products.

Foods 2017, 6, 57; doi:10.3390/foods6080057 www.mdpi.com/journal/foods1
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Recent research into functional food ingredients has shown an interest in the development of foods
containing seaweed or algal materials [14,15]. These materials have been part of the human diet since
600 BC [16] and they have a role of diet in sustaining human due to their diverse range of nutrients and
bioactive compounds; such as polysaccharides, proteins, polyunsaturated fatty acids, minerals and
significant amounts of antioxidants [17,18]. One such material is Haematococcus pluvialis, a single-cell
microalgal strain, which is rich source of astaxanthin (10,000–40,000 mg/kg) and associated bioactive
ingredients including dietary fibre [19]. Several cell culture and animal studies have reported that
astaxanthin has potent antioxidant activity 10 times higher than other carotenoids such as β-carotene,
lutein, and zeaxanthin, and 500 times higher than vitamin E [20–22]. Carotenoids play a role in
preventing or delaying degenerative diseases such as cancer and atherosclerosis diseases [23–25],
and may be useful in the development of functional foods [15].

There is a paucity of information regarding combining the nutritional compounds of marine-based
material and whole-grains. Therefore, the present study is the first to show the glycaemic glucose
equivalents (GGE) as a predictor of glycaemic response, antioxidant capacities and physical properties
of cereal and Hematococcus pluvialis in a model food.

2. Materials and Methods

2.1. Sample Collection and Preparation

Driedmicroalgae Hematococcus pluvialis was provided by Supreme Biotechnologies Ltd.
(Nelson, New Zealand) and ground using a grinder (AutoGrinder, M-EM0415, Sunbeam Corp Ltd.,
Auckland, New Zealand). The ground material was sieved through a 0.5 mm screen to obtain flour.
Wholemeal wheat (Champion Flour, Auckland, New Zealand), barley (Ceres Organics, Auckland,
New Zealand) and oat flours (Ceres Organics, Auckland, New Zealand) were purchased locally.

2.2. Cookie Preparation

Cookies were prepared following the standard American Association of Cereal Chemistry
(AACC) method 10–50D [26] with slight modification. Table 1 illustrates the dry ingredients used
(sugar, salt and sodium bicarbonate). All dry ingredients (except flour) were mixed in an electric
mixer (Breville, Melbourne, Australia) with vegetable shortening (Kremelta, Peerless foods, Braybook,
Australia) for 3 min on speed 1. Dextrose solution (8.9 g dextrose anhydrous in 150 mL water) and
distilled water were added to the mixer and mixed for a further 1 min on speed 2 with scraping down
every 30 s. The flour was added and mixed for 2 min with scraping down every 30 s. The experimental
samples were prepared by replacing the wholemeal flour with astaxanthin powder 5%, 10% and
15%. The cookie dough was rolled to a 6 mm thickness using measuring roller and cut with a 57 mm
diameter cookie cutter. The cookies were placed on metal trays and baked in a preheated electric oven
(BAKBAR turbofan convection oven, E3111, Moffat Pty Ltd., Rolleston, New Zealand) for 8 min at
180 ◦C. The cookies were cooled at room temperature, placed in air-tight plastic bags and stored at
room temperature for 24 h prior to laboratory analysis.

Table 1. Model food formulation.

Sample
Wholemeal

Flour (g)
Astaxanthin
Powder (g)

Other Ingredients

Control 225.00 -
Vegetable shortening (64.0 g), sugar (130 g),

salt (2.1 g), sodium bicarbonate (2.5 g),
dextrose solution (33 g), water (16 g)

5% Astaxanthin powder 213.75 11.25 Vegetable shortening (64.0 g), sugar (130 g),
salt (2.1 g), sodium bicarbonate (2.5 g),
dextrose solution (33 g), water (16 g)

10% Astaxanthin powder 202.50 22.50
15% Astaxanthin powder 191.25 33.75
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2.3. Physical Characteristics

Cookie diameter (mm) and thickness (mm) were measured using calipers (INSIZE digital caliper,
series 1112, INSIZE Inc., Loganville, GA, USA). The colour of the cookie samples were measured in
terms of Comission Internationale de l’Eclairage (CIE) L*, a* and b* systems by using a colorimeter
(Konica Minolta, Chroma Meters CR-210, Tokyo, Japan). The colour differences of the cookies were
calculated by the following equation.

ΔE =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2

2.4. Texture

The hardness of the cookies (fracture force) was measured by using a texture analyser (TA.XT plus
Texture Analyser, Stable Micro Systems, Godalming, UK) with a 3-point bend rig. The analyser was set
at a load cell 50 kg; pre-test speed 2 mm/s; test speed 5 mm/s; post-test speed 10 mm/s; return to
start mode. The whole cookies were placed on the support ring and the probe moved downward until
the samples were broken. The peak force (kg) was recorded as hardness. Measurements were made
in triplicate.

2.5. Moisture

Moisture content of the cookie samples were measured after drying cookie ground samples
(2 g) overnight in an oven at 105 ◦C.

2.6. Determination of Total Phenolic Content

The content of total phenolics of samples was measured by Folin-Ciocalteu reagent (mixture of
phosphotungstic and phosphomolybdic acid; that is reduced by phenolics forming a blue complex)
using the method described by Floegel et al., 2011 [27] with some modifications. The ground samples
(1 g) were dispersed in 20 mL of 70% methanol (by placing on a stirrer overnight). The sample mixture
was centrifuged at 700 g Relative centrifugal force (RCF) for 10 min and the supernatant collected to
determine the total phenolics. Crude extracts (0.5 mL) were mixed thoroughly with freshly prepared
0.2 N Folin-Ciocalteu’s reagent (2.5 mL), followed by 2.0 mL of 7.5% sodium carbonate (Na2CO3) and
incubated in the dark for 2 hours. The absorbance reaction mixture was measured at 760 nm. Gallic acid
(gallic acid, 97%, CAS: 149-91-7, Sigma-Aldrich, St. Louise, MO, USA) was used as a standard and
results were expressed as mg gallic acid equivalent (GAE) per g sample.

2.7. Antioxidant Properties

The antioxidant capacity of the samples was measured by the DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay as described by Floegel et al., 2011 [27] with some modifications. Briefly, 0.5 mL of crude extract
was mixed with freshly prepared 1 mL of 0.1 mM methanolic DPPH (CAS: 1898-66-4, Sigma-Aldrich,
St. Louise, MO, USA) solution and incubated in the dark at room temperature for 30 min. The reaction
mixture absorbance was measured at 517 nm. In order to calculate the DPPH radical scavenging
capacity, trolox (CAS: 53188-07-1, ACROS Organics™, Morris, NJ, USA) was used as a standard and
result were expressed as μmol trolox equivalent (TE) per g sample.

Oxygen radical absorbance capacity (ORAC) was determined as described by Floegel et al., 2011
with some modifications. Briefly, 25 μL diluted extract were mixed with 150 μL of 10 nM fluorescein
into the microplate well and incubated for 30 min at 37 ◦C temperature. Twenty five microlitres AAPH
(2,2-azobis (2-amidinopropane) dihydrochloride) (CAS: 2997-92-4, Cayman Chemical, Ann Arbor,
MI, USA) solution was added to the pre-incubated reaction mixture. Fluorescence was measured
(excitation 485 nm; emission 510 nm) from the bottom microplate every 60 s for a total of 60 min.
Data analysed by using Omega MARS data analysis software (program version 3.02 R2, BMG Labtech,
Mornington, Australia), in order to calculate antioxidant capacity, trolox was used as a standard and
results were expressed as a mmol trolox equivalent (TE) per g sample.

3
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2.8. InVitro Carbohydrate Digestion (Glycaemic Glucose Equivalent-GGE) Analysis

The in vitro digestion process was carried out with the method developed by Foschia, Peressini,
Sensidoni, Brennan and Brennan, 2015 [28] and used by Gao, J.R. et al., 2016 [29]. The method estimates
the glucose released from the cookie samples during enzymatic hydrolysis over 120 min to predict
glycaemic response. In brief: digestions were held in 60 mL plastic pots placed on a controlled
temperature stirring hot plate (IKA RT 15, IKA Werke GmbH & Co. KG, Mendelheim, Germany).
The samples (0.5 g) were mixed with 30 mL of reverse osmosis water and kept at 37 ◦C for 10 min with
constant stirring on a magnetic starrier. Pepsin solution (1 mL of 1 g pepsin in 10 mL 0.05 M hydrogen
chloride (HCl) was added and incubated for 30 min at 37 ◦C. Aliquots (1 mL) were collected (time 0)
from the digestion mixture and added to 4 mL alcohol to arrest enzyme reaction. Amyloglucosidase
(0.1 mL) was added to the digestion mixture to prevent end product inhibition of pancreatic α-amylase.
Then pancreatin solution (5 mL of 2.5% pancreatin in 0.1 M Malate buffer pH 6.0) was added to the
mixture. Further 1 mL aliquots were collected at 20, 60 and 120 min and treated as before, then stored
at 4 ◦C until reducing sugar analysis was carried out. The 3,5-dinitrosalicylic acid (DNS) method was
followed to measure reducing sugar content of the samples during in vitro digestion. Glucose release
was calculated in mg glucose/g sample and plotted against time and area under the curve (AUC) was
calculated by dividing the graph into trapezoids.

2.9. Statistical Analysis

All data was analysed by using the data analysis software, Minitab (version 17, Minitab Inc.,
State College, PA, USA) to establish significant differences. Analysis of Variance (One-way) was
employed with Tukey’s test at 95% confidence interval (p < 0.05) in all cases. All values were presented
as the mean of triplicate determinations ± standard deviation.

3. Results and Discussion

Cookies were prepared using astaxanthin powder and wholemeal flour. The effects of astaxanthin
powder replacement on the physical properties and functional properties of wholemeal flour cookies
were analysed.

3.1. Physical Properties of Cookies

The physical characteristics of the cookies are summarised in Table 2. The results showed
a significant reduction (p < 0.05) in the height and diameter gain of the cookies containing astaxanthin
and a significant reduction of (p < 0.05) weight loss of the wheat and oat flour cookies with 15%
addition of astaxanthin. As the amount of astaxanthin powder increased the weight loss, height
and diameter decreased. The largest height changes were observed in cookies made from wholemeal
wheat flour, and the largest diameter changes were observed in cookies made from wholemeal
oat flour. This observation could be attributed to the hydrophilic nature of the ingredients [30].
The spread factor of a cookie is affected by dough viscosity as well as the acid-base reaction of the
ingredients (sodium bicarbonate and fat), causing bubbles in the dough to expand in volume [31].
Physical evaluation of the cookies reported by [32,33], suggested that the spread factor is affected by
the water holding capacity of the ingredients. Cookies made with wholemeal barley had increased
moisture content with increasing astaxanthin addition. The reason for this phenomenon is that the
physical state of starch, protein and fibre are the key determinants of the water holding capacity
of the flour as suggested in other papers [34–36]. The moisture content of wheat, oat and barley
cookies increased significantly (p < 0.05) at all levels of astaxanthin addition (Table 2). This can be
attributed to differences in water holding capacity of the ingredients especially different flours [37].
Correspondingly, the hardness of the cookies decreased with the addition of astaxanthin (Table 2).
The study indicated that when astaxanthin was incorporated into wheat and oat cookies they were
softer and barley cookies were harder in comparison to control cookies. This suggests that water

4
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holding capacity of astaxanthin is intermediary between oat and barley flour and it could be due to
the nature of the starch and starch-protein interface of different flour. The [38] found that differences
in swelling behaviour of the starch granules resulted in cookies with different textural properties,

while [34] showed that increased protein content affected the interaction of starch and protein and
their hydrogen bonding during dough development.

Table 2. Physical characteristics (after baking: changes in height (%), diameter (%) and weight loss (%);
moisture content (%) and hardness (kg) of the model cookies).

Sample
Increase in
Height (%)

Increase in
Diameter (%)

Weight Loss
(%)

Moisture
Content (%)

Hardness (kg)

WCC 94.39 ± 3.06 a 3.93 ± 0.226 9.71 ± 0.04 a 7.50 ± 0.11 c 9.26 ± 0.13 a

W5A 71.44 ± 8.39 b 2.96 ± 1.139 b 9.63 ± 0.02 a,b 7.83 ± 0.01 b 7.79 ± 0.16 b

W10A 59.39 ± 3.06 b,c 2.27 ± 0.216 b 9.48 ± 0.12 a,b 7.91 ± 0.07 b 7.35 ± 0.58 b

W15A 52.94 ± 0.75 c 1.15 ± 0.925 9.44 ± 0.12 b 8.21 ± 0.03 a 7.06 ± 0.48 b

BCC 94.33 ± 6.78 a 5.23 ± 1.168 10.31 ± 0.11 a 7.74 ± 0.02 d 4.12 ± 0.12 c

B5A 83.50 ± 1.04 a,b 4.76 ± 0.444 10.41 ± 0.11 a 7.79 ± 0.02 c 4.98 ± 0.20 b

B10A 74.61 ± 2.91 b,c 3.67 ± 0.731 b 10.46 ± 0.20 a 7.90 ± 0.01 b 5.26 ± 0.22 b

B15A 65.50 ± 4.84 c 2.72 ± 0.314 10.67 ± 0.28 a 8.17 ± 0.02 a 6.21 ± 0.10 a

OCC 70.94 ± 0.91 a 23.20 ± 0.25 a 11.54 ± 0.17 a 5.55 ± 0.05 d 7.57 ± 0.05 a

O5A 67.94 ± 2.46 a,b 12.81 ± 0.49 a 11.14 ± 0.23 a,b 6.09 ± 0.04 c 7.23 ± 0.14 a,b

O10A 64.55 ± 0.25 b 7.80 ± 0.05 c 10.63 ± 0.22 b,c 6.66 ± 0.04 b 7.02 ± 0.12 b

O15A 55.55 ± 0.91 c 3.62 ± 0.14 d 10.23 ± 0.23 c 7.12 ± 0.09 a 6.16 ± 0.23 c

Data are presented as mean ± standard deviation, n = 3; (a–d): Means within same columns for same flour cookie
group that do not share the same superscript are significantly different (p < 0.05). W, Wheat; B, Barley; O, Oat;
CC, Cookie Control; A, Astaxanthin (5%, 10% or 15%).

3.2. Colour

The colour profile of the cookie samples (surface and ground) are summarised in Table 3. Both the
surface colour and the total colour (represented by the ground sample) were measured to determine
if there was any interaction in terms of food addition and colour enhancement. The addition of
astaxanthin to three types of flour cookies significantly (p < 0.05) decreased the lightness (L*), causing
the cookies to became red (a*) and decreased yellowness (b*). There was a significant colour change
as illustrated by the �E value of the three kind of flour cookies in the following order: control >5%
astaxanthin >10% astaxanthin >15% astaxanthin cookies. The main factor causing the colour change of
the cookies is due to the pigment of astaxanthin powder, as the level of substitution increased lightness
of the cookies decreased and greenness increased. However, the reaction between reducing sugars
and amino acids (maillard reaction; starch dextrinization and caramelization) which is induced by
heating during baking time also enhances darkness the cookie colour [39] as reflected in colour change
(Table 3; �E value).

3.3. Total Phenolic Content (TPC) and Antioxidant Activity of Cookies

The phenolic content, DPPH radical scavenging and ORAC activity of the cookies are summarised
in Table 4. It can be seen that the phenolic content increased significantly (p < 0.05), and proportionately,
with the replacement of astaxanthin powder. This phenomenon is likely to be due to the high amount of
phenolic compounds present in astaxanthin (10,000–40,000 mg/kg). Spiller and Dewell (2003) [40] and
Sharma and Gujral (2014) [41] have shown that wheat flour has less phenolic compounds compared
to barley and oat flour. ORAC values were observed to increase as astaxanthin increased in the
formulation (Table 4). Increasing the level of astaxanthin in cookies resulted in a significant increase
(p < 0.05) of DPPH scavenging activity. These results are due to the addition of astaxanthin derived
from microalgae. Previous research has illustrated that astaxanthin compounds are 10 times stronger
than the other carotenoids [20] in terms of phenolic antioxidant activities.

5
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Table 3. The CIE colour profiles of the cookies.

Sample L* a* b* �E

Surface Cookie colour

WCC 90.40 ± 0.42 a −5.79 ± 0.35 a 33.05 ± 0.09 a 96.43 ± 0.44 a

W5A 84.14 ± 0.26 b −7.37 ± 0.08 b 29.16 ± 0.23 b 89.36 ± 0.32 b

W10A 82.20 ± 0.10 c −8.72 ± 0.20 c 27.42 ± 0.06 c 87.09 ± 0.13 c

W15A 81.42 ± 0.32 c −8.27 ± 0.08 c 26.45 ± 0.34 d 86.01 ± 0.40 d

BCC 94.43 ± 0.45 a −8.16 ± 0.76 a 34.55 ± 0.27 a 100.89 ± 0.58 a

B5A 86.97 ± 0.19 b −9.25 ± 0.04 b 32.16 ± 0.07 b 93.19 ± 0.20 b

B10A 84.77 ± 0.23 c −7.88 ± 0.25 a 30.06 ± 0.15 c 90.29 ± 0.27 c

B15A 83.10 ± 0.14 d −7.83 ± 0.01 a 27.95 ± 0.14 d 88.02 ± 0.18 d

OCC 91.31 ± 0.69 a −5.64 ± 0.34 a 35.24 ± 0.15 a 98.04 ± 0.71 a

O5A 84.19 ± 0.14 b −7.63 ± 0.34 b 30.64 ± 0.15 b 89.91 ± 0.20 b

O10A 82.21 ± 0.13 c −7.87 ± 0.13 b 28.26 ± 0.11 c 87.31 ± 0.17 c

O15A 80.77 ± 0.15 d −8.17 ± 0.13 b 26.56 ± 0.19 d 85.39 ± 0.22 d

Ground Cookie colour

WCC 87.20 ± 0.20 a −0.32 ± 0.03 a 45.33 ± 0.10 a 97.55 ± 0.30 a

W5A 77.82 ± 0.06 b −6.32 ± 0.04 c 43.72 ± 0.26 b 90.29 ± 0.01 b

W10A 75.42 ± 0.22 c −6.98 ± 0.03 d 38.31 ± 0.15 c 84.88 ± 0.13 c

W15A 69.10 ± 0.30 d −6.20 ± 0.02 b 34.13 ± 0.12 d 77.32 ± 0.22 d

BCC 95.13 ± 0.07 a −13.41 ± 0.21 c 43.14 ± 0.41 a 105.32 ± 0.13 a

B5A 82.96 ± 0.62 b −5.86 ± 0.23 a 43.95 ± 0.65 a 94.06 ± 0.30 b

B10A 74.46 ± 0.63 c −6.56 ± 0.12 b 44.02 ± 0.09 a 86.74 ± 0.56 c

B15A 71.13 ± 0.77 d −6.04 ± 0.38 a,b 39.85 ± 1.38 b 81.76 ± 0.24 d

OCC 93.15 ± 0.59 a −9.32 ± 0.1.34 b 49.41 ± 1.35 a 105.86 ± 0.02 a

O5A 85.92 ± 0.27 b −8.36 ± 0.09 a,b 39.58 ± 0.21 b,c 94.97 ± 0.16 b

O10A 73.24 ± 0.36 c −7.33 ± 0.03 a 36.04 ± 0.07 c 81.96 ± 0.29 c

O15A 71.19 ± 0.47 d −6.99 ± 0.57 a 41.34 ± 2.68 b 82.64 ± 0.97 c

L*, lightness (0 = black, 100 = white); a*, red (+) to green (-); b*, yellow (+) to blue (-); �E, colour difference.
Data are presented as mean ± standard deviation, n = 3; (a–d), Means within same columns for same flour cookie
group that do not share the same superscript are significantly different (p < 0.05). W, Wheat; B, Barley; O, Oat;
CC, Cookie Control; A, Astaxanthin (5%, 10% or 15%).

Table 4. Total phenolic content and antioxidant capacity.

Sample TPC (mg GAE/g Sample) DPPH (μmol TE/g Sample) ORAC (mmol TE/g Sample)

WCC 0.59 ± 0.01 d 0.54 ± 0.01 d 0.09 ± 0.001 b

W5A 0.80 ± 0.01 c 0.95 ± 0.03 c 0.11 ± 0.001 a

W10A 0.95 ± 0.01 b 1.10 ± 0.01 b 0.12 ± 0.001 a

W15A 1.14 ± 0.01 a 1.26 ± 0.03 a 0.12 ± 0.004 a

BCC 0.63 ± 0.01 c 1.36 ± 0.01 d 0.08 ± 0.003 b

B5A 0.95 ± 0.02 b 1.69 ± 0.02 c 0.09 ± 0.002 a

B10A 1.15 ± 0.09 a 1.74 ± 0.01 b 0.09 ± 0.002 a

B15A 1.27 ± 0.01 a 1.79 ± 0.01 a 0.10 ± 0.002 a

OCC 0.87 ± 0.01 d 1.13 ± 0.01 d 0.08 ± 0.001 c

O5A 1.03 ± 0.01 c 1.22 ± 0.01 c 0.10 ± 0.002 b

O10A 1.28 ± 0.01 b 1.34 ± 0.01 b 0.10 ± 0.001 a

O15A 1.44 ± 0.01 a 1.46 ± 0.01 a 0.11 ± 0.001 a

Data are presented as mean ± standard deviation, n = 3; (a–d), Means within same columns for same flour
cookie group do not share the same superscript are significantly different (p < 0.05). W, Wheat, B, Barley; O, Oat;
CC, Cookie Control; A, Astaxanthin (5%, 10% or 15%).

3.4. Glycaemic Glucose Equivalent (GGE) Analysis

Figure 1 illustrates the in vitro digestion of cookies, calculated as the amount of reducing
sugar released by digestive enzymes over 120 min. All the samples demonstrated the impact of

6



Foods 2017, 6, 57

the substitution of astaxanthin in the following order (5% > 10% > 15%) and significantly slowed the
amount of reducing sugar released (calculated as mg glucose/g sample of incremental area under the
curve (iAUC)) as compare with the control cookies.

Figure 1. Reducing sugar released (mg/g sample) after 120 min digestion of (A) wheat, (B) barley and
(C) oat wholemeal flour cookies with astaxanthin substitution. WCC, wheat cookie control; W5A, wheat
+ 5% astaxanthin cookie; W10A, wheat + 10% astaxanthin cookie; W15A, wheat + 5% astaxanthin cookie;
BCC, barley cookie control; B5A, barley + 5% astaxanthin cookie; B10A, barley + 10% astaxanthin
cookie; B15A, barley + 15% astaxanthin cookie; OCC, oat cookie control; O5A, oat + 5% astaxanthin
cookie; O10A, oat + 10% astaxanthin cookie; O15A, oat + 15% astaxanthin cookie. (a–d), Means within
same figure that do not share the same superscript are significantly different (p < 0.05).

It is possible that the high antioxidant activity of the astaxanthin powder could be related to
the decreased rate of sugar released [21]. Researchers have shown that antioxidants can impair
enzyme activity during the digestion [42]. The interaction between phenolic compounds and
digestive enzymes [43] could affect the non-covalent starch-phenolic interactions thus impeding
starch degradation [44,45]. Additionally, the rate of sugar release may also be decreased due to the
non-starchy network of fibre and protein in the system which entraps starch granules and acts as
a physical barrier thus limiting enzyme accessibility [28,46].

Figure 2 illustrates the rate of reaction of starch conversion to reducing sugar release over the
120 min in vitro digestion period. Form this figure it can be observed that the rate of reaction between
20–120 min appears to be greater for the control samples as compared with the samples containing
astaxanthin. It can also be observed that the oat samples generally showed a lower sugar release profile
than the barley and the wheat samples. It is possible that the in vitro digestion studies observed in
Figures 1 and 2 are related to the total phenolic content/antioxidant activity of the samples (Table 4).
Further work is required to determine whether this is an indirect relationship or if there is a mechanistic
association between phenolic content of the cookies and reduced starch digestion.
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Figure 2. Reducing sugar released (mg/g sample) during the 120 min in vitro digestion process of (A) wheat,
(B) barley and (C) oat wholemeal flour cookies with astaxanthin substitution. WCC, wheat cookie
control; W5A, wheat + 5% astaxanthin cookie; W10A, wheat + 10% astaxanthin cookie; W15A,
wheat + 5% astaxanthin cookie; BCC, barley cookie control; B5A, barley + 5% astaxanthin cookie;
B10A, barley + 10% astaxanthin cookie; B15A, barley + 15% astaxanthin cookie; OCC, oat cookie
control; O5A, oat + 5% astaxanthin cookie; O10A, oat + 10% astaxanthin cookie; O15A, oat + 15%
astaxanthin cookie.

4. Conclusions

The research has illustrated the possible use of novel natural ingredients in alerting the functional
quality and biological activity of simple foods. In particular, in vitro digestion (GGE analysis) of
the cookies demonstrated significantly lower glucose release when astaxanthin increased in the
formulation. The results also demonstrated that the combination of astaxanthin with wholemeal flour
significantly improve the antioxidant properties of the cookies. Thus, the inclusion of astaxanthin
illustrates a potential synergy between microalgae and wholemeal flour of the model food. As such
this combination can contribute to the intake of natural bioactive compounds in the human diets for
the potential health benefits.
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Abstract: The impact of sodium chloride (NaCl) concentration on the yeast activity in bread dough
and its influence on the aroma profile of the baked bread was investigated. Key aroma compounds
in the bread samples were analysed by two-dimensional high-resolution gas chromatography-mass
spectrometry in combination with solvent-assisted flavour evaporation distillation. High-sensitivity
proton-transfer-reaction mass spectrometry was used to detect and quantify 2-phenylethanol
in the headspace of the bread dough during fermentation. The analyses revealed significant
(p < 0.05) changes in the aroma compounds 2-phenylethanol, (E)-2-nonenal, and 2,4-(E,E)-decadienal.
Descriptive sensory analysis and discriminating triangle tests revealed that significant differences
were only determinable in samples with different yeast levels but not samples with different NaCl
concentrations. This indicates that a reduction in NaCl does not significantly influence the aroma
profile of yeasted bread at levels above the odour thresholds of the relevant compounds, thus
consumers in general cannot detect an altered odour profile of low-salt bread crumb.

Keywords: descriptive sensory; PTR-MS; GC-MS; Ehrlich pathway; bread aroma; salt reduction
chemical compounds: 2-phenylethanol (PubChem CID: 6054); (E)-2-nonenal (PubChem CID: 5283335);
2,4-(E,E)-decadienal (PubChem CID: 5283349)

1. Introduction

Sodium chloride (NaCl), or salt, is a major taste contributor to food. A reduction of salt in
food products generally leads to less intense taste and flavour. The impact of salt reduction on taste
profiles has been demonstrated for numerous foods, amongst them white yeasted bread. An early
investigation on white yeasted, rye and rye-sourdough breads indicated a low consumer preference
for the reduced-salt breads [1]. In contrast, however, Wyatt [2] observed no significant difference in
consumer preference for white bread containing 50% less NaCl than a reference bread. The current
challenge for food producers is to develop products with a reduced salt content but an unimpaired and
consistent taste. This has been investigated with the use of salt replacers such as potassium chloride,
magnesium chloride, ammonium chloride, calcium chloride and calcium carbonate [3,4], the use of
sourdough [5], the inclusion of flavour-enhancing acids and other potent aroma compounds [6,7],
or by changes to the bread crumb texture that influence the saltiness perception [8–10]. In contrast to
taste, less is known about the influence of salt reduction on the volatile aroma profile of food. Volatile
aroma compounds impart flavour to food, and the volatile fraction of bread is highly complex with
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about 600 volatile compounds reported to be present in bread crumb [11]. In particular, the yeast
metabolism plays a key role in the development of the aroma profile of bread, and salt, primarily its
sodium ions, have a direct impact on yeast activity. In addition to ethanol and carbon dioxide, many
low-molecular-weight flavour compounds such as further alcohols, aldehydes, acids, esters, sulphides
and carbonyl compounds are produced by the yeast metabolism. These volatile compounds are
essential contributors to the flavour of fermented foods and beverages [12,13]. The Ehrlich pathway is
one of several routes responsible for the generation of aroma compounds by yeast in bread. In particular
it leads to the formation of potent compounds such as fusel alcohols and acids. The efficacy of the
Ehrlich pathway in converting amino acids into alcoholic odorants was investigated, amongst others,
by Czerny and Schieberle [14], who used stable isotope dilution assays (SIDAs) to demonstrate the
conversion of 13C (6)-leucine to the metabolite 3-methylbutanol.

The reducing activity of yeast during bread dough fermentation also has a critical impact on bread
aroma, as has been similarly observed during beer wort fermentation [15]. Unsaturated aldehydes
such as (E)-2-nonenal and 2,4-(E,E)-decadienal are derived from the oxidation of linoleic acid and
are well-known for their contribution to fatty odours in wheat bread [11]. The reduction of these
unsaturated volatile compounds by yeast to their corresponding alcohols has an impact on bread
aroma; as such, a variation in yeast activity results in an altered aroma of the bread. Notably, it has
been observed that Saccharomyces cerevisiae fully reduces unsaturated aldehydes to the corresponding
alcohols [16].

The present work aimed at determining the impact of NaCl on the yeast metabolism in bread
dough during fermentation and its influence on the overall aroma of the bread. More specifically,
the unsaturated aldehydes (E)-2-nonenal (fatty) and 2,4-(E,E)-decadienal (fatty), and the alcoholic
compound 2-phenylethanol (rose-like) were investigated as the key aroma compounds in bread based
on preliminary analyses and supported by reports in the literature [11,17,18]. Recently Martins et al.,
2015 evaluated the impact of bread fortification with dry spent yeast from brewing industry on physical,
chemical and sensorial characteristics of home-made bread with the goal of increasing its β-glucan
content. The sensory analysis showed how only the key odour hexanal was presented a significant
increase in fortified bread [19]. A complementary analytical approach using two-dimensional
high-resolution gas chromatography-mass spectrometry (2D-HRGC-MS) and proton-transfer-reaction
mass spectrometry (PTR-MS) was used to quantify and monitor the generation of the selected aroma
compounds in bread crumb samples containing different levels of NaCl and yeast. Sensory analysis
was performed on the bread crumb samples to determine their odour characteristics and assess the
impact of salt reduction on bread crumb based on a discrimination triangle test.

2. Materials and Methods

2.1. Microbiology

Instant active dry yeast consisting of living cells of Saccharomyces cerevisiae (Panté; Puratos,
Belgium) was diluted in Ringer solution at a concentration of 10−5 g mL−1. An aliquot of 10 μL of
the yeast solution was grown as a centre colony on yeast-selective potato dextrose agar plates (Fluka
Chemie AG, Buchs, Switzerland) containing different amounts of sodium chloride (NaCl) (0, 0.3%,
1.2%, 2.0%, 3.0%, and 4.0% w/w) at 30 ◦C for 8 days. The growth rate was recorded every day by
measuring the diameter of the visible colonies with an electronic calliper.

2.2. Baking Procedure and Loaf Analyses

Wheat bread was prepared by mixing (spiral mixer, Kenwood KM020, Kenwood Manufacturing
Co., Ltd., Hampshire, UK) Baker’s flour (Odlums, Dublin, Ireland), yeast, NaCl (Glacia British Salt
Limited, Middlewich, UK) at levels of 0, 0.26%, 1.04%, 1.73%, 2.60% and 3.46% (w/w) and tap
water (water levels set to 500 Brabender units, BU, depending on the amount of NaCl by using a
farinograph, Brabender OHG, Duisburg, Germany). Considering an average bake loss of 13.5% the
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NaCl concentrations in the final bread loaves resulted in 0, 0.3%, 1.2%, 2.0%, 3.0% and 4.0% (Table 1).
For each of the 10 different batches 6 loaves were prepared. For dough samples with varying amounts
of yeast (1.5%, 0.9%, 0.6%, 0.3%), the concentrations of water and NaCl relative to the mass of flour
were kept constant at 61.75% and 0.26% (w/w), respectively (Table 1). After bulk fermentation for
15 min at 30 ◦C and 85% relative humidity, bread loaves (450 ± 1 g) were formed using a molding
machine (Machinefabriek Holtkamp B.V., Almelo, The Netherlands). The loaves were then placed into
non-stick baking tins (180 mm × 120 mm × 60 mm), fermented for 75 min at 30 ◦C and 85% relative
humidity, and then baked for 35 min at 230 ◦C (top and bottom heating). The ovens were pre-steamed
(0.3 L water) and then steamed when loaded (0.7 L water). After baking, the loaves were removed
from the tins and left to cool on cooling racks for 120 min at room temperature. Bake loss and specific
volume were measured for all of the baked loaves. The bake loss was determined as the difference
in mass between the dough and baked loaf. The specific volume was determined by a 3D laser scan
using a VolScan Profiler 300 (Stable Micro Systems, Godalming, UK).

Table 1. Ingredient quantities in the breads containing varying amounts of NaCl at constant yeast
(1.2% w/w) and varying amounts of yeast at constant NaCl (0.3% w/w) *.

Ingredient

Ingredient Quantity for Each Type of Bread (% w/w flour)

Variable NaCl (% w/w) at 1.2% w/w Yeast Variable Yeast (% w/w) at 0.3% w/w NaCl

0 0.26 1.04 1.73 2.60 3.46 1.5 0.9 0.6 0.3

Wheat flour 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Yeast 2.00 2.00 2.00 2.00 2.00 2.00 2.47 1.48 0.98 0.48

Tap water (30◦) 62.95 61.75 61.00 60.90 59.75 59.75 61.75 61.75 61.75 61.75
NaCl 0.00 0.43 1.72 2.87 4.36 5.80 0.43 0.43 0.43 0.43

* The 0.3% NaCl concentration was used in accordance to the Directive 80/777/EEC to claim a bread low in salt.

2.3. Rheofermentometer

A rheofermentometer (RheoF3, Chopin Technologies, Villeneuve-la-Garenne, Paris, France) was
used to evaluate carbon dioxide (CO2) release and dough development of the different dough samples.
Samples of 300 g of each dough were prepared in the same manner as described above for baking
trials. The tests were performed at 30 ◦C over a 90 min period. As common practice for wheat dough,
a cylindrical weight of 1.5 kg was applied onto the fermentation chamber. The total volume of CO2, the
volume of retention for each sample, the lost volume of CO2, and the retention coefficient (capability of a
dough to retain gas) were determined. Results are presented as the average of triplicate measurements.

2.4. Extraction of Volatile Aroma Compounds

Samples were prepared by cutting the bread crumb into 1 cm3 cubes, freezing these in liquid
nitrogen, and then grinding them using a standard blender. Isotope-labelled standard solutions
([2H2]-(E)-2-nonenal 0.24 μg/mL; [2H2]-2,4-(E,E)-decadienal 0.50 μg/mL; [2H4–5]-2-phenylethanol
10.30 μg/mL) were added as internal standard to 50 ± 1 g of the ground crumb and the aroma
compounds were extracted with 150 mL dichloromethane that was stirred at 120 rpm for 60 min at
room temperature and then filtered to remove the suspension. This extraction step was repeated
twice for each 50-g crumb sample and the filtrates were combined. The extracts were purified using
solvent-assisted flavour evaporation (SAFE) distillation [20]. The distillates were concentrated down
to a volume of 0.1 mL and these were subsequently stored at −20 ◦C prior to the analysis.

2.5. Two-Dimensional High-Resolution Gas Chromatography-Mass Spectrometry (2D-HRGC-MS)

Quantification of the selected aroma compounds was made using a two-dimensional
high-resolution gas chromatography-mass spectrometer (2D-HRGC-MS), with a cryogenic trapping
system (CryoTrap; Gerstel, Stadt, Germany) connecting the first GC system (Type 3800, Varian,
Darmstadt, Germany) with a preparative DB-5 column to the second GC with a DB-FFAP column
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(each 30 m × 0.32 mm, 0.25 μm film thickness). The helium carrier gas flow was set to 1.5 mL min−1.
The initial temperature of the first GC oven was 40 ◦C, which was subsequently heated at a rate of
8 ◦C min−1 to 230 ◦C. The eluting aroma compounds were transferred at defined retention times
onto the cryo-trap, which was cooled to −100 ◦C. The volatiles were then flushed onto the column
in the second GC oven by thermal desorption at 250 ◦C. The temperature of this second oven was
increased from 40 ◦C to 250 ◦C at a rate of 6 ◦C min−1 and then held for 5 min at 250 ◦C. The eluting
compounds were analysed with a Saturn 2200 mass spectrometer (Varian, Darmstadt, Germany) by
chemical ionisation (CI) using methanol as the reagent gas.

2.6. Proton-Transfer-Reaction Mass Spectrometry (PTR-MS)

A high sensitivity proton-transfer-reaction mass spectrometer (hs-PTR-MS; IONICON Analytik
GmbH, Innsbruck, Austria) was used to analyse the release of selected aroma compounds from the
breads during fermentation. The instrument was operated at an electric field to buffer gas number
density ratio (E/N) of 132 Td, which was established with drift tube settings of 600 V, 2.2 mbar and
60 ◦C. The PTR-MS was set to measure in mass scan mode in the range m/z 20–130 at a dwell time of
500 ms per m/z. Five individual scans of 51 s duration were made per sampling period, resulting in
a complete analysis time of 255 s. A 1-m long, 1/16” OD, 0.04” ID Silcosteel™ (Restek GmbH, Bad
Homburg, Germany) sample inlet line, heated to 65 ◦C and with a flow of 500 mL min−1, was used to
transfer the sample gas to the instrument reaction chamber.

Dough samples of 300 g were placed in 1-L perfluoroalkoxy (PFA) containers (AHF
Analysentechnik GmbH, Darmstadt, Germany) for the on-line measurement of volatiles in the
headspace of the dough during fermentation at 30 ◦C and 85% RH over 75 min. Five scan cycles of
zero-air—i.e., air free of volatile organic compounds (VOCs)—in the empty sample container were
made at the beginning of each analysis to determine the background noise and the limit of detection of
the system. The mean signals from these scans were subtracted from the sample signals to correct for
this background.

The intensities of the m/z relating to the abundance of the selected aroma compounds in the
headspace gas of the sample chamber were converted to approximate concentrations (with an estimated
accuracy of ± 30%) using a standard reaction rate (k) of 2.0 × 10−9 cm3/s [21]. The data were
screened for m/z 105 specific to 2-phenylethanol, which is ionised to a cation by dehydroxylation and
protonation. For the unsaturated aldehydes, the respective molecular ions at m/z 141 for (E)-2-nonenal
and m/z 153 for 2,4-(E,E)-decadienal were outside the m/z scan range and thus could not be detected.
It might be noted that a certain degree of fragmentation of these two compounds is expected to occur,
thus their potential detection at m/z values within the scanned range might have been achievable, but
this was hindered by a lack of knowledge of the exact fragments or their potential overlap with other
compounds, and instrumental problems that impaired the sensitivity to m/z in the higher range. Thus
only 2-phenylethanol will be reported for the PTR-MS data here.

2.7. Sensory Analysis

Sensory analyses of the samples were performed via the aroma profile analysis (APA) technique.
Descriptive analyses were performed using a trained panel of 15 members, with at least ten assessors
participating in each individual sensory session. The panellists were trained in weekly sessions to
recognise the selected aroma compounds according to their odour qualities by smelling reference
aqueous aroma solutions at different odorant concentrations. Training was performed over a period of
at least six months prior to participation in the actual sensory experiments and the performance of
each panellist was assessed via standard procedures.

Bread loaves were cut into 2 cm-thick slices and the crust was removed. The yeasted dough and
wheat flour bread samples were presented to the sensory panel for orthonasal assessment after storage
in a closed glass beaker for 30 min at room temperature. The perceived odour qualities of the bread
crumbs were described as being yeast/dough-like and flour-like based on a comparison to aqueous
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reference solutions. The panel agreed on the characteristic odour attributes of each sample in a group
discussion. The pure compounds used for the reference solutions were purchased from Sigma-Aldrich
(Taufkirchen, Germany), Acros (Geel, Belgium) and AromaLab (Freising, Germany). Crumb samples
were then presented again to the panel in a second sensory session to evaluate the intensities of the
aforementioned odour attributes on a scale from 0 (not detectable) over 1 (weak intensity), 2 (medium
intensity) to 3 (high intensity). The sensory score of each attribute was calculated as an arithmetic
mean. The assessors were trained immediately prior to the analysis with aqueous odorant solutions at
defined super-threshold concentrations (factor 100 above the odour threshold) [18,22].

Sensory triangle tests were additionally performed on selected sample pairs by the panel to
determine whether potential odour changes are detectable by consumers. The sample pairs, namely
0.3% and 1.5% yeast, 0.3% and 1.2% NaCl, and 1.2% and 3.0% NaCl were chosen based on a
‘standard-salt’ level of 1.2% w/w NaCl [23], a “low-salt” level of 0.3% w/w NaCl, and an “high-salt”
level of 3.0% w/w NaCl. The bread loaves were sliced and uniform round pieces were punched-out
for presentation. The panellists were required to smell the samples and identify which of the three
samples differed (forced-choice test). The tests were repeated for all combinations of each sample pair
during each of the three independent sessions.

2.8. Statistical Analysis

Statistical analyses were performed on the sensory assessment results using Minitab for Windows
statistical analysis software package (Systat Software, Inc., Chicago, IL, USA). The data were subjected
to one-way analysis of variance (ANOVA). A Fisher’s least significant difference (LSD) test was
performed for multiple comparisons for cases when an F-test showed significant differences (p < 0.05).
Mean values of the three separate experiments with three independent samples from each batch were
then calculated and are presented here, unless otherwise stated. The significance level was set to
p < 0.05 throughout, unless otherwise stated.

3. Results and Discussion

3.1. Microbiology and Rheofermentometer

Initial assessments of the impact of NaCl on the activity and proliferation of the yeast showed an
exponential inhibition of yeast proliferation with increasing amounts of NaCl. These results reflect
previously reported effects of NaCl on yeast. Increased amounts of NaCl in the growth environment
reduce the number of viable yeast cells as well as the biomass of the culture, while the length of
the lag phase is increased [24–27]. The most important metabolite of yeast in bread dough is CO2,
which leavens the dough and increases the volume of the bread loaf; thus, CO2 can also be used to
monitor the yeast activity in dough. Table 2 lists the parameters relating to the yeast performance in
wheat dough during fermentation; as can be seen, the total volume of CO2 produced decreased with
increasing amounts of NaCl. The higher the amount of NaCl, the higher the osmotic pressure on the
yeast cells, leading to growth inhibition and an inhibitory impact on the yeast metabolism [24,25]. The
non-significant difference between bread dough containing 0% and 0.26% NaCl is due to the NaCl
threshold concentration required before conditions act to have an inhibitory influence on yeast [27,28].
The higher the NaCl level, the higher the retention coefficient, which leads to a higher retention of CO2

by the dough, as previously reported [23]. A lower CO2 production results in a lower pressure on
the membranes of the gluten network. In addition, there are several reports that gluten networks are
strengthened by NaCl and can thereby retain more CO2 [23,29,30].
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Table 2. Yeast performance in wheat dough with different NaCl concentrations during 3 h fermentation.

NaCl Concentration
(% w/w)

Total Volume of
Dough (mL)

Volume of
Retention (mL)

Volume of CO2

Lost (mL)
Retention
Coefficient

0.00 2241 ± 54 a 1435 ± 23 a 806 ± 75 a 64.1 ± 2.4 a

0.26 2108 ± 40 a 1459 ± 11 a 649 ± 49 b 69.2 ± 1.8 d

1.04 1581 ± 126 b 1337 ± 54 b 243 ± 78 c 84.8 ± 3.7 c

1.73 982 ± 28 c 953 ± 22 c 30 ± 8 d 97.0 ± 0.7 b

2.60 573 ± 15 d 569 ± 14 d 4.0 ± 1.7 e 99.4 ± 0.2 a

3.46 313 ± 11 e 311 ± 11 e 2.0 ± 0.0 f 99.4 ± 0.1 a

Values in one column followed by the same superscript letter are not significantly different (p < 0.05).

3.2. Specific Bread Loaf Volume and Bake Loss

The specific volume and bake loss of the baked bread loaves were determined as a standard
quality parameter (Table 3). The specific loaf volume decreased significantly for increasing amounts of
NaCl at a yeast level of 1.2%. The bread containing no NaCl did not show a significantly larger volume
than the bread with 0.3% NaCl, despite its water level being the highest at 62.95% (Table 1).

Table 3. Specific volume and bake loss of bread loaves with different NaCl concentrations and standard
yeast level of 1.2% w/w and with different yeast concentrations and standard NaCl concentration of
0.3% w/w.

Bread Type
Specific Bread
Volume (mL/g)

Bake Loss *

(% w/w) (% of Water Level)

Varying NaCl (% w/w)
at 1.2% w/w yeast

0.0 3.85 ± 0.13 a 14.9 ± 0.5 a,b 39.1 ± 1.2 a,b,c

0.3 3.81 ± 0.08 a 15.3 ± 0.3 a 40.6 ± 0.8 a

1.2 3.49 ± 0.09 b 14.4 ± 0.4 b 38.6 ± 0.9 b

2.0 3.11 ± 0.05 c 13.4 ± 0.5 c 37.4 ± 0.6 c

3.0 2.52 ± 0.02 d 12.3 ± 0.4 d 32.7 ± 1.0 d

4.0 1.93 ± 0.03 e 10.6 ± 0.3 e 28.6 ± 0.8 e

Varying yeast (% w/w)
at 0.3% w/w NaCl

0.3 3.02 ± 0.02 i 13.4 ± 0.2 g 36.2 ± 0.5 g

0.6 3.70 ± 0.05 f 14.7 ± 0.2 f 39.8 ± 0.7 f

0.9 3.62 ± 0.19 f,g 14.7 ± 0.2 f 39.7 ± 0.6 f

1.2 3.49 ± 0.09 g,h 14.4 ± 0.4 f 38.6 ± 0.9 f

1.5 3.37 ± 0.10 h 13.9 ± 0.5 f,g 38.2 ± 0.9 f

* The bake loss is shown as a percentage of the dough mass as well as a percentage of the water level. Values in one
column followed by the same superscript letter are not significantly different (p < 0.05).

Although the dough was mixed to a standard consistency of 500 BU, this observation might
be explained by a weaker gluten network in the absence of NaCl [23,29,30]. The data from the
rheofermentometer corroborate this hypothesis; the generation of a non-significant higher amount
of CO2 did not lead to a greater bread volume. The higher the NaCl concentration, the smaller was
the bread volume and surface area, and less water could evaporate, which again is supported by
the rheofermentometer data. The bake loss expressed as a percentage of the water level for each of
the individual bread loaves showed that small adjustments of the water level to achieve a dough
consistency of 500 BU did not significantly influence the bake loss (Table 3). The breads with yeast
levels ranging from 0.3% to 1.5% at a constant NaCl level of 0.3% w/w had the highest specific
volume at 0.6%. At lower yeast concentrations, the amount of yeast did not produce sufficient CO2

to stretch the gluten network to its maximum. At yeast concentrations, higher than 0.6% the specific
volume decreased with increasing amounts of yeast. Similarly, increasing amounts of yeast led to
excessive fermentation and a resulting expansion of the gluten network, thereby increasing the loss of
CO2 [23,25,27].
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3.3. Analyses of Volatile Aroma Compounds in Bread Crumb

Three key aroma compounds in wheat bread crumb are the alcoholic compound
2-phenylethanol [14,31] and the unsaturated aldehydes (E)-2-nonenal and 2,4-(E,E)-decadienal [16,32].
These three compounds were analysed in the aroma extracts of bread crumb by 2D-HRGC-MS (Table 4).
The 2-phenylethanol decreased in concentration exponentially with increasing amounts of NaCl, but
increased significantly with increasing amounts of yeast, albeit not for the highest yeast concentrations
(0.9%, 1.2% and 1.5% w/w).

Table 4. Concentration of 2-phenylethanol, (E)-2-nonenal and 2,4-(E,E)-decadienal in bread-crumb
samples as determined by 2D-HRGC-MS.

Bread Type
Concentration (μg/kg)

2-Phenylethanol (E)-2-Nonenal 2,4-(E,E)-Decadienal

Varying NaCl (% w/w)
at 1.2% w/w yeast

0.0 4441 ± 686 a 12.9 ± 1.7 c,d 12.7 ± 1.1 a

0.3 3055 ± 549 a 13.5 ± 1.2 c,d 11.1 ± 0.7 a

1.2 1582 ± 6 b 12.1 ± 0.3 d 8.5 ± 0.8 b

2.0 1685 ± 88 c 15.9 ± 2.6 b,c 9.2 ± 1.3 a,b

3.0 1189 ± 9 d 16.4 ± 1.2 b 10.6 ± 2.0 a,b

4.0 845 ± 58 e 20.8 ± 2.7 a 9.3 ± 0.7 a,b

Varying yeast (% w/w)
at 0.3% w/w NaCl

0.3 1164 ± 64 i 19.7 ± 0.0 e 20.2 ± 1.8 c

0.6 1773 ± 40 h 16.5 ± 1.9 f 17.9 ± 3.1 c

0.9 2607 ± 165 g 10.2 ± 2.2 g,h 11.4 ± 0.7 d

1.2 3056 ± 549 f,g 13.5 ± 1.2 f,g 11.1 ± 0.7 d

1.5 3288 ± 315 f 8.0 ± 2.3 h 8.6 ± 0.1 e

Values in one column followed by the same superscript letter are not significantly different (p < 0.05).

The concentrations of (E)-2-nonenal differed significantly for 3% and 4% NaCl compared to the
lowest NaCl concentrations of 0%–0.6%. Increasing the yeast content led to a significant decrease in
(E)-2-nonenal for the samples containing 0.3% and 0.6% yeast compared to the samples containing
0.9% and 1.5% yeast. Here, 2,4-(E,E)-decadienal did not show any significant change for the different
NaCl concentrations, but decreased with increasing yeast content. These changes can be explained by
the reducing activity of the baker’s yeast. Decreasing the yeast concentration or inhibiting the yeast
with more salt lowers the overall yeast activity during the fermentation process, thereby resulting in a
lower production of the unsaturated aldehydes. The reducing activity of yeast has been previously
investigated [33]. Furthermore, Saison et al., 2010 demonstrated a change in beer aroma production
based on the reducing activity of (E)-2-nonenal by S. cerevisiae, suggesting that the reducing activity
metabolism of yeast is not affected by increased concentrations of NaCl in the same manner as
the Ehrlich pathway or other parts of the yeast metabolism. Correlations (R2 ≥ 0.75) were found
between CO2 and 2-phenylethanol or (E)-2-nonenal, indicating that these compounds must arise
during yeast metabolism and are influenced by the amount of NaCl in bread dough. A negative
correlation for the unsaturated aldehyde (E)-2-nonenal indicates that the reduction capacity of yeast
increased with increasing yeast activity, thus an increased amount of (E)-2-nonenal was reduced to the
corresponding alcohol.

3.4. PTR-MS Analyses of Bread Dough during Fermentation

The PTR-MS data for the rose-like aroma compound 2-phenylethanol at m/z 105 in the headspace
of the dough showed that its concentration increased for increasing amounts of yeast (0.3%–1.5%),
albeit with the regressions between 0.6 and 1.2% being similar (Figure 1a). The more NaCl that was
added to the bread samples, the less 2-phenylethanol was present due to the inhibiting effect of NaCl
on yeast (Figure 1b). The headspace concentrations of 2-phenylethanol correlate with the concentration
of this compound in the respective bread crumb samples, as measured by 2D-HRGC-MS.
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Figure 1. Volume mixing ratios of 2-phenylethanol in the headspace of bread dough containing
(a) different yeast concentrations (w/w) of 1.5% (filled circles with solid regression line), 1.2% (open
circles with black dot-dashed regression line), 0.9% (filled squares with grey regression line), 0.6%
(filled triangles with dashed regression line), 0.3% (filled diamonds with dotted regression line) and
(b) different NaCl concentrations (w/w) of 0.0% (filled triangles with grey dot-dashed regression line),
0.3% (filled diamonds with solid regression line), 1.2% (filled squares with grey dashed regression line),
2.0% (open circles with black dashed regression line), 3.0% (filled diamonds with grey regression line)
and 4% (filled circles with dot-dashed regression line) over 90 min of incubation under fermentation
conditions (30 ◦C, 85% RH).
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3.5. Descriptive Sensory Evaluation

Ten sensory attributes were collected for the bread-crumb samples, whereby the dominating
attributes were roasty, yeasty, malty, flour like, buttery, cheesy and fatty. The APAs of the bread-crumb
samples revealed significant differences only for the attributes cheesy and rose-like (Figure 2).

Figure 2. Aroma profiles of bread crumbs for the attributes cheesy (grey line), rose-like (black line), fatty
(black dashed line) and buttery (grey dashed line) at (a) different NaCl concentrations (0.0%, 0.3%,
1.2%, 2.0%, 3.0% and 4% w/w) and (b) different yeast levels (0.3%, 0.6%, 0.9%, 1.2% and 1.5% w/w)
on a scale from 0 (not detectable) over 1 (weak intensity) to 2 (medium intensity), as determined by
sensory panel.

The cheesy aroma was significantly different between the samples with the three highest NaCl
levels (2%, 3%, and 4% w/w) and the three lowest levels (0.0%, 0.3%, and 1.2% w/w NaCl) (Figure 2a).
In the samples with varying yeast levels only the highest (1.5% w/w yeast) and lowest (0.3% w/w
yeast) levels differed significantly with respect to the cheesy odour impression (Figure 2b). Butanoic
acid is well-known as a volatile metabolic compound of yeast with a cheesy odour note, and is listed in
the Yeast Metabolic Database (YMDB) ID 01392 [34]. The results of these APAs correlate with the yeast
activity during fermentation. Increased amounts of yeast as well as decreasing NaCl levels result in
higher yeast activities and hence, a higher metabolism rate, including production of the metabolite
butanoic acid, which results in a more intense cheesy odour.

The attribute rose-like determined by the sensory panel (Figure 2) correlated directly with
the concentration of 2-phenylethanol in the bread crumb samples (Table 4) and hence, with the
yeast activity. Increasing yeast activity during dough fermentation led to higher concentrations of
2-phenylethanol. The lower the NaCl level or the higher the yeast level, the more intense was the
rose-like odour, as determined by the sensory panel (Figure 2). At 0.0% w/w NaCl the panel did not
perceive a rose-like odour, which might reflect a totally excessive and uncontrolled yeast activity in the
complete absence of NaCl. Odour impressions described as cheesy and buttery dominated the overall
odour characteristic and covered the rose-like impression (Figure 2). The same effect is shown for an
increased amount of yeast above 0.9% w/w. The rose-like compounds, namely 2-phenylethanol and
2-phenylacetic acid, have higher odour thresholds compared to the other aroma compounds considered
here, therefore the rose-like odour fraction can easily be dominated by other volatile aroma compounds
or influence their recognition [22].The fatty impression in the samples with differing NaCl content
did not vary significantly, as confirmed by 2D-HRGC-MS analyses of the unsaturated aldehydes
(E)-2-nonenal and 2,4-(E,E)-decadienal, both of which have characteristic fatty odour impressions.
By contrast, significantly different concentrations of both aldehydes were found in the samples of
varying yeast content (Table 4), although the sensory panel could not differentiate between these
samples. This might be due to an increasing yeast activity, which predominantly produces other
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volatile aroma compounds such as butanoic acid and Ehrlich pathway metabolites, which results in an
increase in the buttery odour, as observed here (Figure 2).

3.6. Sensory Triangle Test

Sensory triangle test analyses of the two sample pairs with different NaCl levels indicated that
there was no significant difference between the pairs (p > 0.2). The sample pair with 0.3% and 1.5%
w/w yeast was significantly distinguishable (p < 0.1). These findings show that NaCl reduction has
no significant influence on the overall volatile aroma fraction of the bread crumb recognisable by a
human panellist. On the contrary, a 5-fold increase of yeast led to a distinguishable difference based on
a 5-fold increase of the yeast metabolism activity in the dough system. The descriptive sensory results
show several changes for isolated attributes and compounds in particular based on the determined
attributes rose-like and cheesy. However, the aroma profile as a whole did not change to an extent that
would be recognisable by consumers.

4. Conclusions

The influence of yeast activity on the generation of volatile aroma compounds in bread crumb
was investigated using sensory assessments in combination with two-dimensional high-resolution gas
chromatography-mass spectrometry (2D-HRGC-MS) and proton-transfer-reaction mass spectrometry
(PTR-MS). A correlation between different yeast metabolites was shown. The metabolic pathways in
yeast cells seem to correlate with the reducing activity, independently of the amount of yeast present
or the concentration of NaCl. Bread samples with a 5-fold increase in yeast concentration (from 0.3% to
1.5% w/w) were distinguishable by a trained sensory panel. Indeed, when the concentration of NaCl
was kept at 0.3%, yeast cells were metabolically over-performing due to the lack of the inhibiting effect
normally carried out by the presence of NaCl in the dough system. This related to an increased yeast
metabolic activity during the fermentation process, which showed to have a significant impact on the
final bread crumb aroma [17]. A reduction in NaCl from the standard concentration of 1.2% w/w to
0.3% w/w increased the yeast activity but the increase in volatile aroma components, as determined by
2D-HRGC-MS and PTR-MS, could not be detected by the sensory panel. These observations suggest
that NaCl reduction does not influence the volatile aroma of bread significantly and consumers in
general are not able to recognise any reduced amounts of salt in the odour of bread crumb. While salt
reduction in bread impacts on the quality characteristics of taste, shelf-life and texture [22,35], the aroma
quality remains unchanged.

Acknowledgments: The authors would like to thank Franziska Wiegand and Tom Hannon for their support.
The authors wish to acknowledge that this project was funded under the Irish National Development Plan,
through the Food Institutional Research Measure, administered by the Department of Agriculture, Fisheries and
Food, Ireland.

Author Contributions: All authors participated in the experimental design of the study. Emanuele Zannini
and Elke Arendt coordinated the execution of the study. Jonathan Beauchamp and Michael Czerny contributed
their knowledge, expertise and support in the 2D-HRGC-MS, PTR-MS and sensory analysis. Markus Belz
performed the experiments, data processing and drafted the manuscript. Claudia Axel, Emanuele Zannini and
Jonathan Beauchamp corrected and revised the manuscript to its final version.

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

References

1. Tuorila-Ollikainen, H.; Lahteenmaki, L.; Salovaara, H. Attitudes, norms, intentions and hedonic responses in
the selection of low salt bread in a longitudinal choice experiment. Appetite 1986, 7, 127–139. [CrossRef]

2. Wyatt, C. Acceptability of Reduced Sodium in Breads, Cottage Cheese, and Pickles. J. Food Sci. 1983, 48,
1300–1302.

3. Bassett, M.N.; Pérez-Palacios, T.; Cipriano, I.; Cardoso, P.; Ferreira, I.M.P.L.V.O.; Samman, N.; Pinho, O.
Development of Bread with NaCl Reduction and Calcium Fortification: Study of Its Quality Characteristics.
J. Food Qual. 2014, 37, 107–116. [CrossRef]

20



Foods 2017, 6, 66

4. Charlton, K.E.; MacGregor, E.; Vorster, N.H.; Levitt, N.S.; Steyn, K. Partial replacement of NaCl can be
achieved with potassium, magnesium and calcium salts in brown bread. Int. J. Food Sci. Nutr. 2007, 58,
508–521. [CrossRef] [PubMed]

5. Rizzello, C.G.; Nionelli, L.; Coda, R.; Di Cagno, R.; Gobbetti, M. Use of sourdough fermented wheat germ
for enhancing the nutritional, texture and sensory characteristics of the white bread. Eur. Food Res. Technol.
2010, 230, 645–654. [CrossRef]

6. Ghawi, S.K.; Rowland, I.; Methven, L. Enhancing consumer liking of low salt tomato soup over repeated
exposure by herb and spice seasonings. Appetite 2014, 81, 20–29. [CrossRef] [PubMed]

7. Jimenez-Maroto, L.A.; Sato, T.; Rankin, S.A. Saltiness potentiation in white bread by substituting sodium
chloride with a fermented soy ingredient. J. Cereal Sci. 2013, 58, 313–317. [CrossRef]

8. Kuo, W.-Y.; Lee, Y. Effect of Food Matrix on Saltiness Perception—Implications for Sodium Reduction.
Compr. Rev. Food Sci. Food Saf. 2014, 13, 906–923. [CrossRef]

9. Pflaum, T.; Konitzer, K.; Hofmann, T.; Koehler, P. Influence of Texture on the Perception of Saltiness in Wheat
Bread. J. Agric. Food Chem. 2013, 61, 10649–10658. [CrossRef] [PubMed]

10. Noort, M.W.J.; Bult, J.H.F.; Stieger, M. Saltiness enhancement by taste contrast in bread prepared with
encapsulated salt. J. Cereal Sci. 2012, 55, 218–225. [CrossRef]

11. Schieberle, P.; Grosch, W. Potent odorants of the wheat bread crumb differences to the crust and effect of a
longer dough fermentation. Z. Lebensm.-Unters. Forsch. 1991, 192, 130–135. [CrossRef]

12. Suomalainen, H.; Lehtonen, M. The production of aroma compounds by yeast. J. Inst. Brew. 1979, 85, 149–156.
[CrossRef]

13. Whiting, G.C. Organic acid metabolism of yeasts during fermentation of alcoholic beverages—A review.
J. Inst. Brew. 1976, 82, 84–92. [CrossRef]

14. Czerny, M.; Schieberle, P. Labelling studies on pathways of amino acid related odorant generation by
Saccharomyces cerevisiae in wheat bread dough. In Flavour Science: Recent Advances and Trends; Bredie, W.L.P.,
Petersen, M.A., Eds.; Elsevier: Amsterdam, The Netherland, 2006; pp. 89–92.

15. Saison, D.; De Schutter, D.P.; Vanbeneden, N.; Daenen, L.; Delvaux, F.; Delvaux, F.R. Decrease of aged beer
aroma by the reducing activity of brewing yeast. J. Agric. Food Chem. 2010, 58, 3107–3115. [CrossRef]
[PubMed]

16. Vermeulen, N.; Czerny, M.; Gänzle, M.G.; Schieberle, P.; Vogel, R.F. Reduction of (E)-2-nonenal and
(E,E)-2,4-decadienal during sourdough fermentation. J. Cereal Sci. 2007, 45, 78–87. [CrossRef]

17. Birch, A.N.; Petersen, M.A.; Arneborg, N.; Hansen, Å.S. Influence of commercial baker’s yeasts on bread
aroma profiles. Food Res. Int. 2013, 52, 160–166. [CrossRef]

18. Birch, A.N.; Petersen, M.A.; Hansen, Å.S. The aroma profile of wheat bread crumb influenced by yeast
concentration and fermentation temperature. LWT Food Sci. Technol. 2013, 50, 480–488. [CrossRef]

19. Martins, Z.E.; Erben, M.; Gallardo, A.E.; Barbosa, I.; Pinho, O.; Ferreira, I.M.P.L.V.O. Effect of spent yeast
fortification on physical parameters, volatiles and sensorial characteristics of home-made bread. Int. J. Food
Sci. Technol. 2015, 50, 1855–1863. [CrossRef]

20. Engel, W.; Bahr, W.; Schieberle, P. Solvent assisted flavour evaporation—A new and versatile technique for
the careful and direct isolation of aroma compounds from complex food matrices. Eur. Food Res. Technol.
1999, 209, 237–241. [CrossRef]

21. Lindinger, W.; Hansel, A.; Jordan, A. Proton-transfer-reaction mass spectrometry (PTR-MS): On-line
monitoring of volatile organic compounds at pptv levels. Chem. Soc. Rev. 1998, 27, 347–375. [CrossRef]

22. Czerny, M.; Christlbauer, M.; Christlbauer, M.; Fischer, A.; Granvogl, M.; Hammer, M.; Hartl, C.;
Hernandez, N.M.; Schieberle, P. Re-investigation on odour thresholds of key food aroma compounds
and development of an aroma language based on odour qualities of defined aqueous odorant solutions.
Eur. Food Res. Technol. 2008, 228, 265–273. [CrossRef]

23. Lynch, E.J.; Dal Bello, F.; Sheehan, E.M.; Cashman, K.D.; Arendt, E.K. Fundamental studies on the reduction
of salt on dough and bread characteristics. Food Res. Int. 2009, 42, 885–891. [CrossRef]

24. Almagro, A.; Prista, C.; Castro, S.; Quintas, C.; Madeira-Lopes, A.; Ramos, J.; Loureiro-Dias, M.C. Effects
of salts on Debaryomyces hansenii and Saccharomyces cerevisiae under stress conditions. Int. J. Food Microbiol.
2000, 56, 191–197. [CrossRef]

25. Watson, T.G. Effects of sodium chloride on steady-state growth and metabolism of Saccharomyces cerevisiae.
J. Gen. Microbiol. 1970, 64, 91–99. [CrossRef] [PubMed]

21



Foods 2017, 6, 66

26. Wei, C.-J.; Tanner, R.D.; Malaney, G.W. Effect of Sodium Chloride on Bakers’ Yeast Growing in Gelatin.
Appl. Environ. Microbiol. 1982, 43, 757–763. [PubMed]

27. Oda, Y.; Tonomura, K. Sodium chloride enhances the potential leavening ability of yeast in dough.
Food Microbiol. 1993, 10, 249–254. [CrossRef]

28. Kawai, H.; Bagum, N.; Teramoto, I.; Isobe, U.; Yokoigawa, K. Effect of sodium chloride on the growth and
fermentation activity of Saccharomyces yeasts. Res. J. Living Sci. 1999, 45, 55–61.

29. Dal Bello, F.; Clarke, C.I.; Ryan, L.A.M.; Ulmer, H.; Schober, T.J.; Ström, K.; Sjögren, J.; van Sinderen, D.;
Schnürer, J.; Arendt, E.K.; et al. Improvement of the quality and shelf life of wheat bread by fermentation
with the antifungal strain Lactobacillus plantarum FST 1.7. J. Cereal Sci. 2007, 45, 309–318. [CrossRef]

30. Beck, M.; Jekle, M.; Becker, T. Sodium chloride—Sensory, preserving and technological impact on
yeast-leavened products. Int. J. Food Sci. Technol. 2012, 47, 1798–1807. [CrossRef]

31. Ehrlich, F. Über die Bedingungen der Fuselölbildung und über ihren Zusammenhang mit dem Eiweißaufbau
der Hefe. Ber. Deutsch. Chem. Ges. 1907, 40, 1027–1047. [CrossRef]

32. Frasse, P.; Lambert, S.; Levesque, C.; Melcion, D.; Richard-Molard, D.; Chiron, H. The influence of
fermentation on volatile compounds in French bread crumb. Food Sci. Technol.—Lebensm.-Wiss. Technol. 1992,
25, 66–70.

33. Chwastowski, J.; Koloczek, H. The kinetic reduction of Cr (VI) by yeast Saccharomyces cerevisiae,
Phaffia rhodozyma and their protoplasts. Acta Biochim. Pol. 2013, 60, 829–834. [PubMed]

34. Jewison, T.; Knox, C.; Neveu, V.; Djoumbou, Y.; Guo, A.C.; Lee, J.; Liu, P.; Mandal, R.; Krishnamurthy, R.;
Sinelnikov, I.; et al. YMDB: The Yeast Metabolome Database. Nucl. Acids Res. 2012, 40, D815–D820.
[CrossRef] [PubMed]

35. Belz, M.C.E.; Mairinger, R.; Zannini, E.; Ryan, L.A.M.; Cashman, K.D.; Arendt, E.K. The effect of sourdough
and calcium propionate on the microbial shelf-life of salt reduced bread. Appl. Microbiol. Biotechnol. 2012, 96,
493–501. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

22



foods

Article

The Content of Tocols in South African Wheat;
Impact on Nutritional Benefits

Maryke Labuschagne 1, Nomcebo Mkhatywa 1, Eva Johansson 2,*, Barend Wentzel 3

and Angeline van Biljon 1

1 Department of Plant Sciences, University of the Free State, Bloemfontein 9300, South Africa;
LabuscM@ufs.ac.za (M.L.); 2006041384@ufs4life.ac.za (N.M.); avbiljon@ufs.ac.za (A.v.B.)

2 Department of Plant Breeding, The Swedish University of Agricultural Sciences, Box 101,
SE-230 53 Alnarp, Sweden

3 Small Grains Institute, Bethlehem 9700, South Africa; wentzelb@arc.agric.za
* Correspondence: Eva.johansson@slu.se; Tel: +46-40-415-562; Fax: +46-40-415-519

Received: 31 August 2017; Accepted: 27 October 2017; Published: 2 November 2017

Abstract: Wheat is a major component within human consumption, and due to the large intake of
wheat, it has an impact on human nutritional health. This study aimed at an increased understanding
of how the content and composition of tocols may be governed for increased nutritional benefit
of wheat consumption. Therefore, ten South African wheat cultivars from three locations were
fractionated into white and whole flour, the content and concentration of tocols were evaluated
by high performance liquid chromatography (HPLC), and vitamin E activity was determined.
The content and composition of tocols and vitamin E activity differed with fractionation, genotype,
environment, and their interaction. The highest tocol content (59.8 mg kg−1) was obtained in whole
flour for the cultivar Elands grown in Ladybrand, while whole Caledon flour from Clarence resulted
in the highest vitamin E activity (16.3 mg kg−1). The lowest vitamin E activity (1.9 mg kg−1) was
found in the cultivar C1PAN3118 from Ladybrand. High values of tocotrienols were obtained in
whole flour of the cultivars Caledon (30.5 mg kg−1 in Clarens), Elands (35.5 mg kg−1 in Ladybrand),
and Limpopo (33.7 mg kg−1 in Bultfontein). The highest tocotrienol to tocopherol ratio was found
in white flour (2.83) due to higher reduction of tocotrienols than of tocopherols at fractionation.
The quantity and composition of tocols can be governed in wheat flour, primarily by the selection of
fractionation method at flour production, but also complemented by selection of genetic material and
the growing environment.

Keywords: Triticum aestivum; tocopherol; tocotrienol; vitamin E; genotype; environment

1. Introduction

Wheat is, together with rice, the major food crop in the world, supporting 20% of the daily
energy for the human population [1]. In certain parts of the world, wheat is even the main staple
food, contributing up to 70% of the daily energy and protein in the human diet [2]. Due to its high
consumption, wheat provides a significant amount of energy, proteins, and selected micronutrients
and vitamins to the consumer [3–5]. Thus, despite the fact that food from other origins might to a large
extent have a higher relative content of certain compounds, wheat serves as a source of important
nutritional components such as iron and zink, vitamin E, phenolics, and carotenoids [6]. The content
of vitamin E and its activity is determined by the content of certain tocols [7]. The tocols are known
as bioactive compounds with antioxidant traits, for e.g., they prevent oxidation of double bonds
by reacting with peroxyl radicals and protecting lipids and membrane proteins against oxidative
stress [8,9]. Tocols cannot be produced by humans and are, therefore, important components of any
diet, and they are obtained from a large number of plant based foods [6]. Tocols consists of eight
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lipid-soluble compounds: α-, β-, γ-, δ-tocotrienol, and α-, β-, γ-, δ-tocopherol. Previous literature has
accounted different vitamin E activity to the various tocopherols due to their chemical structures and
physiological factors. However, recent opinion considers only α-tocopherol as the source of vitamin
E activity [7]. For whole wheat flour, a mean vitamin E content of 0.71 mg/100 g has been reported
by the U.S. Department of Agriculture (USDA) [10]. However, higher levels of vitamin E have been
reported in whole wheat flour from certain genetic material, resulting in the presence of 20% of the
daily requirement of vitamin E in 200 g of whole wheat flour [11]. Poor nutritional status together with
a high prevalence of stressors, for e.g., malaria and HIV as may be the status of many in developing
countries, are known to contribute towards vitamin E deficiency [12]. Thus, selection of suitable wheat
material with high vitamin E content might contribute to solving the problems of vitamin E deficiency.
Tocotrienols do not show vitamin E activity but are known to have higher antioxidant activity than
the tocopherols and also have additional important health promoting effects [11,13]. Tocopherols are
widely distributed in higher plants whereas tocotrienols occur mainly in some non-photosynthetic
tissues such as seeds and endosperm of monocot grains [14]. In the wheat grain, α- and β-tocopherols
are mainly found in the wheat germ, while tocotrienols are concentrated in the pericarp, testa, aleurone,
and in the endosperm.

Fractionation of the crushed grain during milling is known to have a critical implication for the
distribution of many nutrients [15]. The consumption of whole grain is a healthy alternative to white
flour [16]. Previous studies have also shown genotype, environment, and cultivation practices to have
an impact on tocol content and composition [6,11,14]. Increased understanding of the impact and
interactions of genotype, environment, and processing on content of tocols and vitamin E activity in
wheat flour will positively impact a healthy intake of these compounds from wheat.

Thus, the aim of this study was to evaluate the effects of genotype, environment, and fractionation
through milling on the quantity and composition of tocol components in South African wheat flour.
Interactions as well as importance of the various evaluated factors will be investigated and conclusions
drawn as related to opportunities to govern these health components in wheat flour.

2. Materials and Methods

2.1. Plant Material

Ten South African bread wheat cultivars, Betta-DN, Caledon, Elands, Gariep, Komati, Limpopo,
Matlabas, PAN3118, PAN3349, and PAN3377, grown in four replicates in each location, were
used in the present study. The trials were conducted at three different locations in one season:
Bultfontein (28◦16′53.14′′ S 26◦27′02.77′′ E, north western Free State with low rainfall, high
temperatures, high evaporation requirements and deep, yellow sandy loam soils with a water
table present), Ladybrand (29◦14′30.75′′ S 27◦20′18.55′′ E, central Free State, moderate rainfall,
moderate temperatures, a lower evaporation requirement and relatively shallow duplex soils), and
Clarens (28◦24′26.63′′ S 27◦20′18.55′′ E, eastern Free State, higher rainfall, lower temperatures, lower
evaporation requirement with predominantly yellow soils of average effective depth). The trials were
planted under dryland conditions in a randomized complete block design. Trial plots consisted of
five rows of 5 m length and inter-row spacing of 5 cm. Fertilization was done after soil analysis and
according to normal production practices for each location.

2.2. Extraction of Tocols

Milled grain samples were freeze dried for three days before tocol extraction. The extraction [17]
was performed with modifications as suggested by Labuschagne et al. [18].

2.3. Analytical High Performance Liquid Chromatography (HPLC)

A normal phase-HPLC method [19] with modification [18] was used to separate the tocol
compounds (Figure 1). A Phenomenex Luna Silica column (250 mm × 4.6 mm inner diameter
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(i.d.), 5 μm particle size) was used. The mobile phase was n-hexane/ethyl acetate/acetic acid
(97.3:1.8:0.9 v/v/v) at a flow rate of 1.6 mL min−1. All peaks were detected by fluorescence and
the wavelength of detection was set to 290 nm and emission wavelength of 330 nm. HPLC injection
volume was 10 μL per injection. A standard solution was used to carry out the linearity test over
the different concentration ranges (ng μL−1) close to the amount of tocols found in the samples:
α-tocopherol 0.47–9.57 ng μL−1; β-tocopherol 0.23–4.7 ng μL−1; γ-tocopherol 0.65–13.1 ng μL−1;
δ-tocopherol 0.62–12.4 ng μL−1; β-tocotrienol 0.54–10.82 ng μL−1. Total tocols were the sum of
α-tocopherol, β-tocopherol, α-tocotrienol, β-tocotrienol, and δ-tocotrienol.

2.4. Data Analysis

Statistical evaluation applying ANOVA followed by mean comparison with Duncan post-hoc test
at p < 0.05, Spearman rank correlation analyses, and Principal component analyses (PCA) was carried
out using the statistical package SAS (2004; SAS Institute Inc., Cary, NC, USA). In order to explain the
proportion of the contribution of variation by the environments, genotypes, and flour fractionation
on the tocol composition, regression analysis was applied [20,21]. Vitamin E activity was calculated
based on α-tocopherol content according to the Scientific Opinion of an EFSA (European Food Safety
Authority) Panel [7]. The Recommended Daily Intake (RDI) of vitamin E set by European Parliament
and the Council in the Regulation No. 1169/2011 of 25 October 2011 is 12 mg/day [22].

3. Results

3.1. Importance of Genotype, Environment, and Fractionation on Tocols Content and Composition

The percentage recovery of tocols was more than 95%, and the different tocols were successfully
separated by HPLC (Figure 1). The major tocols found were α- and β-tocopherol and α- and
β-tocotrienol (Figure 1). Delta-tocopherols and especially γ-tocopherols were only found in small
amounts and often only in traces. Flour type (white flour versus whole flour) was shown to explain by
far the highest part of the variation in tocols content and composition except for δ-tocotrienol, where
location was a significant parameter for the variation (Table 1). However, combination of flour type,
cultivar, and location resulted in a higher degree of explanation as compared to each of the factors
alone (Table 1), and analysis of variance (ANOVA) also showed significant interactions among the
factors for content and composition of the tocols (p < 0.01). Similarly, the PCA analysis showed samples
clearly clustering in two separate groups as related to flour type, although a number of whole flour
samples from Ladybrand were also diverging into a separate group of whole flour samples based on
lower values on the second principal component value (Figure 2).

Figure 1. Example of separation of tocols by HPLC (High Performance Liquid Chromatography)
from one wheat sample. Peak 1 = α-tocopherol, Peak 2 = α-tocotrienol, Peak 3 = β-tocopherol,
Peak 4 = β-tocotrienol, Peak 5 = δ-tocopherol, and Peak 6 = δ-tocotrienol.
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Table 1. Percentage of explanation (obtained through R-square from simple linear regression) of flour
types (Flour; F), varieties (V), and growing locations (L) as well as their combinations on various tocols.

α-TP β-TP α-TT β-TT δ-TT TP TT Tot

Flour 89.0 89.6 87.8 83.5 11.2 89.9 85.8 90.3
Variety 1.06 1.45 3.53 1.46 4.29 1.18 2.06 1.64

Location 0.90 0.01 0.46 1.38 15.1 0.49 1.16 0.70
F, V, L 90.9 91.1 91.8 86.4 30.7 91.6 89.0 92.6

TP = tocopherols, TT = tocotrienols, Tot = total tocols.

 

Figure 2. Loading plot from principal component analysis of tocopherols in two flour types of
ten varieties grown at three locations in South Africa. Location 1 = Bultfontein, Location 2 = Clarens,
Location 3 = Ladybrand. First principal component explained 79.3% of the variation while the second
principal component explained 17.4% of the variation.

3.2. Effect of Flour Type on Content and Composition of Tocols

Whole flour had significantly (p < 0.005) higher tocol concentrations than white flour, the latter
having on average 40% of the concentration of whole flour (Table 2). Concentration in white flour of
α-tocopherol was 24% of that in whole flour and concentration in white flour of β-tocopherol was
31% of that in whole flour. Furthermore, white flour contained 25% of the α-tocotrienol concentration
found in whole flour and 53% of the β-tocotrienols. The fact that the β-tocotrienols were retained
to a higher degree than the other tocols from the whole to the white flour could also be seen as a
higher tocotrienol to tocopherol quota (TT/TP) in the white flour as related to whole flour (Table 2).
Tocol concentration in white flour as a percentage of that in whole flour varied in genotypes and
locations, from 31% (PAN 3349 in Ladybrand) to 51% (Caledon at Bultfontein; Table 3).
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Table 2. Mean values (mg kg−1) of various tocols depending on flour type (white versus whole
meal flour).

Flour α-TP β-TP α-TT β-TT δ-TT TT/TP Tot

White 3.34 b 2.00 b 1.24 b 12.7 b 0.45 b 2.83 a 19.7 b

Whole 13.3 a 6.43 a 4.93 a 24.0 a 0.60 a 1.49 b 49.4 a

Average values followed by the same letters are not significantly different at p < 0.05 applying Duncan post-hoc test.
TP = tocopherols, TT = tocotrienols, Tot = total tocols.

Table 3. Total tocol content (mg kg−1) mean values of ten cultivars in three locations in white and
whole flour.

Flour Type Cultivar Bultfontein Clarens Ladybrand Average

White

Betta-DN 21.2 17.5 19.0 19.3 cd

Caledon 26.4 24.1 25.9 25.5 a

Elands 16.4 20.6 23.8 20.3 bc

Gariep 20.1 20.0 24.7 21.6 b

Komati 20.6 21.4 23.6 21.9 b

Limpopo 17.9 20.7 17.4 18.6 cde

Matlabas 18.8 18.7 18.3 18.6 cde

C1PAN3118 17.1 17.0 15.3 16.5 f

C2PAN3349 18.0 16.6 15.9 16.8 f

C3PAN3377 18.2 17.8 17.8 18.1 def

Average 19.5 a 19.4 a 20.2 a

Whole

Betta-DN 48.0 51.2 52.8 50.6 bc

Caledon 52.0 55.0 57.6 55.0 a

Elands 49.9 51.4 59.8 53.7 a

Gariep 40.9 48.6 49.6 46.3 d

Komati 43.8 51.8 52.3 49.3 bc

Limpopo 55.7 49.5 55.7 53.7 a

Matlabas 39.4 52.8 52.0 48.2 cd

C1PAN3118 43.5 42.9 45.4 43.9 e

C2PAN3349 40.4 41.7 43.6 41.9 e

C3PAN3377 50.2 47.7 54.5 51.0 b

Average 46.5 c 49.2 b 52.3 a

Average values followed by the same letters are not significantly different at p < 0.05 applying Duncan post-hoc test.

3.3. Effect of Cultivar and Growing Location on Content and Composition of Tocols

Tocol concentration in genotypes ranged between 16.49–25.49 mg kg−1 for white flour and
41.92–54.87 mg kg−1 for whole flour (Table 3). Thus, significant differences in tocol content and
composition were found among certain of the evaluated cultivars (Table 3), despite the fact that only
a limited amount of variation was explained by the differentiation in cultivars (Table 1 and Figure 2).
Among the evaluated cultivars, Caledon was found to have a high concentration of tocols in whole
flour and the highest concentration among the cultivars in white flour.

Cultivation of the cultivars in Ladybrand resulted in a higher tocol concentration in whole
flour and a higher concentration in the white flour as compared to that of the other localities, with
an average of 20.1 mg kg−1 for white flour and 52.3 mg kg−1 for whole flour (Table 3). In general,
total tocol content in the samples differed significantly when grown at the different localities for
whole flour but no such significant differences were found for white flour. Part of the explanation
for this variation in the whole flour (Figure 2) might be the presence of δ-tocotrienol in samples
grown in Ladybrand which were only found in trace amounts in samples from the other growing
locations. However, a significant variation was found for the various tocol compound concentrations
in both white and whole flour from the different locations. Samples from Clarens and Ladybrand
had a significantly higher concentration of α-tocopherol in white and whole flour and β-tocopherol
in white flour as compared to samples from Bultfontein, while samples from Clarence were higher
than those from the other localities for β-tocopherol in whole flour. Significantly higher concentrations
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of α-tocotrienol and β-tocotrienol were found in whole flour samples from Ladybrand as compared
to samples from the other locations, while for white flour, samples from Ladybrand and Bultfontein
showed higher concentrations of α-tocotrienol than samples from Clarence (Table 4). In general,
samples in Ladybrand showed a relatively high content of both tocopherols and tocotrienols in both
white and whole flour, while samples from Clarence showed a relatively high tocotrienol concentration
in both types of flours. Samples from Bultfontein showed a relatively high content of tocotrienols
only in white flour. Due to differences in variations of concentrations of various tocol compounds by
location, the tocotrienol to tocopherol quota (TT/TP) of the samples differed among locations; with
significantly higher values in both white and whole flour samples from Ladybrand and Bultfontein as
compared to those from Clarence (Table 4).

Table 4. Average content of each tocol compound (mg kg−1) in three locations from white and
whole wheat.

Flour Type Characteristic Bultfontein Clarens Ladybrand

White

α-Tocopherol 3.02 b 3.59 a 3.36 a

β-Tocopherol 1.88 b 2.08 a 2.02 a

α-Tocotrienol 1.32 a 1.12 b 1.28 a

β-Tocotrienol 12.7 a 12.4 a 13.0 a

TT/TP 3.07 a 2.51 b 2.92 a

Whole

α-Tocopherol 11.8 b 14.1 a 14.0 a

β-Tocopherol 6.30 b 6.62 a 6.33 b

α-Tocotrienol 4.80 b 4.45 c 5.52 a

β-Tocotrienol 22.7 c 23.4 b 26.0 a

TT/TP 1.53 a 1.36 b 1.57 a

TT = Tocotrienol, TP = Tocopherols; Average values of the different characteristics followed by the same letters are
not significantly different at p < 0.05 applying Duncan post-hoc test.

4. Discussion

The present study clearly shows that the quantity and composition of tocols can be governed
in South African wheat flour; fractionation through milling is the major determinant, but the effect
was found to interact with the selection of genetic material and the growing environment. As can be
seen from calculations of daily requirements of vitamin E, only 5% on average was obtained from
white South African wheat flour while 22% was obtained from the corresponding whole flour (Table 5).
However, by selecting whole flour of a high vitamin E cultivar (Caledon) grown on the locality
(Clarence) contributing most to a high level of vitamin E activity, 27% of the daily requirement could
be obtained by consumption of 200 g wheat flour per day (Table 5). Tocols are known to be destroyed
when heated (25–94% reduction in vitamin E activity) [23,24]. A recent investigation showed a 40%
reduction in tocopherols in bread as compared to their corresponding flour, although toasting of the
bread resulted in an increase in tocopherol content so that the content reached 89% of the original
content of the flour [25]. Today, most wheat is consumed after a heat treatment, thereby reducing the
tocol content; consumption of wheat as whole and/or sprouted grain products is the best solution
for wheat to be a tocol source [11]. However, the findings that toasting increases the amount of
tocopherols as related to what is found in the bread calls for additional evaluations of how to best
process wheat products in order to use these products as tocol sources [25]. To secure a high intake of
tocols from the food, flour based products should be combined with other food items very high in
tocols content [6,26,27].
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Table 5. Vitamin E activity of wheat flour of different fractions, genotypes, and localities, calculated
as tocopherol equivalents [7] and percentage of recommended intake [11,19] from the average flour
consumption in the world of 200 g/person/day.

Flour Origin
Vitamin E Activity

(mg kg−1)
Recommended Daily

Intake (mg)
Percentage of Recommended Vitamin E

from 200 g of Wheat Flour (%)

White 3.3 12 5.5
Whole 13.3 12 22.2

Whole flour at various locations

Bultfontein 11.9 12 19.8
Clarence 14.1 12 23.5

Whole flour from Clarence in various cultivars

Caledon 16.1 12 26.8
C1PAN3118 12.3 12 20.5

Vitamin E activity is primarily based on the presence of tocopherols in the food [24,28–30].
Besides variation in vitamin E activity, a large variation was also noted in the quantity and composition
of tocotrienols in the present wheat material, and this related to variation in fractionation through
milling, genotype, and location. Several investigations and results have indicated that tocotrienols
are potentially as important for human health as are tocopherols. The tocotrienols have been found
to have higher antioxidant capacity [31] and different health promoting properties than those of
tocopherols [32–35]. Examples of biological tocotrienols-mediated activities not shared with the
tocopherols are neuroprotection, radio-protection, anti-cancer, anti-inflammatory, and liquid lowering
properties [36–39]. Similar to what was found for vitamin E activity, fractionation was by far the most
important factor for the quantity of the tocotrienols found in the flour. However, tocotrienols content
decreased less than tocols content with milling to white flour, resulting in a higher tocotrienols to tocols
content in the white flour as compared to that of whole flour. Also, cultivation location resulting in the
highest tocotrienols content varied for tocotrienols as compared to vitamin E activity. For tocotrienols,
Ladybrand resulted in the highest amount among the locations with Caledon, Limpopo, and Elands
showing the highest values among the cultivars. Scientifically based recommendations as to daily
intake are only available for vitamin E [11] and not for the separate isoforms, although retailers
are announcing that 34–43 mg per day of tocotrienols are beneficial [40]. If such a level should be
recommended, the present white and whole flour samples would contribute to around 6%and 12%,
respectively, of the daily requirements at a consumption of 200 g of flour per day. However, recent
literature reports highly divergent bioavailability of tocotrienols based on the source of tocotrienols
and on the target population [36]. Various sources of tocotrienols are rich to different degrees in
different tocotrienol compounds, for e.g., tocotrienols from palm oil (the most common source of
tocotrienol supplements) is particularly rich in δ-tocotrienol, while β-tocotrienol was the predominant
compound in the present material, as also shown in previous studies on wheat [41,42]. The fact that
the composition of tocotrienols varies with the source of tocotrienols may be one explanation for the
difficulties of making recommendations for the daily intake requirements. Also, it is unclear what
effect the relationship of the various tocotrienols and the ratio between tocotrienols and tocopherols is
playing. Similar to previous studies [43], we were able in this study to show that cultivar and cultivation
location affect composition of tocotrienols, for e.g., cultivation in Ladybrand did not only result in high
levels of tocotrienols but also in higher levels of δ-tocotrienol in the whole flour than cultivation in the
other locations. Ladybrand has a moderate rainfall and temperatures, resulting in lower evaporation
and a relatively shallow duplex soil, growing parameters that might be the background for the content
and composition of tocols. However, relationships among growing parameters and tocols content and
composition have to be further evaluated before conclusions are made.

Scientific literature recommends not setting daily requirements of tocotrienols until more research
based evidence is available [44]. However, from our study, we can conclude that fractionation,
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cultivation place, and cultivar need to be taken into consideration together with processing of the food
in order to determine health effects of a certain food source of tocotrienols.

An increased understanding of how various tocol compounds can be governed through various
production factors, including fractionation, genotype, and locality, opens up opportunities of producing
specifically useful raw material for further food processing into nutritional beneficial food products
with high bioavailability of wanted compounds. Fractionation was the factor effecting quantity of all
tocols to the highest extent. In general, grain antioxidants are known to be concentrated in the bran and
germ fractions, and thus these fractions are the major contributors to the total antioxidant activities of
wheat [45,46]. A number of studies have also shown significantly more antioxidant activity in products
manufactured with whole grains than products from refined wheat [47,48]. Previous studies have
indicated that tocopherols are more concentrated in the germ fraction, while tocotrienols are found
more in bran and are also observed in the endosperm [16,49]. This agrees with the findings in this study,
which showed a higher content of all tocols in the whole flour compared to the white flour, but with the
reduction to different extents depending on the compound. Fractionation procedures might, therefore,
be a useful tool to effectively modulate tocol content and composition in wheat flour, although it can be
complimented with genetic impact through the choice of cultivars and environmental impact through
the choice of cultivation location.

5. Conclusions

The quantity and composition of tocols can be governed in wheat flour, primarily by the selection
of the fractionation method at flour production, but also complemented by selection of genetic material
and the growing environment. Total high content of tocopherols in the flour can best be obtained
by the selection of whole flour from a high tocol producing cultivar cultivated in good conditions
(not hot and dry). By doing so, 27% of the human daily requirement of vitamin E can be received
by an average consumption of 200 g of wheat flour per day unless the tocols in the wheat flour are
destroyed by harsh processing conditions.

Tocotrienols are possibly even more important than vitamin E in their contribution from wheat
towards a healthy diet. Content and composition of these compounds can also be governed in wheat,
as large variations are present due to fractionation, cultivar, and cultivation location. However, to do
so, an increased knowledge on the requirements as to total amount, composition, and ratios of the
different compounds is needed.
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Abstract: The present study aimed to evaluate the effects of long-term storage on the carotenoid
pigments present in whole-grain flours prepared from durum wheat and tritordeum. As expected,
higher storage temperatures showed a catabolic effect, which was very marked for free carotenoid
pigments. Surprisingly, for both cereal genotypes, the thermal conditions favoured the synthesis
of lutein esters, leading to an enhanced stability, slower degradation, and, subsequently, a greater
carotenoid retention. The putative involvement of lipase enzymes in lutein esterification in flours is
discussed, particularly regarding the preferential esterification of the hydroxyl group with linoleic acid
at the 3′ in the ε-ring of the lutein molecule. The negative effects of processing on carotenoid retention
were less pronounced in durum wheat flours, which could be due to an increased esterifying activity
(the de novo formation of diesterified xanthophylls was observed). Moreover, clear differences
were observed for tritordeum depending on whether the lutein was in a free or esterified state.
For instance, lutein-3′-O-monolinoleate showed a three-fold lower degradation rate than free lutein
at 37 ◦C. In view of our results, we advise that the biofortification research aimed at increasing the
carotenoid contents in cereals should be based on the selection of varieties with an enhanced content
of esterified xanthophylls.

Keywords: carotenoids; lutein esters; tritordeum; Triticum turgidum conv. durum; carotenoid retention;
whole-grain flour

1. Introduction

Carotenoids, the most widespread pigments in nature, are liposoluble antioxidants produced
by plants, algae, fungi, and some bacteria. In plants, carotenoids contribute to the photosynthetic
process by acting as light collectors and photoprotectors [1]. Moreover, carotenoids are found in high
concentrations in most fruits and flowers where they contribute to the bright colours that attract animals
for seed and pollen dispersion. These ubiquitous pigments can also be found in some roots, tubers,
and grains, mostly due to the selection of coloured varieties as desired traits for plant domestication
by man [2]. Animals are not able to synthetize carotenoids de novo; consequently carotenoids must be
acquired through dietary consumption.

Different carotenoids are associated with different health benefits. The provitamin A activity of
carotenoids with at least one unsubstituted β-ring end-group in their structure is well-known and
of nutritional significance [3]. Moreover, epidemiological studies have correlated carotenoid intake
with protection against a range of chronic diseases, such as cardiovascular diseases and cancer [4,5].
In particular, lutein and zeaxanthin play important roles in the prevention of eye diseases such as age
related macular degeneration (AMD), cataracts, and retinitis pigmentosa [6].
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Wheat (Triticum spp.), one of the most important crops for human consumption worldwide,
contains low carotenoid contents compared to most vegetables and fruits. However, the widespread
and daily-based consumption of cereals and derived products makes these staple foods an important
source of these antioxidants in the diet, particularly in disadvantaged populations. The main objective
of biofortification programs is the breeding of crops for better nutrition. The major carotenoid present
in wheat is lutein [7]. Among the different Triticum species, durum wheat (Triticum turgidum ssp.
durum) grains are characterized for presenting a yellowish colour due to carotenoids. In fact the yellow
colour of pasta is a major quality trait [8]. Manipulating the carotenoid content of several cereals,
or other crops, by means of biofortification strategies has the potential to provide significant health
benefits without altering normal dietetic habits [9]. Remarkable progress has been made in this area;
a good example is HarvestPlus, part of the Consultative Group on International Agriculture Research
(CGIAR) Program on Agriculture for Nutrition and Health (A4NH). HarvestPlus collaborators have
developed staple crops with increased densities of micronutrients through plant breeding techniques,
such as pro-vitamin A cassava, which provides up to 40% of the daily vitamin A requirement, iron pearl
millet, which provides up to 80% of daily iron needs, and zinc rice, which provides up to 60% of the
daily zinc requirement (http://www.harvestplus.org/).

The Triticeae tribe, which includes wheat, barley (Hordeum vulgare), and rye (Secale cereale) species,
is a series of closely related polyploids. Fertile amphiploid hybrids can be generated among the
different cultivated members of this tribe and some wild cereal species. Tritordeum (Tritordeum;
2n = 6x = 42, AABBHchHch) is a cereal obtained from the cross between a wild barley (Hordeum
chilense Roem. & Schult.) with diploid genome (HchHch) and durum wheat (Triticum turgidum
conv. durum; [10]). The lutein content in tritordeum is about 5–8 times higher than durum wheat
and is characterized by a specific esterification profile involving two major fatty acids (linoleic
and palmitic acids) [11,12]. The latter characteristic is derived from the genetic background of
H. chilense [13]. The detailed composition of the lutein esters present in tritordeum has been determined
and consists of four monoesters (lutein 3′-O-linoleate, lutein 3-O-linoleate, lutein 3′-O-palmitate,
and lutein 3-O-palmitate) and four diesters (lutein dilinoleate, lutein 3′-O-linoleate-3-O-palmitate,
lutein 3′-O-palmitate-3-O-linoleate, and lutein dipalmitate) [12]. Tritordeum is currently the subject of
an intense breeding program at the Institute of Sustainable Agriculture (IAS; http://www.ias.csic.es/
en/) in Cordoba, Spain, to optimize its use as a cereal for incorporation into the formulation of both
functional and novel foods.

Cereal grains are traditionally processed for human consumption. The influence of processing
techniques on the composition of phytonutrients and bioactive compounds of many staple foods,
including cereal grains, has been extensively studied. For example, in cassava, maize, and sweet
potato, the conditions and duration of storage have a more significant negative impact on the retention
of provitamin A carotenoids than drying or cooking [14]. Similarly, Mugode et al. [15] concluded
that the degradation of provitamin A carotenoids in maize mostly occurred during storage and
this effect varied among genotypes. Whole-grain wheat flour contains substantially more vitamins,
minerals, antioxidants, and other nutrients, including carotenoids, than refined wheat flour [16].
In addition to milling, the subsequent storage of grains and flours can have a significant impact on
the composition of phytochemicals. In fact, cereal flour is usually stored during prolonged periods
as part of their industrial and technological treatments, and, therefore, an important impact on the
carotenoid content is expected as a result of storage. In the case of wheat flour, the main cause of
carotenoid degradation is oxidation (including both enzymatic and non-enzymatic processes) during
the storage period. Oxygen present in the medium is considered to be the major factor affecting the
stability of carotenoids [17]. Therefore, in addition to considering the “high pigment content” trait
of Triticeae genotypes, the “carotenoid retention ability” should also be considered when screening
and selecting strains for their inclusion in breeding programs [18]. Moreover, new technological
treatments are emerging for the processing of cereals and their derived products in order to preserve

35



Foods 2017, 6, 111

and enhance the content of carotenoids and other phytonutrients of nutritional relevance (reviewed by
Hemery et al. [19]).

The natural process by which xanthophylls are esterified with fatty acids is an important part of
post-carotenogenic metabolism and mediates their accumulation in plants. To assist in the development
of carotenoid-enhanced cereals, the biochemical characterization of the xanthophyll esterification
process and studies of the capacity of the cereal endosperm tissue to store these pigments are necessary.
Some studies have highlighted the importance of the carotenoid retention capacity, and its influence on
the stability during the postharvest storage of crops [20,21]. However, only a few studies investigated
the involvement of xanthophyll esterification in the retention of carotenoids during the storage of
cereals and derived products [22,23].

We recently assessed the effect of long-term storage on the biosynthesis of lutein esters in durum
wheat and tritordeum grains and found that xanthophyll esterification was induced by environmental
conditions (especially the temperature) [24]. We also found the xanthophyll esterification process to be
highly specific (with the preferential esterification of lutein at position 3 of the β-end ring) and that the
fatty acids involved in the esterification and their position in the lutein molecule had a significant effect
on the carotenoid stability. Although the results from our previous study increased our understanding
of the effects of long-term storage on carotenoid metabolism, characterization of the xanthophyll
esterification process was lacking. Therefore, the main goal of the present study was to fully categorize
the stability of carotenoid pigments in cereal flours and the influence of pigment esterification during
the long-term storage of whole-grain flours in different temperature-controlled conditions.

2. Materials and Methods

2.1. Plant Material, Sample Preparation and Storage Conditions

A commercial durum wheat variety (Don Pedro) and a high-carotenoid tritordeum line (HT621,
germplasm line developed in the framework of the Cereal Breeding Program carried out at the Institute
for Sustainable Agriculture, Córdoba, Spain) [25] were used in the present study. Both samples are
considered representatives of these two cereal genotypes and have been previously characterized
regarding their carotenoid profile [11,12,23,26]. Plants were grown in 1-L pots, until maturity,
under greenhouse conditions with supplementary lights providing a day/night regime of 12/12 h at
22/16 ◦C. Immediately after harvesting, seeds were preserved for 2 months at 4 ◦C in a desiccator before
the beginning of experiment. After this storage period, and for each cereal genotype, whole-grain
flour was obtained from 500 g of grains by using an oscillating ball mill Retsch Model MM400 (Retsch,
Haan, Germany) at 25 Hz for 1 min. Subsequently, the resulting flour was distributed in lots of
approximately 4 g in round-capped polypropylene 15-mL centrifuge tubes. Flour samples were stored
under controlled temperature conditions (−32, 6, 20, 37 and 50 ◦C) for a period of 12 months. A control
sample (t = 0 days) consisting of 5 subsamples was taken and analysed for each cereal type. Triplicate
samples (three tubes for each temperature and time) were taken at monthly intervals and analysed in
duplicate. The dry matter content (%) in the samples at each sampling date was measured in triplicate
by using an Ohaus moisture balance model MB35 (Ohaus, Greifensee, Switzerland). During the course
of the experience a continuous monitoring of the storage temperature was performed.

2.2. Chemicals and Reagents

Deionised water (HPLC-grade) was produced with a Milli-Q Advantage A10 system (Merck
Millipore, Madrid, Spain). HPLC-grade acetone was supplied by BDH Prolabo (VWR International
Eurolab, S.L., Barcelona, Spain). The rest of reagents were all of analytical grade.

2.3. Extraction of Carotenoids

Carotenoid pigments were extracted from flours with the following procedure. Briefly, 1 g of flour
was placed into 25 mL stainless-steel grinding jar together with two stainless-steel balls (15 mm ø), 6 mL
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of acetone containing 0.1% (w/v) BHT and a known amount of internal standard (β-apo-8′-carotenal;
1.75 and 3.50 μg for durum wheat and tritordeum samples, respectively). Samples were crushed in an
oscillating ball mill Retsch Model MM400 (Retsch, Haan, Germany) at 25 Hz for 1 min. Most of the
resulting slurry was transferred into a tube and centrifuged at 4500× g for 5 min at 4 ◦C and the clear
supernatant collected in a clean tube. The solvent was gently evaporated under a nitrogen stream, and
the pigments were dissolved in 0.5 mL of acetone. Prior to the chromatographic analysis, samples were
centrifuged at 13,000× g for 5 min at 4 ◦C. The analyses were carried out in duplicate for each sample.
All operations were performed under dimmed light to prevent isomerization and photo-degradation
of carotenoids.

2.4. HPLC Analysis of Carotenoids

The procedures for the isolation and identification of carotenoid pigments and its esters have
already been described in previous works [11,12]. Quantitative analysis of carotenoids was carried
out by HPLC according to Atienza et al. [11]. The HPLC system consisted of a Waters e2695 Alliance
chromatograph fitted with a Waters 2998 photodiode array detector, and controlled with Empower2
software (Waters Cromatografía, S.A., Barcelona, Spain). A reversed-phase column (Mediterranea
SEA18, 3 μm, 20 × 0.46 cm; Teknokroma, Barcelona, Spain) was used. Separation was achieved
by a binary-gradient elution using an initial composition of 75% acetone and 25% deionized water,
which was increased linearly to 95% acetone in 10 min, then raised to 100% in 2 min, and maintained
constant for 10 min. Initial conditions were reached in 5 min. An injection volume of 10 μL and a
flow rate of 1 mL/min were used. Detection was performed at 450 nm, and the UV-visible spectra
were acquired online (350–700 nm wavelength range). Quantification was carried out using calibration
curves prepared with lutein, zeaxanthin and β-carotene standards isolated and purified from natural
sources [27]. Calibration curves including eight-points were prepared in the pigment concentration
range of 0.5–45 μg/mL. Lutein ester content were estimated by using the calibration curve for free
lutein, since the esterification of xanthophylls with fatty acids does not modify the chromophore
properties [28]. Accordingly, the concentration of lutein esters was expressed as free lutein equivalents.
The calibration curve of free lutein was also used to determine the concentration of the (Z)-isomers of
lutein. Data were expressed as μg/g dry weight (μg/g dw).

2.5. Degradation Kinetics Model

In order to investigate the effects of the esterification on the carotenoid degradation during the
storage period, the reaction order and derived kinetic parameters were only investigated in those
time ranges where the occurrence of catabolic reactions was dominant for each pigment (that is a
decline in the concentration with time was clearly observed). For this purpose zero- and first-order
kinetics were hypothesized. The general reaction rate expression was applied, −dC/dt = kCn, where
C is the concentration of the compound (μg/g dw), k is the reaction rate constant (months−1), t is
the reaction time (months), and n is the order of the reaction [29]. The reaction rate expression and
the kinetic parameters for zero- and first-order models are summarized in Table 1. The selected
order of the reaction was that showing the best correlation (R2) and the best correspondence among
the experimental values and the half-life of the compound (t1/2) and D (t1/10) [time needed for the
concentration of a reactant to fall to half and one tenth its initial value respectively, where t1/2 = C0/2k
and t1/10 = 0.9C0/k for zero-order and t1/2 = (Ln2)/k and t1/10 = (Ln10)/k for first-order]. Kinetic
parameters derived from fitted models with R2 < 0.8 were not considered in the discussion.
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Table 1. Expression of the reaction rate depending on the reaction order (n) and kinetic parameters derived.

Reaction
Order

Reaction Rate
Expression

Integrated
Expression

Graphical
Representation

Half-Life a

(t1/2)
D b (t1/10)

Zero n = 0 −dC/dt = kC0 = k C-C0 = −kt C-C0 vs. t
Slope = −k t1/2 = C0/2k t1/10 = 0.9C0/k

First n = 1 −dC/dt = kC1 = kC Ln(C/C0) = −kt Ln(C/C0) vs. t
Slope = −k t1/2 = Ln(2)/k t1/10 = Ln(10)/k

a Time needed for the concentration of a reactant to fall to half of its initial value. b Time needed for the concentration
of a reactant to fall one tenth of its initial value.

2.6. Statistical Analysis

Pigment contents are expressed as mean and standard error of the mean (SEM). Significant
differences between means was determined by one-way ANOVA, followed by a post-hoc test of mean
comparison using the Duncan test for a confidence level of 95% (p < 0.05) utilizing the STATISTICA 6.0
software (StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Carotenoid Content in Whole-Grain Flours: Effect of Long-Term Storage

The initial carotenoid composition for the flours of durum wheat (Triticum turgidum conv. durum,
Don Pedro) and tritordeum (Tritordeum HT621 line) was consistent with previous studies (see Table 2
at t = 0 months) [11,12,23,26]. The initial concentrations of individual pigments were higher in
whole-grain tritordeum flour than durum wheat flour, with the exception of (all-E)-zeaxanthin, which is
not present in tritordeum. On average, the total initial carotenoid content was six times higher in
tritordeum (HT621 line) with respect to durum wheat (Don Pedro).

Table 2. Initial carotenoid composition in Triticum turgidum cv. durum (Don Pedro variety)
and Tritordeum (HT621 line) whole-grain flours subjected to long-term storage (12 months) under
controlled temperature.

HPLC Peak a Pigment

Concentration
(μg/g Dry Weight) b

Durum Wheat
(Don Pedro Variety)

Tritordeum
(HT621 Advanced Line)

1 (all-E)-Zeaxanthin 0.08 ± 0.00 -
2 (all-E)-Lutein 1.08 ± 0.02 3.95 ± 0.04
3 (9Z)-Lutein 0.06 ± 0.00 0.19 ± 0.01
4 (13Z)-Lutein 0.12 ± 0.00 0.30 ± 0.01
5 Lutein-3′-O-linoleate 0.01 ± 0.00 0.15 ± 0.00
6 Lutein-3-O-linoleate 0.01 ± 0.00 0.72 ± 0.01

5 + 6 Lutein monolinoleate 0.03 ± 0.00 0.87 ± 0.00
7 Lutein-3′-O-palmitate 0.00 ± 0.00 0.49 ± 0.01
8 Lutein-3-O-palmitate 0.00 ± 0.00 1.01 ± 0.02

7 + 8 Lutein monopalmitate 0.01 ± 0.00 1.50 ± 0.01
9 (all-E)-β-Carotene 0.02 ± 0.00 0.06 ± 0.00
10 Lutein-3,3′-dilinoleate n.d. c 0.12 ± 0.00

11 Lutein-3′-O-linoleate-3-O-palmitate plus
Lutein-3′-O-palmitate-3-O-linoleate n.d. 0.42 ± 0.01

12 Lutein-3,3′-dipalmitate n.d. 0.41 ± 0.01
Lutein monoesters 0.04 ± 0.00 2.37 ± 0.01
Lutein diesters - 0.96 ± 0.01
Total lutein esters 0.04 ± 0.00 3.33 ± 0.02
Total free lutein 1.26 ± 0.02 4.44 ± 0.09
Total lutein 1.29 ± 0.02 7.77 ± 0.07
Total carotenoids 1.39 ± 0.03 7.83 ± 0.07
Regioisomers ratios
Lutein-3-O-linoleate/Lutein-3′-O-linoleate 1 5
Lutein-3-O-palmitate/Lutein-3′-O-palmitate 1 2

a Peak numbers according to Figure S1 (Supplementary Materials). b Data represent the mean ± standard error
(n = 5). c n.d. not detected.
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The evolution of total carotenoids revealed significant losses for both cereals at the higher
examined temperatures of 37 and 50 ◦C (Figure 1; see also Figure S1, and Tables S1 and S2). The total
degradation of pigments was observed by the end of the 12-month storage period in the durum wheat
and tritordeum samples kept at the higher temperature (50 ◦C). In accordance with Gayen et al. [30],
the experimental conditions tested in the present study may facilitate the action of degradative enzymes,
such as lipoxygenase (LOX), leading to the co-oxidation of carotenoid pigments. LOX is mostly located
in the germ and bran of the grain kernel and its main substrate is linoleic acid [31]. In addition
to LOX degradation, the susceptibility of carotenoids to oxygen and high temperatures should be
responsible for the decrease in the pigment levels observed during our experiments. The pigment
content reduction at the end of the 12-month storage period at −32, 6, and 20 ◦C were similar in all
cases for both cereal genotypes. In contrast, significant differences were observed between the two
cereals at 37 ◦C, with a greater retention of pigments observed in tritordeum (pigment losses of 84%
for durum wheat compared to 72% for tritordeum) (Figure 1).

Figure 1. Evolution of the total carotenoid content (μg/g dry weight) in durum wheat (Don Pedro
variety) and tritordeum (HT621 advanced line) whole-grain flours during long-term storage under
temperature controlled conditions (−32, 6, 20, 37 and 50 ◦C). The values shown are the mean and
standard error (n = 5 for the starting sample, n = 3 for the rest of the samples). Pigment losses (%) are
indicated at the end of storage.

The changes observed for the individual free pigments in durum wheat (Figure 2) were similar
to the trend described for total carotenoid content: The carotenoid content remained fairly constant
at the lowest storage temperatures of −32 and 6 ◦C while higher carotenoid losses were observed
with increased storage temperature. Thus, the carotenoid losses after 12 months of storage at 20 ◦C
were 51% and 63% for (all-E)-lutein and (all-E)-zeaxanthin, respectively (Table S1). The declines were
lower at 20 and 37 ◦C for the (Z)-isomers of lutein (39% and 89%, respectively), which is consistent
with a trans to cis isomerization process, as reported in other similar studies [32]. At the end of the
storage period at 37 ◦C, (all-E)-lutein, (all-E)-zeaxanthin, and (all-E)-β-carotene had been degraded to
trace levels. For the durum wheat flour maintained at 50 ◦C, (all-E)-zeaxanthin and (all-E)-β-carotene
were already undetectable at the seventh month. These results suggest that both zeaxanthin and
β-carotene are less thermostable than lutein at higher temperatures. Some authors have suggested that
(all-E)-β-carotene is the most thermolabile carotenoid, especially in low-water environments as in the
case of cereal flour [33].
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Figure 2. Evolution of the individual carotenoid content and esterified fractions (μg/g dry weight) in
durum wheat (Don Pedro variety) whole-grain flours during long-term storage under temperature
controlled conditions (−32, 6, 20, 37 and 50 ◦C). The values shown are the mean and standard error
(n = 5 for the starting sample, n = 3 for the rest of the samples).

For whole-grain tritordeum flour, greater losses of the individual free pigments were also observed
at the higher storage temperatures (Figure 3). For tritordeum flour stored at 37 ◦C, (all-E)-lutein,
(Z)-lutein, and (all-E)-β-carotene had decreased by 83–98% by the end of the 12-month storage period
(Table S2). Similar to durum wheat, the total pigments in tritordeum were completely destroyed after
10 months of storage at 50 ◦C, and (all-E)-β-carotene was already undetectable after 4 months.
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Figure 3. Evolution of the individual carotenoid content and esterified fractions (μg/g dry weight) in
tritordeum (HT621 advanced line) whole-grain flours during long-term storage under temperature
controlled conditions (−32, 6, 20, 37 and 50 ◦C). The values shown are the mean and standard error
(n = 5 for the starting sample, n = 3 for the rest of the samples).

In contrast to the free carotenoids, the lutein esters showed increased levels with increasing
temperature. This distinction was particularly striking for durum wheat, and especially the monoester
fraction, stored at the milder conditions of 6 and 20 ◦C (Figure 2). For example, the concentration
of lutein monoesters increased by 3.7 and 5.7 times the initial values after 12 months at 6 and 20 ◦C,
respectively. At the higher temperatures (37 and 50 ◦C), competition and/or compensation was
observed between the increases promoted by the temperature (de novo esterification) and decreases
caused by oxidative degradation. After the storage of durum wheat for 12 months, concentration
increases of 2–3 fold were recorded at 37 ◦C for the lutein ester fraction (sum of monoesters and
diesters), revealing an intense esterifying activity under these conditions. The concomitant formation
of lutein diesters associated with the rise in storage temperature and time was prompted by the
increase in the pool of monoesters.

The free pigments in tritordeum showed a general pattern of degradation with increasing
temperature; in contrast, analysis of the esterified fractions in tritordeum revealed clear differences
in the evolution profile of lutein monoesters and diesters (Figure 3). Similar to the free pigments,
the monoesters fraction decreased by 18.4% and 78.3% with respect to initial levels after 12-months
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storage at 20 and 37 ◦C, respectively. However, the diester fraction showed a similar behaviour to
that found in durum wheat, with increases of 7%, 60%, and 63% with respect to initial levels after
12-months storage at 6, 20, and 37 ◦C, respectively. These results might indicate either the occurrence
of different isoforms of the esterifying enzymes in the two cereals, or a more intensive esterifying
activity of the enzymes in durum wheat. The H. chilense genetic background of tritordeum could be
responsible for these differences.

The synthesis of lutein esters in cereal flours could possibly take place through a different
metabolic pathway from the one operating in intact grains. In fact, in a preliminary study carried
out with durum wheat flour [23], the formation of lutein esters was observed, especially at high
temperatures; however, the trace levels of the pigments impaired their quantification. The present
results underline the importance of controlling the storage conditions of cereals and derived products
in order to prevent or promote changes in the profile of carotenoids and other phytochemicals.
One possibility is that the esterification of xanthophylls in flours is mediated by the activity of
lipases, which are concentrated in the bran in the case of cereals [34]. Lipases catalyse the hydrolysis
of carboxyl-ester linkages leading to the release of fatty acids and organic alcohols. However,
under low-water conditions, lipases may catalyse the reverse reaction (esterification) or various
transesterification reactions involving acids, alcohols, and esters [35]. The acyl transferase activity
of lipases has already been suggested to be involved in the formation of sterol esters during the
long-term storage of wheat flour [36]. These authors also observed the esterification of lutein, although
the data obtained were inconclusive. More recently, Ahmad et al. [37] have provided sound data
concluding that lutein esterification in bread wheat was genetically controlled and likely due to a
GDSL-lipase located on the 7D chromosome and co-located with a QTL (Quality Trait Loci) associated
with ester formation. Moreover, Mattera et al. [38,39] demonstrated that lutein esterification in wheat
endosperm is controlled by chromosomes of the homoeologous group 7 (7D and 7Hch), and suggested
differential fatty acid enzyme specificity depending on the cereal species (for instance, common wheat
and H. chilense).

3.2. Effect of Long-Term Storage on the Esterified Lutein Fractions

The evolution of individual lutein monoesters (lutein monolinoleate and monopalmitate) was
similar and consistent with the corresponding changes observed for the total esters fraction during the
entire storage of both cereal flours. The profiles at 37 and 50 ◦C presented two distinctive areas of net
synthesis (peaks) and degradation (troughs). This was particularly evident in durum wheat (Figure 4).
At 37 ◦C, lutein monolinoleate showed a synthesis period over the first 2 months of storage, with a
4-fold concentration increase, followed by a degradation period during the remaining storage time,
reaching up to 78% total degradation. Similarly, at 50 ◦C, the maximum synthesis was observed after
the first month, accounting for concentrations of up to 3 times the initial content. Lutein monopalmitate
showed a more pronounced synthesis, with a 10-fold increase observed after two months at 37 ◦C and
an 8-fold increase after the first month at 50 ◦C (Figure 4). These data indicate differences in relation
to the preferential formation of lutein monoesters with both fatty acids, with the palmitic acid esters
being more abundant. On the other hand, the degradation rate was similar for lutein monopalmitate
and lutein monolinoleate during the storage of durum wheat flour at 37 and 50 ◦C. Thus, the ratio
between lutein monopalmitate and lutein monolinoleate remained constant across the whole storage
period (Table S1). However, in a previous study with durum wheat grains submitted to long-term
storage, a higher thermostability for lutein monolinoleate was reported [24].
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Figure 4. Quantitative changes in the xanthophyll ester fractions (μg/g dry weight) in durum wheat
(Don Pedro variety) whole-grain flours during long-term storage under temperature controlled
conditions (−32, 6, 20, 37 and 50 ◦C). The values shown are the mean and standard error (n = 5
for the starting sample, n = 3 for the rest of the samples).

In tritordeum, the maximum concentration increase for lutein monolinoleate was registered after
two months at 37 ◦C and one month at 50 ◦C (Figure 5). In contrast to durum wheat, stability differences
between both monoesters were observed in tritordeum. Lutein monolinoleate remained mostly
constant at −32, 6, and 20 ◦C, whereas lutein monopalmitate showed a progressive decrease with
increasing temperature and storage time. Nevertheless, the degradation rates for lutein monoesters
were consistently lower than the rates recorded for free lutein (Figure 3). The degradation after
12 months at 37 ◦C was greater for lutein monopalmitate (85.9%) than for lutein monolinoleate (65.1%).

With respect to the increases in the lutein ester contents observed in durum wheat
(Figures 2 and 4), the putative lipase enzyme could exhibit greater activity for palmitic acid than
for linoleic acid due to a higher specificity for palmitic acid as a substrate or a better availability of this
saturated fatty acid. These results are in line with those obtained by O’Connor et al. [40] who reported
the lipase activity in different cereals. However, the evolution of the esterified fraction in tritordeum
flour suggested a different scenario compared to durum wheat. In order to interpret this data, it should
be taken into consideration that tritordeum is a novel hybrid cereal in which the H. chilense genome
contributes and interacts with that of durum wheat. Therefore, it is likely that these genetic differences
are the cause for the lower esterification activity in tritordeum flour.

Regarding the two regioisomers for each lutein monoester, the 3′ position of the lutein molecule
appears to be the preferred site for esterification mediated by lipases in both cereals (Figures 4 and 5),
and gives rise to a more stable compound (i.e., lutein-3′-O-linoleate and lutein-3′-O-palmitate are more
stable than lutein-3-O-linoleate and lutein-3-O-palmitate, respectively). These observations reinforced
the idea that the enzyme systems involved in the esterification of lutein in cereal flours are different
from those operating in intact grains [12].

In both cereal flours, lutein diesters presented remarkable net increases during the duration of
the storage period, especially for lutein dilinoleate and particularly at the storage temperature of
37 ◦C (Figures 6 and 7). The evolution of diesterified xanthophylls over the storage period clearly
suggests that their formation is due to induction of the esterification process by temperature, with this
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synthesis being particularly prominent in durum wheat. As the storage temperature increased, the rate
and amounts of synthesis were also increased, but, on the other hand, the degradative processes due
to oxidative stress were also induced. Interestingly, the higher the degree of esterification (diester
> monoester > free), the higher the xanthophyll’s stability and, consequently, the more delayed the
degradation (Figures 4 and 6 for durum wheat and Figures 5 and 7 for tritordeum).

Figure 5. Evolution of the monoesterified lutein (μg/g dry weight), including the regioisomers,
in tritordeum (HT621 advanced line) whole-grain flours during long-term storage under temperature
controlled conditions (−32, 6, 20, 37 and 50 ◦C). The values shown are the mean and standard error
(n = 5 for the starting sample, n = 3 for the rest of the samples).

 

Figure 6. Evolution of the diesterified lutein (μg/g dry weight) in durum wheat (Don Pedro variety)
whole-grain flours during long-term storage under temperature controlled conditions (−32, 6, 20,
37 and 50 ◦C). The values shown are the mean and standard error (n = 5 for the starting sample, n = 3
for the rest of the samples).
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Figure 7. Evolution of the diesterified lutein (μg/g dry weight) in tritordeum (HT621 advanced line)
whole-grain flours during long-term storage under temperature controlled conditions (−32, 6, 20,
37 and 50 ◦C). The values shown are the mean and standard error (n = 5 for the starting sample, n = 3
for the rest of the samples).

3.3. Kinetics of Retention of Carotenoids during the Long-Term Storage of Wheat Flours

A kinetic study indicated a progressive increase of the rate constants (k) with the rise of
temperature for both cereal genotypes. Tables 3 and 4 summarized the kinetic data characterizing the
evolution of both free and total pigments (including esterified pigments) during long-term storage
assuming zero- and first-order kinetic models, respectively. As deducted from the correlation coefficient
values, the first-order kinetic model showed best adjustment to the data, indicating that the degradation
reaction rate is directly proportional to the pigment concentration (−dC/dt = kC; see Materials and
Methods and Table 1). These results are consistent with those reported by other authors [32,41].
The reaction rates were higher in tritordeum for all pigments at 20, 37, and 50 ◦C, with β-carotene being
an exception. At 50 ◦C, the k values for all xanthophylls were approximately double in tritordeum
compared to durum wheat. Pigment structure (free or esterified with fatty acids), matrix effects
(including the presence of oxidative enzymes and other antioxidants), and the oxidative stressing
environment are likely to be key factors for this phenomena. The milling process, involving cell and
tissue disruption, and the subsequent storage of cereal flours have also previously been found to affect
carotenoid stability [42]. The possible presence of other antioxidants might also produce a protective
effect on the carotenoids. For example, the changes and/or interactions between tocopherols and
carotenoids during cereal processing have been analysed by several authors [43,44]. However, there is
no information about such interactions in tritordeum, with further work needed in this area.
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Table 3. Reaction rate constant (k; month−1) for the total carotenoid content in durum wheat (Don Pedro
variety) and tritordeum (HT621 line) whole-grain flours during a long-term storage period (12 months)
at −32, 6, 20, 37, and 50 ◦C following the zero-order kinetic model (C-C0 = −kt).

Pigment T (◦C)

Durum Wheat
(Don Pedro Variety)

Tritordeum
(HT621 Advanced Line)

k (×10−3 Month−1) R2 k (×10−3 Month−1) R2

(all-E)-Zeaxanthin

−32 0.2 0.33 - -
6 0.4 0.80 - -

20 4 0.98 - -
37 5 0.80 - -
50 3 0.43 - -

(all-E)-Lutein

−32 1 0.06 7 0.15
6 3 0.18 41 0.72

20 42 0.98 198 0.96
37 68 0.80 232 0.65
50 51 0.47 160 0.33

Total free (Z)-Lutein

−32 0.3 0.04 2 0.14
6 0.2 0.01 3 0.31

20 5 0.92 15 0.97
37 12 0.86 42 0.87
50 10 0.63 28 0.57

(all-E)-β-Carotene

−32 0.1 0.35 0.1 0.02
6 0.5 0.06 0.2 0.12

20 8 0.93 2 0.95
37 2 0.90 4 0.97
50 1 0.62 4 0.62

Total free lutein

−32 1 0.06 9 0.19
6 3 0.15 42 0.70

20 47 0.98 213 0.95
37 80 0.82 273 0.70
50 60 0.50 188 0.36

Total free carotenoids

−32 1 0.01 9 0.19
6 6 0.20 44 0.70

20 50 0.96 215 0.96
37 85 0.80 277 0.70
50 64 0.48 192 0.36

Total lutein

−32 2 0.08 10 0.07
6 4 0.15 29 0.21

20 23 0.88 191 0.95
37 85 0.95 432 0.95
50 80 0.73 546 0.75

Total carotenoids

−32 0.8 0.01 10 0.07
6 1 0.01 29 0.21

20 33 0.88 192 0.95
37 90 0.94 436 0.95
50 83 0.71 550 0.75
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Table 4. Reaction rate constant (k; month−1), half-life (t1/2; months), and D (t1/10; months) for the total
carotenoid content in durum wheat (Don Pedro variety) and tritordeum (HT621 line) whole-grain flours
during a long-term storage period (12 months) at −32, 6, 20, 37, and 50 ◦C following the first-order
kinetic model (Ln(C/C0) = −kt).

Pigment T (◦C)

Durum Wheat (Don Pedro Variety) Tritordeum (HT621 Advanced Line)

k (×10−3

Month−1)
R2 t1/2

(Months)
t1/10 (D)

(Months)
k (×10−3

Month−1)
R2 t1/2

(Months)
t1/10 (D)

(Months)

(all-E)-Zeaxanthin

−32 3 0.33 277 921 - - - -
6 5 0.79 141 470 - - - -
20 85 0.96 8 27 - - - -
37 252 0.97 3 9 - - - -
50 473 0.87 1 5 - - - -

(all-E)-Lutein

−32 1 0.06 693 2302 2 0.15 385 1279
6 3 0.18 217 719 12 0.72 60 198
20 53 0.96 13 43 82 0.99 8 28
37 191 0.97 4 12 329 0.99 2 7
50 300 0.84 2 8 596 0.88 1 4

Total free (Z)-lutein

−32 2 0.04 385 1279 4 0.13 165 548
6 0.7 0.00 990 3289 6 0.31 110 365
20 38 0.93 18 60 39 0.98 18 59
37 177 0.98 4 13 283 0.99 2 8
50 249 0.88 3 9 559 0.99 1 4

(all-E)-β-Carotene

−32 5 0.35 139 460 1 0.02 576 1918
6 2 0.06 462 1535 3 0.12 210 698
20 45 0.90 16 52 38 0.95 19 62
37 203 0.96 3 11 141 0.98 5 16
50 387 0.95 2 6 417 0.99 2 6

Total free lutein

−32 1 0.07 693 2302 2 0.19 330 1096
6 3 0.15 248 822 11 0.71 63 209
20 51 0.97 14 45 76 0.99 9 30
37 189 0.98 4 12 321 0.99 2 7
50 290 0.85 2 8 630 0.94 1 4

Total free
carotenoids

−32 0.7 0.01 990 3289 2 0.19 347 1151
6 5 0.20 151 500 11 0.70 64 211
20 53 0.96 13 44 75 0.99 9 31
37 191 0.97 4 12 311 0.99 2 7
50 296 0.85 2 8 636 0.94 1 4

Total lutein

−32 1 0.08 533 1771 1 0.07 495 1644
6 3 0.15 248 822 4 0.21 178 590
20 27 0.86 25 84 30 0.96 23 77
37 145 0.98 5 16 103 0.98 7 22
50 285 0.93 2 8 465 0.98 1 5

Total carotenoids

−32 0.5 0.00 1386 4604 1 0.07 495 1644
6 0.9 0.01 770 2558 4 0.21 178 590
20 30 0.87 23 78 30 0.96 23 77
37 148 0.98 5 16 103 0.98 7 22
50 290 0.93 2 8 466 0.98 1 5

The k values obtained for durum wheat were similar for xanthophylls and carotenes (β-carotene)
with some exceptions (Table 4). (all-E)-Zeaxanthin was the pigment that was degraded most rapidly at
all temperatures. As expected, the k value for zeaxanthin was maximum at 50 ◦C (473 × 10−3 month−1),
which is consistent with its complete disappearance at the seventh month in these conditions (Figure 2).
Markedly, the differences between the k values for carotenes and xanthophylls were more evident
in tritordeum flour. These results are in line with those obtained by Dhuique-Meyer et al. [45],
whose study about the thermal degradation kinetics of vitamin C and carotenoids in citrus juices
reported lower degradation rates for β-carotene than for xanthophylls.

The kinetic data obtained for the total carotenoids (which included the esterified pigments)
confirmed a faster degradation in tritordeum than in durum wheat, especially at the higher storage
temperatures, as indicated by the k values at 50 ◦C (Table 4). In the case of durum wheat flours, the k
values at 20, 37, and 50 ◦C were consistently lower for total lutein and total carotenoids (including the
xanthophyll esters) than for the respective free fractions, underlining the contribution of the esters to
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the greater stability of such fractions. Accordingly, this effect was more pronounced in tritordeum due
to the higher content and proportion of esterified lutein.

The rate constants for lutein esters, including the distinction between regioisomers,
are summarized in Table 5. In line with the results for total carotenoids (Table 4), the esterified
fractions showed a higher degradation rate in tritordeum with compared to durum wheat. Notably,
the k value for lutein diesters at 50 ◦C in tritordeum was double the k value in durum wheat. This result
highlights an important turnover of diesters in durum wheat in accordance with a possible esterifying
activity in this cereal. The differential content of other pro-oxidant and antioxidant substances in
both cereal genotypes should also be considered. In any case, the k values decreased with an increase
in the degree of esterification, with k lutein diester < k lutein monoester < k free lutein, resulting in
an increased thermostability thereof. Regarding the regioisomers of the lutein monoesters (lutein
monolinoleate and lutein monopalmitate), both positions 3 and 3′ had similar degradation rates for
each lutein monoester. No relevant differences between free and esterified lutein (Tables 4 and 5) were
found in durum wheat, with the exception of the diesters. In tritordeum, lower degradation rates were
recorded for lutein monoesters and diesters, even at 50 ◦C, despite the intense degradative conditions
at that temperature. Lutein-3′-O-monolinoleate showed a degradation rate approximately 3-fold lower
compared to free lutein at 37 ◦C. Within the monoester fraction, lutein monolinoleate presented a
slower degradation than lutein monopalmitate; the same trend was observed for the monoesters at
position 3′ compared with the counterpart regioisomer at position 3. These data are consistent with
the evolution described for the esterified fractions. In the case of the diesters, the degradation rates
were even lower with no differences between the different acylated forms.

Table 5. Reaction rate constants (k; month−1) for the esterified carotenoid content in durum wheat
(Don Pedro variety) and tritordeum (HT621 line) whole-grain flours during a long-term storage period
(12 months) at 20, 37, and 50 ◦C following the first-order kinetic model (Ln(C/C0) = −kt).

Pigment T (◦C)

Durum Wheat
(Don Pedro Variety)

Tritordeum
(HT621 Advanced Line)

k (×10−3 Month−1) R2 k (×10−3 Month−1) R2

Lutein monolinoleate
20 - - - -
37 210 0.96 113 0.87
50 262 0.96 388 0.90

Lutein-3′-O-linoleate
20 - - - -
37 184 0.94 103 0.91
50 230 0.90 487 0.98

Lutein-3-O-linoleate
20 - - 22 0.92
37 200 0.95 140 0.94
50 284 0.91 526 0.96

Lutein monopalmitate
20 - - 34 0.97
37 204 0.95 158 0.98
50 332 0.94 544 0.96

Lutein-3′-O-palmitate
20 - - - -
37 201 0.95 147 0.97
50 329 0.87 606 0.98

Lutein-3-O-palmitate
20 - - 59 0.98
37 186 0.96 228 1
50 336 0.96 632 0.96

Total monoesters
20 - - 13 0.78
37 208 0.95 114 0.91
50 310 0.94 471 0.95

Lutein-3,3′-dilinoleate
20 - - - -
37 111 0.90 85 0.92
50 188 0.97 370 0.97

Lutein-3′-O-linoleate-3-O-palmitate plus
Lutein-3′-O-palmitate-3-O-linoleate

20 - - - -
37 139 0.95 103 0.96
50 201 0.96 400 0.97
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Table 5. Cont.

Pigment T (◦C)

Durum Wheat
(Don Pedro Variety)

Tritordeum
(HT621 Advanced Line)

k (×10−3 Month−1) R2 k (×10−3 Month−1) R2

Lutein-3,3′-dipalmitate
20 - - - -
37 90 0.78 66 0.83
50 156 0.96 451 0.98

Total diesters
20 - - - -
37 122 0.93 88 0.93
50 190 0.98 395 0.97

Total esters
20 - - - -
37 162 0.96 - -
50 333 0.81 472 0.98

Half-life values (t1/2; months) and D values (t1/10; months) (Table 4) are a very useful tool
for estimating the pigment concentration that will be retained in flours stored under controlled
temperature conditions. Both parameters are inversely related to k values, so that an increase in the
storage temperature results in a reduction in the t1/2 and t1/10 values. The half-life and D values were
generally higher for durum wheat for all pigments at all storage temperatures. Thus, total free lutein
and free carotenoids showed longer half-life values by 2 and 1 extra month, and D values of 5 and
4 extra months at 37 ◦C and 50 ◦C, respectively, for durum wheat compared to tritordeum. As an
exception, the observed half-life and D values at 37 ◦C for total lutein and total carotenoids revealed
the opposite situation, with tritordeum flour having higher values. These results are directly related to
the higher content and proportion of esterified pigments in tritordeum, and they are in line with the
lower carotenoid losses in tritordeum compared to durum wheat at 37 ◦C (Figure 1).

4. Conclusions

This comparative study evaluated the effects of processing and storage of whole-grain durum
wheat and tritordeum flours on the total carotenoid content. The influence of the cereals’ different
genetic backgrounds was found to be important and the effect of storage was more severe on the
carotenoid content of tritordeum. Tritordeum flour showed a lower retention of free and esterified
carotenoids than durum wheat flour. This could be mediated by an increased esterifying activity in
durum wheat flours and/or greater oxidative enzymatic activity, or a more oxidative environment
in tritordeum flour. These results could be influenced by the fact that durum wheat varieties have
generally suffered domestication and selective pressure by man for the preservation of the yellow
colour trait. Our results suggest the occurrence of an enzymatic process, maybe a lipase, involved in
the esterification of xanthophylls during the storage of these flours. The enzyme showed a preferential
action for esterification of the hydroxyl group at position 3′ in the ε-ring of the lutein molecule with
linoleic acid. We hypothesize that this process could be different to the one described in intact grains in
which the responsible enzymes (XAT: xanthophyll acyltransferase) showed a preferential acylation for
the β-ring and a higher selectivity for palmitic acid, and therefore further research needs to be carried
out to contrast this hypothesis. In any case, the increase in esterified xanthophylls eventually derived in
a higher stability and retention capacity for total carotenoids in both cereal flours. This study provides
valuable information to inform the optimization of storage conditions for flours of durum wheat and
the novel hybrid cereal tritordeum with the aim of preserving their phytochemicals. This information
could also be used in crop biofortification programs for the selection of cereal varieties, such as
tritordeum, with an enhanced content of esterified xanthophylls.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/6/12/111/s1,
Figure S1: HPLC chromatograms obtained during long-term storage (12 months) at five different temperatures
(−32, 6, 20, 37 and 50 ◦C) of durum wheat (Don Pedro) and tritordeum (HT621) whole-grain flours, Table S1:
Evolution of the carotenoid composition (μg/g dry weight) during long-term storage (12 months) of durum wheat
(Don Pedro variety) whole-grain flours, Table S2: Evolution of the carotenoid composition (μg/g dry weight)
during long-term storage (12 months) of tritordeum (HT621 advanced line) whole-grain flours.
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Abstract: Bread is one of the oldest foods known throughout history and even though it is one of the
principal types of staple around the world, it usually lacks enough nutrients, including protein and
fiber. As such, fortification is one of the best solutions to overcome this problem. Thus, the objective
this study was to examine the effect of three levels of distillers dried grains with solubles (DDGS)
(0%, 10% and 20%) in conjunction with three levels of SSL (sodium stearoyl lactate) (0%, 2% and
5%) on physical and chemical properties of Barbari bread (traditional Iranian bread). To the best
of our knowledge, this is the first study to evaluate DDGS and Sodium Stearoyl-2-Lactilate (SSL),
as sources of fortification in Barbari bread. The results showed that incorporation of 20% of DDGS
and 0% SSL caused a significant increase in the amount of fiber and protein. As for the physical
attributes, using higher amount of DDGS caused a darker color, and as for the texture parameters,
the highest firmness was measured when 10% DDGS and 5% of SSL were used. Different Mixolab
and Rapid Visco Analyzer (RVA) parameters also were measured with varying results. The findings
of this study show that DDGS can be a valuable source of fiber and protein, which can be used as
a cost effective source to fortify cereal-based products.

Keywords: distillers dried grains with solubles; fortification; sodium stearoyl sactate

1. Introduction

Cereals are the edible seeds or grains of the grass family, Gramineae. Because cereals are
inexpensive and readily available, humans in almost every country have used them as major food
staples for centuries. Cereals and cereal products are an important source of energy, protein and
fiber [1]. Wheat is the most important cereal, and is commonly consumed worldwide. Historians do
not know exactly where wheat was first cultivated, but sources point to either Syria-Palestine or
southern parts of Anatolia. Wheat cultivation spread from Palestine to Egypt and then from northern
Mesopotamia to Persia, where bread was first developed. From there, the growth of wheat and
bread spread in all directions [2]. Although whole wheat as a food component has high nutritional
value, a considerable proportion of the grain’s nutrients are lost during the milling processes. Thus,
the importance of adding value to those products made with all-purpose flour or other wheat flours
increases. Since bread is the most consumed cereal product, fortification can help combat problems
such as malnutrition.

One way of fortifying cereal products, especially breads, may be through the use of distillers dried
grains. Distillers dried grains with solubles (DDGS) is a co-product resulting from the fermentation of
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cereal grains, mostly corn, for the production of ethanol. As a result of increase in ethanol production,
there is an increase supply of DDGS as well [3]. America’s corn farmers have improved their cultivation
techniques significantly and increased their yield potential. In 1935, 82 million acres of corn were
harvested in United States (U.S.) with an average yield of 24.2 bushels per acre; by 1950, the yield
increased to 38.2 bushels per acre. Then in 1956, the problem with farms was the abundance of
corn. Corn production continued increasing so that the yield was 149 bushels per acre by 2006.
The increase in corn encouraged cattle feeding in the U.S, and with the growth of the ethanol industry,
the demand for corn has improved [4]. Furthermore, researchers have identified the potential value of
DDGS as a source of protein, which often ranges from 27% to 35%, fiber, minerals and vitamins [5].
As a result, scientists and engineers have been trying to find different ways of using DDGS in human
foods, rather than solely as livestock feed. Researchers have explored incorporating DDGS in food
products, especially cereal-based products. For instance, in a study done by Wu et al. [6], spaghetti was
supplemented with corn distillers dried grains. Additionally, Finley and Hanamoto [7] used brewer’s
spent grain in bread, while Tsen et al. [8,9] used DDG flour in the production of bread and cookies
and then evaluated the physical and chemical properties of final products. Corn distiller’s grains have
also been used in spaghetti [8]. Furthermore, the effect of DDGS on quality of cornbread has been
investigated by Liu and colleagues [10].

Sodium Stearoyl-2-Lactilate (SSL) is an anionic emulsifier which is effective in increasing dough
strength. Emulsifiers are mostly used in the baking industry to enhance baking quality. They can
prevent mechanical damage to fermented dough, increase shelf life and improve the texture of baked
products [11]. Hydrocolloids are often used in bread to improve the volume and texture, extend shelf
life, and make softer bread crumbs [12]. SSL can function through interactions with flour protein which
will improve the viscoelasticity of the dough [11]. Other protein-reactive softeners, such as DATEM
(diacetyl tartaric ester of monoglycerides), can increase the strength of gluten protein matrix which
will, in turn, improve loaf volume and tighten crumb structure [13].

Flat breads have a very short shelf life, usually a few hours. Because of that, many studies have
been done to increase the shelf life of flat breads. For example, in a study by Qarooni [2], the anti-staling
effect of ingredients such as shortening on Barbari bread’s quality was investigated. The results from
that study showed that adding 0.5% SSL and 0.3% shortening made the bread edible for up to 36 h,
instead of the normal 16 h. Different Middle Eastern breads are made with various types of flours.
For example, round shaped Baladi and Aish Meharha from Egypt and Bazlama, Pide and Yufca from
Turkey are mainly made with wheat flour. Morocco has pan fried bread made with semolina flour.
Afghanistan and Tajikistan have Bolani bread, which is flat bread stuffed with different vegetables.
Although these breads are mainly made with wheat and other types of flours, each of them has its
own physical and chemical characteristics. However, they may have deficiencies in certain nutrient
components that can be remedied through fortification.

Among Middle Easterners, Iranians consume four major types of breads: Barbari, Lavash,
Sangak and Taftoon, with Barbari being the most popular. On average, Barbari crust has a thickness
of 1–2 mm, length of 67–75 cm, and width of 13.5–20 cm. Traditionally, this bread is made with
all-purpose flour and the final product contains about 11% protein, 10% fiber and 0.5% fat. Barbari is
thick and oval shaped, and is often topped with poppy seeds. The golden color of this bread comes
from Romal, a mixture made from flour, baking soda, and boiling water which is brushed on the dough
before baking. Barbari has a special aroma and its taste depends on the amount of sour dough and
baking time.

In this study, three levels of DDGS (0%, 10% and 20%) and three levels of SSL (0%, 2% and
5%) were used for substitution of wheat flour in Barbari bread. The objectives of this study were to
understand (1) the impact of substitution of three levels of DDGS and SSL on the physical and chemical
attributes of final bread products, and (2) to study the changes in the physical properties of the dough
with different levels of substitutions of DDGS and SSL.
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2. Materials and Methods

2.1. Experimental Design

Distillers dried grains with solubles (DDGS) was obtained from a commercial fuel ethanol plant
in South Dakota. All-purpose wheat flour and other ingredients were purchased from local markets.
A control sample of Barbari bread was baked at 550 ◦C for 10 min. To fortify this bread three levels
of DDGS substitution (0%, 10% and 20%) and three levels of SSL substitution (0%, 2% and 5%) were
used, producing a two-factor design each with three levels, having a full factorial design. Two loaves
of breads for each level of substitution were baked. All properties of each of these loaves were
analyzed using three replications; thus, n = 6 measurements for each property, and for each treatment
combination. In total, 54 samples were analyzed. Table 1 shows the amount of all-purpose flour, DDGS
and SSL to be used in samples.

Table 1. Experimental design 1.

Treatment Wheat 2 (%) DDGS 3 (%) SSL 4 (%)

0 (Control) 100 0 0

1 98 0 2
2 95 0 5
3 90 10 0
4 88 10 2
5 85 10 5
6 80 20 0
7 78 20 2
8 75 20 5

1 Each treatment was replicated twice. 2 From market source, Hy-Vee bleached all-purpose flour. 3 DDGS is distillers
dried grains with solubles, obtained from a commercial fuel ethanol plant. 4 SSL is sodium stearoyl-2-lactate.

2.2. Preparation

For the sour dough, 1 g of salt, 9 g of active dry yeast (Red Star Active Dry Yeast, purchased from
local market), 400 g of flour (Gold Medal All-purpose Flour, purchased from local market) with 650 g
of water were used and only 35 g of sour dough was used for each batch. Romal topping for the bread
required 4.2 g of flour, 4.2 g of baking soda and 85 g of water.

For the control, bread was made with only wheat flour, 880 g of all-purpose flour (Gold Medal
All-purpose Flour) was used; the rest of the ingredients were 4.2 g of sugar, 4.2 g of salt, and 689.76 g
of water. For the other breads, the same ingredients were used, varying only the amount of flour.

2.3. Bread Production

Sour dough was prepared 18 h before bread preparation during which, the sour dough was
covered and left at room temperature. In terms of bread preparation, first the yeast was dissolved in
warm water and then sugar was added and put aside for 10 min. This was then mixed with salt and
water and then flour was gradually added and sour dough from the previous day was added as well.
The mixture was mixed until the dough was no longer sticky. The next step was proofing, where the
dough was placed in a proofing chamber for an hour and half for further activity of the yeast. Then,
400 g of dough was weighed and kneaded to form a 20 inch (50.8 cm) by 20 inch (50.8 cm) square,
using a square frame to assure consistency in dimension of all breads. The thickness of the dough was
measured in three different areas at the edges, then the Romal was made and brushed on top of dough.
The dough was put aside for 10 min. Next, bread was baked at 500 ◦C for 10 min on a pizza stone
(14 inch by 16 inch) to make baking condition close to that of the traditional ovens used for Barbari
in Iran.
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The other breads were made the same way except for the amount of flour, DDGS and SSL which
were incorporated accordingly in each bread sample (Table 1). In the breads other than control,
the same procedure was used but with different proportions of all-purpose flour. The mixing time and
other details of preparation were the same for control and all other breads.

2.4. Physical and Chemical Properties

A texture analyzer was used to study the firmness and extensibility of the bread samples using
two different probes: SMS/Chen-Hoseney Dough stickiness RIG and Pizza Tensile RIG, (TX.XT-plus,
Texture Technologies Corp., Scarsdale, NY, USA). For measurement of each of these variables,
duplications were done for each loaf (n = 2), for a total of four samples for each type of bread,
or 24 samples. The thickness at the edges and the center of the bread was measured using Vernier
calipers (Digimatic Calipers w/Absolute Encoders, Series 500, Mitutoyo Corporation, Kawasaki,
Kanagawa, Japan). For the center, because of the bubbles which were formed in the middle of breads,
the thickness was measured three times. After that, breads were grinded and moisture content as
well as water activity were determined. In order to determine the water activity, water activity meter
for food quality was used (Aqua lab CX-2, Decagon Devices, Inc., Pullman, WA, USA). Color was
measured by spectrophotometer (Minolta CM-508d, Ramsey, NJ, USA) in which L* is the measure of
lightness, a* is the measure of greenness to redness, and b* is the measure of blueness to yellowness.
The color was determined for the baked products just like it was done for the dough, and L*, a* and b*
were measured to get the color values.

Protein content was measured using the American Association of Cereal Chemistry (AACC) method
for combustion—AACC approved method 46-0 [14] with a CE Elantech instrument (Flash EA 1112,
ThermoFinnigan Italia S.p.A., Rodano (MI) Italy). In this method, the amount of nitrogen which
was determined by the machine was converted into protein using a conversion factor of 5.7. For the
determination of neutral detergent fiber (NDF), AACC approved method 30-25 (2010) was used. Fat content
was determined using AOAC method 920.39 (2003) with an automated extractor Soxhlet using petroleum
ether (CH-9230, Buchi Laborotechnik AG, Flawil, Switzerland). Moisture content was determined
using the AACC approved method 44-19 [15] convection oven drying at 135◦C (Model Labline, Inc.
Chicago, IL, USA).

The rheological properties of the dough were determined using a Mixolab (Tripette and Renaud
Chopin, Villeneuve La Garenne cedex, France) and Rapid Visco Analyzer (RVA) (Newport Scientific Pty.
Ltd., Warriewood, Australia). For the Mixolab, the minimum torque (C2), peak torque (C3), cooking
stability (C4), set back (C5) and the α, β, and γ were evaluated. As for the RVA, peak viscosity, temperature
at peak viscosity, time to peak viscosity, and breakdown were measured.

2.5. Data Analysis

All collected data were analyzed with Microsoft Excel v.2007 and SAS v.9.0 software (SAS Institute,
Cary, NC, USA) using a Type I error rate (α) of 0.05, by analysis of variance (ANOVA) to identify
significant differences among treatments. Post-hoc Fisher’s Least Significant Differences LSD tests
were used to determine where the differences occurred.

3. Results and Discussion

The results for each measurement are summarized in following tables: Table 2 shows the effect of
adding DDGS or SSL on chemical properties of final breads; Table 3 shows the effect of adding both
DDGS and SSL on chemical properties of final breads; Table 4 shows the main effect of adding DDGS
or SSL on physical properties of final breads; and Table 5 describes the effect of adding both DDGS and
SSL on physical attributes of final breads. The results from treatment effects on Mixolab and RVA are
shown in Tables 6–10, respectively. Tables 11 and 12 show the results for the main effect and treatment
effect of DDGS and SSL on bread quality, respectively.
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Table 2. Main effects on chemical properties of baked breads 1.

Effect (% Substitution)
Protein (% db) 2 Fiber (%

db)
Fat (% db) Moisture

Mean SD 3 Mean SD Mean SD Mean SD

DDGS (%)
0 11.10 a 0.23 0.45 c 0.37 1.22 c 0.84 0.43 ab 0.03
10 12.48 b 0.15 2.05 b 0.37 1.75 b 1.09 0.40 b 0.35
20 13.66 c 0.10 3.71 a 0.42 2.4 a 1.12 0.38 a 0.57

SSL (%)
0 12.51 a 1.17 2.42 a 1.44 0.86 c 0.40 0.44 a 0.04
2 12.49 a 1.04 2.04 b 1.59 1.49 b 0.59 0.42 a 0.06
5 12.24 b 1.21 1.75 b 1.38 3.07 a 0.68 0.42 a 0.04

1 Different letters for a given dependent variable denote significant differences (α = 0.05) across treatment conditions
for that independent variable. 2 All properties are reported as % dry basis (db). 3 SD is standard deviation.

Table 3. Treatment effects on chemical properties of baked breads 1.

DDGS (%) SSL (%)
Protein (% db) 2 Fiber (% db) Fat (% db) Moisture (% db)

Mean SD 3 Mean SD Mean SD Mean SD

0 0 11.17 d 0.04 0.90 d 0.04 0.50 f 0.00 0.45 a 0.02
0 2 11.29 d 0.24 0.28 e 0.25 0.87 e 0.03 0.43 ab 0.03
0 5 10.86 e 0.12 0.17 e 0.05 2.29 c 0.10 0.40 ab 0.01

10 0 12.58 b 0.05 2.26 c 0.36 0.73 ef 0.05 0.41 ab 0.00
10 2 12.58 b 0.01 2.02 c 0.05 1.43 d 0.01 0.38 b 0.01
10 5 12.29 c 0.07 1.88 c 0.64 3.11 b 0.06 0.41 ab 0.07
20 0 13.79 a 0.05 4.09 a 0.21 1.35 d 0.20 0.47 a 0.05
20 2 13.62 a 0.02 3.84 a 0.00 2.19 c 0.13 0.46 a 0.08
20 5 13.57 a 0.056 3.20 b 0.07 3.82 a 0.15 0.46 a 0.03

1 Different letters for a given dependent variable denote significant differences (α = 0.05) across treatment conditions
for that independent variable. 2 All properties are reported as % dry basis. 3 SD is standard deviation.

57



Foods 2018, 7, 31

T
a

b
le

4
.

M
ai

n
ef

fe
ct

s
on

ph
ys

ic
al

pr
op

er
ti

es
of

ba
ke

d
br

ea
ds

1 .

E
ff

e
ct

(%
S

u
b

st
it

u
ti

o
n

)
F

ir
m

n
e

ss
(N

)
2

E
x

te
n

si
b

il
it

y
(N

)
2

T
h

ic
k

n
e

ss
(m

m
)

a
w

L*
a*

b*

M
e

a
n

S
D

3
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D

D
D

G
S

(%
)

0
31

.2
8

b
8.

98
19

.0
6

a
8.

08
13

.9
7

b
3.

24
0.

93
a

0.
01

61
.6

b
5.

88
9.

78
a

3.
32

20
.0

2
a

4.
67

10
42

.6
2

a
8.

13
13

.1
5

b
6.

14
14

.8
0

ab
1.

01
0.

88
a

0.
16

72
.9

4
a

2.
68

10
.2

2
a

2.
79

22
.8

6
a

2.
15

20
39

.1
0

a
5.

41
10

.4
1

b
2.

99
16

.0
6

a
1.

84
0.

94
a

0.
00

71
.0

3
a

4.
01

9.
74

a
1.

57
23

.6
7

a
1.

84

SS
L

(%
)

0
33

.5
7

b
10

.9
1

17
.6

5
a

4.
60

13
.3

2
b

2.
86

0.
94

a
0.

01
69

.5
1

a
4.

77
11

.0
1

a
2.

55
23

.2
7

a
1.

71
2

38
.8

5
ab

5.
12

15
.5

5
a

9.
32

15
.6

7
a

1.
46

0.
89

a
0.

17
67

.9
5

a
9.

39
8.

63
a

2.
35

20
.6

0
a

4.
85

5
40

.5
7

a
8.

68
9.

42
b

2.
56

15
.8

5
a

1.
64

0.
93

a
0.

01
3

68
.1

3
a

5.
78

10
.1

1
a

2.
43

22
.6

8
a

2.
73

1
D

iff
er

en
tl

et
te

rs
fo

r
a

gi
ve

n
de

pe
nd

en
tv

ar
ia

bl
e

de
no

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(α
=

0.
05

)a
cr

os
s

tr
ea

tm
en

tc
on

di
tio

ns
fo

r
th

at
in

de
pe

nd
en

tv
ar

ia
bl

e.
2

Th
e

fo
rc

e
w

as
m

ea
su

re
d

ov
er

tim
e

fo
r

fir
m

ne
ss

,a
nd

ov
er

tr
av

el
di

st
an

ce
fo

r
ex

te
ns

ib
ili

ty
.3

SD
is

st
an

da
rd

de
vi

at
io

n.
a w

is
w

at
er

ac
tiv

ity
;L

*
is

th
e

m
ea

su
re

of
lig

ht
ne

ss
;a

*
is

th
e

m
ea

su
re

of
gr

ee
nn

es
s

to
re

dn
es

s;
an

d
b*

is
th

e
m

ea
su

re
of

bl
ue

ne
ss

to
ye

llo
w

ne
ss

.

T
a

b
le

5
.

Tr
ea

tm
en

te
ff

ec
ts

on
ph

ys
ic

al
pr

op
er

ti
es

of
ba

ke
d

br
ea

ds
1 .

D
D

G
S

(%
)

S
S

L
(%

)

F
ir

m
n

e
ss

(N
)

2
E

x
te

n
si

b
il

it
y

(N
)

2
T

h
ic

k
n

e
ss

(m
m

)
a

w
L*

a*
b*

M
e
a
n

S
D

3
M

e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

0
0

20
.9

5
d

5.
83

18
.5

3
b

5.
28

9.
70

d
0.

97
0.

94
a

0.
00

65
.1

4
cb

6.
56

13
.5

4
a

2.
02

25
.1

3
a

1.
27

0
2

38
.7

5
bc

5.
13

27
.0

5
a

7.
03

15
.7

2
ab

c
0.

69
0.

94
a

0.
00

55
.9

7
d

2.
34

6.
70

b
1.

71
14

.9
9

c
2.

19
0

5
34

.1
5

c
2.

83
11

.5
9

cd
1.

49
16

.4
9

ab
0.

56
0.

92
b

0.
00

63
.7

4
cd

5.
21

9.
11

ab
0.

28
19

.9
5

b
0.

11
10

0
42

.3
6

bc
4.

50
21

.0
5

b
2.

71
14

.7
2

bc
0.

98
0.

93
a

0.
00

70
.9

7
ab

c
3.

33
11

.2
4

ab
0.

26
23

.0
2

ab
0.

85
10

2
35

.1
9

bc
3.

89
9.

18
cd

1.
51

0.
38

c
0.

01
0.

92
b

1.
30

74
.6

2
a

1.
44

8.
98

ab
3.

18
22

.2
1

ab
2.

98
10

5
50

.3
3

a
7.

34
9.

23
cd

1.
97

15
.2

4
ab

c
0.

79
0.

93
a

0.
02

73
.2

3
ab

3.
04

10
.4

5
ab

4.
85

23
.3

5
ab

3.
50

20
0

37
.4

2
bc

6.
85

13
.3

8
c

1.
25

15
.5

5
ab

c
1.

22
0.

95
a

0.
00

72
.4

1
ab

c
0.

75
8.

25
b

0.
67

21
.6

8
ab

0.
57

20
2

42
.6

3
b

4.
20

10
.4

3
cd

1.
23

16
.8

3
a

1.
36

0.
93

a
0.

00
73

.2
8

ab
1.

01
10

.2
1

ab
1.

41
24

.6
1

a
1.

95
20

5
37

.2
4

bc
4.

21
7.

44
d

2.
51

15
.8

0
ab

c
2.

81
0.

94
a

0.
00

67
.4

1
ab

c
6.

24
10

.7
6

ab
1.

73
24

.7
3

a
0.

94
1

D
iff

er
en

tl
et

te
rs

fo
r

a
gi

ve
n

de
pe

nd
en

tv
ar

ia
bl

e
de

no
te

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
(α

=
0.

05
)a

cr
os

s
tr

ea
tm

en
tc

on
di

tio
ns

fo
r

th
at

in
de

pe
nd

en
tv

ar
ia

bl
e.

2
Th

e
fo

rc
e

w
as

m
ea

su
re

d
ov

er
tim

e
fo

r
fir

m
ne

ss
an

d
ov

er
tr

av
el

di
st

an
ce

fo
r

ex
te

ns
ib

ili
ty

.3
SD

is
st

an
da

rd
de

vi
at

io
n.

a w
is

w
at

er
ac

ti
vi

ty
;L

*
is

th
e

m
ea

su
re

of
lig

ht
ne

ss
;a

*
is

th
e

m
ea

su
re

of
gr

ee
nn

es
s

to
re

dn
es

s;
an

d
b*

is
th

e
m

ea
su

re
of

bl
ue

ne
ss

to
ye

llo
w

ne
ss

.

58



Foods 2018, 7, 31

T
a

b
le

6
.

M
ai

n
ef

fe
ct

of
D

D
G

S
on

M
ix

ol
ab

op
er

at
io

na
lp

ar
am

et
er

s
1 .

E
ff

e
ct

(%
S

u
b

st
it

u
ti

o
n

)

C
1

T
im

e
(m

in
)

C
1

T
o

rq
u

e
(N

m
)

C
2

T
o

rq
u

e
(N

m
)

C
3

T
o

rq
u

e
(N

m
)

C
4

T
o

rq
u

e
(N

m
)

C
5

T
o

rq
u

e
(N

m
)

α
4

(N
-m

/m
in

)
β

4

(N
-m

/m
in

)
γ

4

(N
-m

/m
in

)
W

a
te

r
A

b
s

3
(%

)
S

ta
b

il
it

y
(s

)

M
e

a
n

S
D

2
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D

0
2.

15
a

2.
23

1.
09

b
0.

03
0.

37
a

0.
06

1.
49

a
0.

52
1.

66
a

0.
35

2.
34

a
0.

49
−0

.0
5

a
0.

03
0.

31
ab

0.
26

−0
.0

1
a

0.
08

53
.3

6
a

2.
88

7.
60

a
4.

12
10

2.
47

a
2.

29
1.

12
ab

0.
03

0.
36

a
0.

05
1.

16
a

0.
46

1.
29

a
0.

75
2.

23
a

0.
95

−0
.0

6
a

0.
03

0.
37

a
0.

31
−0

.0
1

a
0.

06
53

.1
3

a
2.

05
5.

77
a

3.
90

20
3.

90
a

3.
48

1.
16

a
0.

07
0.

39
a

0.
06

0.
69

b
0.

15
1.

01
a

0.
67

2.
20

a
0.

94
−0

.0
7

a
0.

03
0.

09
3

b
0.

03
4

0.
02

a
0.

02
52

.0
8

a
2.

12
5.

80
a

3.
70

1
D

iff
er

en
tl

et
te

rs
fo

r
a

gi
ve

n
de

pe
nd

en
tv

ar
ia

bl
e

de
no

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(α
=

0.
05

)a
cr

os
s

tr
ea

tm
en

tc
on

di
tio

ns
fo

r
th

at
in

de
pe

nd
en

tv
ar

ia
bl

e.
2

SD
is

st
an

da
rd

de
vi

at
io

n.
3

A
bs

is
ab

so
rp

ti
on

.4
α

sh
ow

s
pr

ot
ei

n
br

ea
kd

ow
n,

β
sh

ow
s

ge
la

ti
ni

za
ti

on
an

d
γ

sh
ow

s
co

ok
in

g
st

ab
ili

ty
ra

te
.

T
a

b
le

7
.

M
ai

n
ef

fe
ct

of
SS

L
on

M
ix

ol
ab

op
er

at
io

na
lp

ar
am

et
er

s
1 .

E
ff

e
ct

(%
S

u
b

st
it

u
ti

o
n

)

C
1

T
im

e
(M

in
)

C
1

T
o

rq
u

e
(N

m
)

C
2

T
o

rq
u

e
(N

m
)

C
3

T
o

rq
u

e
(N

m
)

C
4

T
o

rq
u

e
(N

m
)

C
5

T
o

rq
u

e
(N

m
)

α
4

(N
-m

/m
in

)
β

4

(N
-m

/m
in

)
γ

4
(N

-m
/m

in
)

W
a

te
r

A
b

s
3

(%
)

S
ta

b
il

it
y

(s
)

M
e

a
n

S
D

2
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D

0
4.

33
a

2.
34

1.
13

a
0.

08
0.

35
b

0.
03

1.
31

a
0.

54
1.

52
a

0.
11

2.
27

a
0.

30
−0

.0
8

b
0.

04
0.

33
a

0.
20

0.
00

a
0.

04
53

.1
3

a
2.

41
10

.2
2

a
1.

11
2

3.
17

ab
3.

48
1.

11
a

0.
05

0.
42

ab
0.

05
1.

20
ab

0.
52

1.
51

a
0.

54
2.

61
a

0.
43

−0
.0

6
ab

0.
02

0.
37

a
0.

32
0.

00
a

0.
06

53
.4

5
a

2.
71

5.
74

b
3.

49
5

1.
02

b
0.

14
1.

13
a

0.
03

0.
35

a
0.

06
0.

83
b

0.
41

0.
93

a
0.

90
1.

89
a

1.
20

−0
.0

4
a

0.
02

0.
07

b
0.

07
0.

00
a

0.
08

52
.0

0
a

1.
89

3.
20

b
2.

20

1
D

iff
er

en
tl

et
te

rs
fo

r
a

gi
ve

n
de

pe
nd

en
tv

ar
ia

bl
e

de
no

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(α
=

0.
05

)a
cr

os
s

tr
ea

tm
en

tc
on

di
tio

ns
fo

r
th

at
in

de
pe

nd
en

tv
ar

ia
bl

e.
2

SD
is

st
an

da
rd

de
vi

at
io

n.
3

A
bs

is
ab

so
rp

ti
on

.4
α

sh
ow

s
pr

ot
ei

n
br

ea
kd

ow
n,

β
sh

ow
s

ge
la

ti
ni

za
ti

on
an

d
γ

sh
ow

s
co

ok
in

g
st

ab
ili

ty
ra

te
.

T
a

b
le

8
.

Tr
ea

tm
en

te
ff

ec
ts

on
M

ix
ol

ab
op

er
at

io
na

lp
ar

am
et

er
s

1 .

D
D

G
S

(%
)

S
S

L
(%

)

C
1

T
im

e
(M

in
)

C
1

T
o

rq
u

e
(N

m
)

C
2

T
o

rq
u

e
(N

m
)

C
3

T
o

rq
u

e
(N

m
)

C
4

T
o

rq
u

e
(N

m
)

C
5

T
o

rq
u

e
(N

m
)

α
3

(N
-m

/m
in

)
β

3

(N
-m

/m
in

)
γ

3

(N
-m

/m
in

)
W

a
te

r
A

b
s

3
(%

)
S

ta
b

il
it

y
(s

)

M
e

a
n

S
D

2
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D

0
0

1.
43

ab
0.

12
1.

08
a

0.
00

0.
37

ab
0.

04
1.

73
a

0.
14

1.
44

bc
0.

09
2.

00
ab

0.
13

−0
.0

4
ab

c
0.

04
0.

50
ab

0.
01

−0
.0

5
bc

0.
01

50
.7

5
b

2.
05

10
.5

5
a

1.
45

0
2

3.
99

ab
3.

83
1.

06
a

0.
01

0.
37

ab
0.

05
1.

71
a

0.
13

1.
44

bc
0.

16
2.

13
ab

0.
36

−0
.0

8
ab

c
0.

03
0.

47
ab

c
0.

04
−0

.0
5

bc
0.

07
56

.0
5

a
1.

48
9.

81
a

0.
04

0
5

1.
05

ab
0.

02
1.

14
a

0.
02

0.
37

ab
0.

13
1.

04
ab

c
0.

86
2.

10
a

0.
05

2.
91

ab
0.

33
−0

.0
3

ab
0.

01
−0

.0
2

d
0.

01
0.

06
a

0.
08

53
.3

0
ab

2.
68

2.
46

b
1.

75
10

0
5.

42
ab

0.
43

1.
12

a
0.

03
0.

33
b

0.
02

1.
59

ab
0.

15
1.

53
ab

c
0.

14
2.

35
ab

0.
39

−0
.1

0
bc

0.
02

0.
42

ab
c

0.
06

−0
.0

1
ab

c
0.

00
54

.6
5

ab
2.

33
10

.2
1

a
1.

18
10

2
0.

93
b

0.
02

1.
11

a
0.

00
0.

43
ab

0.
03

1.
14

ab
c

0.
59

1.
99

ab
0.

16
3.

01
a

0.
12

−0
.0

4
ab

0.
01

0.
57

a
0.

51
0.

04
a

0.
00

52
.7

5
ab

2.
47

3.
70

b
2.

44
10

5
1.

07
ab

0.
21

1.
12

a
0.

05
0.

32
b

0.
02

0.
76

bc
0.

02
0.

37
d

0.
00

1.
34

b
1.

25
−0

.0
4

ab
0.

04
0.

12
bc

d
0.

01
−0

.0
8

c
0.

05
52

.0
0

ab
1.

41
3.

40
b

3.
08

20
0

6.
15

a
1.

24
1.

18
a

0.
16

0.
34

ab
0.

00
0.

62
c

0.
09

1.
60

ab
c

0.
09

2.
46

ab
0.

26
−0

.1
1

c
0.

04
0.

07
cd

0.
01

0.
05

a
0.

00
54

.0
0

ab
1.

41
9.

92
a

1.
52

20
2

4.
59

ab
5.

55
1.

17
a

0.
04

0.
46

a
0.

04
0.

76
c

0.
30

1.
10

c
0.

78
2.

70
ab

0.
04

−0
.0

6
ab

c
0.

00
0.

09
cd

0.
06

0.
02

ab
0.

03
51

.5
5

ab
2.

61
3.

73
b

2.
33

20
5

0.
96

b
0.

19
1.

14
a

0.
00

0.
37

ab
0.

00
0.

69
c

0.
06

0.
33

d
0.

09
1.

44
ab

1.
59

−0
.0

3
a

0.
00

0.
11

bc
d

0.
00

0.
00

ab
c

0.
01

50
.7

b
1.

41
3.

75
b

3.
13

1
D

if
fe

re
nt

le
tt

er
s

fo
r

a
gi

ve
n

d
ep

en
d

en
tv

ar
ia

bl
e

d
en

ot
e

si
gn

ifi
ca

nt
d

if
fe

re
nc

es
(α

=
0.

05
)a

cr
os

s
al

lt
re

at
m

en
tc

on
d

it
io

ns
.2

SD
is

st
an

d
ar

d
d

ev
ia

ti
on

.3
α

sh
ow

s
p

ro
te

in
br

ea
kd

ow
n,

β
sh

ow
s

ge
la

ti
ni

za
ti

on
an

d
γ

sh
ow

s
co

ok
in

g
st

ab
ili

ty
ra

te
,A

bs
is

A
bs

or
pt

io
n.

59



Foods 2018, 7, 31

T
a

b
le

9
.

M
ai

n
ef

fe
ct

s
on

RV
A

op
er

at
io

na
lp

ar
am

et
er

s
1 .

E
ff

e
ct

s
(%

S
u

b
st

it
u

ti
o

n
)

P
e
a
k

1
(c

P
)

T
ro

u
g

h
1

(N
m

)
B

re
a
k

D
o

w
n

F
in

a
l

V
is

c
3

(c
P

)
S

e
tb

a
ck

(c
P

)
P

e
a
k

T
im

e
(m

in
)

P
a
st

in
g

T
e
m

p
(◦

C
)

M
e
a
n

S
D

2
M

e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

D
D

G
S

(%
)

0
15

32
.0

a
30

9.
27

83
9.

33
a

36
0.

90
69

2.
66

a
91

.4
1

32
43

.8
3

a
19

68
.3

8
24

04
.5

0
a

16
48

.2
6

5.
93

a
0.

56
86

.1
3

a
10

.1
8

10
12

08
.1

7
b

13
3.

12
61

3.
33

b
18

1.
97

59
4.

83
b

56
.7

9
21

52
.5

0
b

95
9.

03
15

39
.1

7
b

78
5.

28
5.

53
b

0.
29

85
.2

1
a

8.
59

20
10

17
.5

0
b

72
.7

0
54

8.
83

b
23

.4
9

46
8.

66
c

65
.9

1
15

61
.0

0
b

32
2.

52
10

12
.1

7
b

31
7.

90
5.

33
b

0.
04

88
.3

6
a

1.
77

SS
L

(%
)

0
11

21
.6

7
b

71
.4

8
47

4.
33

b
59

.5
3

64
7.

33
a

98
.9

8
99

3.
50

b
25

0.
70

51
9.

16
b

23
3.

97
5.

25
b

0.
05

79
.1

5
b

8.
99

2
12

33
.3

3
ab

22
1.

02
66

1.
33

ab
16

3.
97

57
2.

00
b

10
6.

28
26

76
.5

0
a

10
89

.2
7

20
15

.1
7

a
93

5.
38

5.
65

a
0.

35
89

.3
0

a
0.

75
5

14
02

.6
7

a
42

3.
11

86
5.

83
a

31
1.

94
53

6.
83

b
13

2.
10

32
87

.3
3

a
14

18
.1

4
24

21
.5

0
a

11
32

.2
9

5.
88

a
0.

51
91

.2
5

a
2.

02
1

D
iff

er
en

tl
et

te
rs

fo
r

a
gi

ve
n

de
pe

nd
en

tv
ar

ia
bl

e
de

no
te

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
(α

=
0.

05
)a

cr
os

s
tr

ea
tm

en
tc

on
di

tio
ns

fo
r

th
at

in
de

pe
nd

en
tv

ar
ia

bl
e.

2
SD

is
st

an
da

rd
de

vi
at

io
n.

3
V

is
c

is
vi

sc
os

it
y.

RV
A

is
R

ap
id

V
is

co
A

na
ly

ze
r.

T
a

b
le

1
0

.
Tr

ea
tm

en
te

ff
ec

ts
on

RV
A

op
er

at
io

na
lp

ar
am

et
er

s
1 .

D
D

G
S

(%
)

S
S

L
(%

)
P

e
a
k

1
(c

P
)

T
ro

u
g

h
1

(N
m

)
B

re
a
k

D
o

w
n

F
in

a
l

V
is

c
3

(c
P

)
S

e
tb

a
ck

(c
P

)
P

e
a
k

T
im

e
(m

in
)

P
a
st

in
g

T
e
m

p
(◦

C
)

M
e
a
n

S
D

2
M

e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

M
e
a
n

S
D

0
0

12
05

.5
0

d
16

.2
6

45
5.

50
c

0.
70

75
0.

00
a

15
.5

5
80

2.
50

f
42

7.
79

34
7.

00
e

42
8.

50
5.

26
e

0.
00

75
.0

0
b

11
.3

1
0

2
15

01
.5

0
b

28
.9

9
84

2.
00

b
17

1.
11

65
9.

50
ab

14
2.

12
39

65
.0

0
b

48
6.

48
31

23
.0

0
a

31
5.

36
6.

06
b

0.
18

89
.6

5
a

0.
91

0
5

18
89

.0
0

a
84

.8
5

12
20

.5
0

a
19

1.
62

66
8.

50
ab

10
6.

77
49

64
.0

0
a

27
2.

94
37

43
.5

0
a

46
4.

56
6.

46
a

0.
28

93
.7

5
a

1.
06

10
0

10
82

.0
0

ef
32

.5
2

42
2.

00
c

19
.7

9
66

0.
00

ab
12

.7
2

10
24

.0
0

f
46

.6
6

60
2.

00
ed

26
.8

7
5.

19
e

0.
00

76
.1

2
a

10
.9

2
10

2
11

72
.0

0
ed

11
.3

1
59

5.
00

c
57

.9
8

57
7.

00
bc

46
.6

6
23

63
.0

0
d

52
3.

25
17

68
.0

0
cb

46
5.

27
5.

56
bc

0.
14

89
.5

0
a

1.
06

10
5

13
70

.5
0

c
16

.2
6

82
3.

00
b

2.
82

54
7.

50
bc

13
.4

3
30

70
.5

0
c

30
70

.5
0

22
47

.5
0

b
5.

00
5.

83
cd

37
.4

7
90

.0
2

a
0.

04

20
0

10
77

.5
0

ef
55

.8
6

54
5.

50
c

31
.8

1
53

2.
00

bc
d

24
.0

4
11

54
.0

0
ef

52
.3

2
60

8.
50

ed
20

.5
0

5.
29

ed
0.

04
86

.3
2

ab
1.

16

20
2

10
26

.5
0

fg
79

.9
0

54
7.

00
c

39
.5

9
47

9.
50

cd
40

.3
0

17
01

.5
0

ed
61

.5
1

11
54

.5
0

cd
21

.9
2

5.
33

ed
0.

00
88

.7
7

a
0.

03
20

5
94

8.
50

g
6.

36
55

4.
00

c
9.

89
39

4.
50

d
16

.2
6

18
27

.5
0

d
27

.5
7

12
73

.5
0

c
37

.4
7

5.
36

ed
0.

04
0.

04
a

0.
04

1
D

iff
er

en
tl

et
te

rs
fo

r
a

gi
ve

n
de

pe
nd

en
tv

ar
ia

bl
e

de
no

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

(α
=

0.
05

)a
cr

os
s

tr
ea

tm
en

tc
on

di
tio

ns
fo

r
th

at
in

de
pe

nd
en

tv
ar

ia
bl

e.
2

SD
is

st
an

da
rd

de
vi

at
io

n.
3

V
is

c
is

vi
sc

os
it

y.
RV

A
is

R
ap

id
V

is
co

A
na

ly
ze

r.

60



Foods 2018, 7, 31

T
a

b
le

1
1

.
M

ai
n

ef
fe

ct
s

on
qu

al
it

y
ev

al
ua

ti
on

pa
ra

m
et

er
s

1 .

E
ff

e
ct

U
n

if
o

rm
it

y
S

iz
e

T
h

ic
k

n
e

ss
S

o
ft

n
e

ss
C

o
lo

r

M
e

a
n

S
D

2
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D

D
D

G
S

(%
)

0
7.

96
b

0.
66

7.
30

a
0.

74
7.

10
a

0.
99

8.
36

a
0.

99
8.

30
a

0.
74

10
8.

60
a

0.
77

5.
66

b
1.

34
6.

23
b

1.
30

4.
86

c
1.

27
7.

70
b

0.
53

20
8.

50
a

0.
93

7.
20

a
0.

84
6.

90
a

1.
24

6.
93

b
1.

25
6.

93
c

0.
78

SS
L

(%
)

0
8.

56
a

1.
04

6.
50

b
1.

50
6.

96
a

0.
96

6.
53

b
1.

96
7.

50
a

0.
82

0
2

8.
40

ab
0.

77
7.

26
a

0.
04

6.
44

a
1.

66
6.

33
b

1.
62

7.
63

a
1.

88
5

8.
10

b
0.

60
6.

40
b

1.
10

6.
80

a
1.

39
7.

26
a

1.
91

7.
80

a
0.

55
1

D
iff

er
en

tl
et

te
rs

fo
r

a
gi

ve
n

de
pe

nd
en

tv
ar

ia
bl

e
de

no
te

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
(α

=
0.

05
)a

cr
os

s
tr

ea
tm

en
tc

on
di

ti
on

s
fo

r
th

at
in

de
pe

nd
en

tv
ar

ia
bl

e.
2

SD
is

st
an

da
rd

de
vi

at
io

n.

T
a

b
le

1
2

.
Tr

ea
tm

en
te

ff
ec

ts
on

qu
al

it
y

ev
al

ua
ti

on
pa

ra
m

et
er

s
1 .

D
D

G
S

(%
)

S
S

L
(%

)
U

n
if

o
rm

it
y

S
iz

e
T

h
ic

k
n

e
ss

S
o

ft
n

e
ss

C
o

lo
r

M
e

a
n

S
D

2
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D
M

e
a

n
S

D

0
0

7.
70

d
0.

82
7.

10
ab

0.
87

7.
00

b
0.

94
8.

50
ab

0.
89

8.
10

b
0.

73
0

0
7.

90
d

0.
56

7.
70

a
0.

82
7.

50
ab

1.
26

7.
80

bc
0.

91
8

8.
80

a
0.

78
0

0
8.

30
bc

d
0.

48
7.

10
ab

0.
31

6.
80

bc
0.

63
8.

80
a

1.
03

8.
00

bc
0.

41
10

2
9.

10
a

0.
87

4.
90

c
1.

97
7.

00
b

1.
05

4.
20

e
0.

42
7.

70
bc

0.
48

10
2

8.
60

ab
c

0.
51

6.
70

b
1.

05
6.

10
cd

0.
87

5.
40

d
1.

64
7.

50
c

0.
70

10
2

8.
10

cd
0.

56
5.

4
c

1.
17

5.
60

d
1.

57
5.

00
ed

1.
24

7.
90

bc
0.

31
20

5
8.

90
ab

0.
87

7.
50

ab
0.

84
6.

90
bc

0.
94

6.
90

c
0.

99
6.

70
d

0.
48

20
5

8.
70

ab
c

0.
94

7.
40

ab
0.

69
5.

80
d

0.
42

5.
90

d
1.

19
6.

60
d

0.
84

20
5

7.
90

d
0.

73
6.

70
b

0.
82

8.
00

a
0.

47
8.

00
ab

0.
47

7.
50

c
0.

70
1

D
iff

er
en

tl
et

te
rs

fo
r

a
gi

ve
n

de
pe

nd
en

tv
ar

ia
bl

e
de

no
te

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
(α

=
0.

05
)a

cr
os

s
tr

ea
tm

en
tc

on
di

ti
on

s
fo

r
th

at
in

de
pe

nd
en

tv
ar

ia
bl

e.
2

SD
is

st
an

da
rd

de
vi

at
io

n.

61



Foods 2018, 7, 31

3.1. Chemical Properties

3.1.1. Protein

The protein content of bread can be influenced by the Maillard reaction and also the aggregation,
which can happen due to the dehydration of the surface due to high temperature during baking.
In this study, the results from the main effect of DDGS showed that the highest content of protein was
obtained in the bread substituted with 20% DDGS, which was expected since DDGS is a rich source of
protein. As for SSL, the highest protein value was for bread with 0% SSL, while the lowest was for
the bread made with 5% SSL. Thus, in the treatment effects, the highest value for protein content was
the bread made with 0% SSL and 20% DDGS; a significant difference was observed between breads
made with this treatment and control. This result is in accordance with a study by Reddy et al. [16],
which showed that addition of DDG in the production of muffins resulted in higher protein content
compared to controls. Another study showed that the addition of DDGS to chocolate chip cookies
resulted in an increased protein content by 30% [17]. The protein content of the bread can be the
direct reflection of fermentation in dough, because fermentation is an important step for the protein
solubilization [18].

3.1.2. Fiber

As expected, the highest value of fiber was in the bread made with 20% DDGS and 0% of SSL,
with a significant difference from the control bread. Up to 5% addition of SSL reduced fiber in the bread.
DDGS is a very good source of dietary fiber, which can increase the nutritional value and rheological
properties of bread. Although fiber can increase the water absorption through hydrogen binding which
is due to the hydroxyl groups in the fiber structure, it can reduce bread volume and affect the texture as
well [19]. Since the non-enzymatic browning among peptides can produce fiber-like substances, fiber
content of Barbari can increase as a result of baking [20]. Our result is consistent with other studies
which also showed that incorporation of DDGS in other products had similar results for fiber content.
For instance, addition of corn distillers (CDS) into spaghetti resulted in enhancement of fiber content
up to 12–14% in comparison with the control sample [8]. In another study, it was shown that addition
of DDGS in chocolate chip cookies and banana bread increased the fiber content of final products [17].

3.1.3. Fat

Addition of DDGS at level of 20% resulted in the highest value of fat for the DDGS main
effect, and addition of 5% SSL resulted in the highest fat content for the SSL main effect. For the
treatment effect combinations, addition of 20% DDGS and 5% SSL, resulted in a significantly higher
value of fat content compared to the control bread. According to Rasco et al. [17], this increase
can be due to the high fat content of DDGS. Addition of SSL to the bread formulation can help in
evenly distribution of lipids, and generation of fatty acid-amylose complex which may remain in the
starch granules [21]. Similar results can be observed in other studies. For example, in a study by
Reddy et al. [16], the amount of lipid in soft wheat DDG increased up to 1.4–2.4 times when compared
to whole grain wheat prior to fermentation; however, incorporation of 10% DDG into wheat muffin
did not change the fat content significantly.

3.1.4. Moisture

In general, Barbari bread has the highest moisture content among Iranian breads [20]. However,
in this study, the highest moisture content as a main effect of SSL was found in the bread without
SSL, and for the main effect of DDGS, the highest value was for the bread made without any DDGS.
Although in a study, it was shown that addition of DDGS to baked products resulted in an increase
in the water absorption [22], in our study, no significant differences were seen between different
treatments in moisture content, as they had almost the same amount of moisture.
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3.2. Physical Properties

3.2.1. Thickness of Bread

Addition of 20% DDGS incorporated with 2% SSL resulted in the highest value of thickness, likely
due to the use of SSL in the bread. The lowest value was for control, which was significantly lower
compared to bread made with 20% DDGS and 2% SSL. Thickness can be affected by both the fiber
content and the use of hydrocolloids. Dietary fiber, in general, reduces the volume of bread. In a study
by Park et al. [23], incorporation of fiber into bread resulted in decrease of volume by 5–15% due to
the poor gas retention in bread. Also, another study showed that supplementation of 15 and 25%
DDGS reduced the average thickness of cookies [24]. On the other hand, using hydrocolloids in bread
formulation, such as SSL, can improve the formations of gluten networks and increase the volume of
the bread.

3.2.2. Texture

Texture has a direct impact on consumer acceptability and it has other effects through releasing
flavor and its influence on appearance [9]. In this study, two textural attributes of final bread samples
were measured; firmness and extensibility. The highest value of extensibility was found in bread
made with 0% and 2% SSL, and increasing the value of SSL up to 5% resulted in the lowest amount of
extensibility. Also, addition of DDGS up to 20% resulted in decreased extensibility which occurred due
to the low amount of gluten content in bread. Thus, the highest value of extensibility was measured in
the bread made with 0% DDGS and 2% SSL, and the lowest extensibility value was for the bread made
with 20% DDGS and 5% SSL which were significantly different than each other. The most important
factor which gives extensibility to bread is the gluten and SSL can help strengthen the gluten network
and retain gas which is produced by yeast in the dough [21].

One important factor which can result in an increased firmness of bread is the amount of fiber
in the flour. In one study, bread with 2% fiber-supplementation had significantly firmer crumb
compared to control bread. This was due to the thickening of walls surrounding the air bubbles in
the crumb [19]. The highest amount of firmness, for addition of DDGS was the bread made with 10%
DDGS, but it was not significantly different from the 20% DDGS. As for the addition and main effect
of SSL, the highest amount of firmness was determined in the bread made with 5% SSL. As for the
treatment effect, the treatment with 10% DDGS and 5% SSL had the highest amount of firmness and
was significantly different from the control bread. However, in a study by Marco and Rosell [25],
addition of hydroxypropyl methylcellulose (HPMC) in bread resulted in a significant decrease in crumb
hardness; but addition of protein increased the hardness. Thus, another factor, which can improve
bread firmness, is the protein content. In a study by Ahlborn et al. [26] it was shown that the force
required to compress bread was higher for the bread with protein added than standard wheat bread.
The protein in bread is gluten, which provides unique functional properties in bread and is responsible
for the protein-starch interaction, providing specific viscoelastic properties in bread dough [26]. Thus,
with the high content of fiber and protein as well as the effect of SSL on gluten formation, it can be
implied that both DDGS and SSL affected the firmness and texture of bread samples.

3.2.3. Water Activity

There were no significant differences in water activity between different treatments, but the
treatment with 20% DDGS and 0% SSL was slightly higher compared to the other treatments. In a study
by Marco and Rosell [25], addition of HPMC resulted in a significant decrease of moisture due to
hydrocolloids retaining water. Water has an important role in the production of bread; it takes part in
starch gelatinization, protein denaturation, flavor, and color development. Fiber plays a role in the
water absorption; as the amount of fiber increases, the flour-water absorption increases as well [27].
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3.2.4. Color

Color is a quality parameter which affects consumer acceptability of bread. The formation of
the golden yellow color on Barbari bread is produced because of the Romal which is brushed on the
bread. Romal is made from baking soda and wheat flour dissolved in warm water, which leads to
the formation of dextrin during baking and finally the golden color. Thus, the type of flour and the
browning reaction which are non-enzymatic reactions, play important roles. Since bread contains
both reducing sugars and amino groups, when it is heated, caramelization and Maillard reaction
may take place at the same time. One study showed that in order for browning reactions to take
place, temperature greater than 120 ◦C and water activity less than 0.6 are required [28]. In this study,
L*, a* and b* were determined for bread samples. In terms of DDGS main effect, addition of 20%
DDGS had the highest L* value which is due to the natural dark color of DDGS. For SSL main effect,
there were no significant differences between different values of SSL. Overall, bread made with 20%
DDGS and 2% SSL had the highest value of L* which was significantly different than breads made
with 0% DDGS, 2 and 5% of SSL. This was due to the incorporation of SSL in the flour matrix and
Maillard reactions during baking which contributes to the golden and brown color of breads. The a*
value was highest for the bread made with 10% DDGS, so it was more red than all others; however,
there were really no significant differences for different amounts of DDGS in formulations. As for SSL,
the highest value was for no addition of SSL. The treatment effect showed the highest value was for
the control bread, but there were no significant differences between different treatments. The highest b*
value was in the bread made with 20% DDGS and 5% SSL, which resulted in yellower bread, while the
b* value for the control bread and breads made with 20% DDGS, 2 and 5% SSL had no significant
differences. In a study by Rasco et al. [17], it was shown that 30% blends of all-purpose flour and
DDGS had a darker color, more red and more yellow than control blends. Color also can be affected
by the raw ingredients, especially flour. DDGS is an ingredient which can have a great impact on the
final product’s color. Different bakery products have been tested and made with DDGS. For example,
adding 30% DDGS to muffins made them darker in comparison to control muffins, and adding up to
20% DDGS resulted in a darker color in hush puppies [29].

3.2.5. Quality

In this study, Barbari breads were also tested for quality attributes such as uniformity, thickness,
softness, size and color by the test panelists. Bread made with 10% DDGS and 0% SSL had the highest
uniformity, and was significantly different than control bread. Other studies show that adding up
to 10% DDG to wheat muffins changed neither appearance nor texture; however, a grainy texture in
muffins supplemented with 20% DDG was found [16]. In another study, adding 30% DDG to muffins
made the muffins dry and more irregular in cell distribution compared to the control [29]. As for the
size, the highest amount was related to the bread made with 0% of DDGS and 2% of SSL but it was
not significantly different than the control; the lowest was determined for the bread made with 10%
DDGS and 0% SSL. In evaluation of bread thickness, bread made with 20% DDGS and 5% SSL had the
highest amount, while the one made with 10% DDGS and 5% SSL had the lowest thickness.

The results for softness of samples showed that bread made with 0% DDGS and 5% SSL was softest.
Addition of emulsifiers to baked products can lead to crumb softening because of the interaction of
emulsifiers with the starch. Also, by preventing amylose and amylopectin retrogradation, they can
inhibit bread staling [27]. Finally, in evaluation of color (Figure 1), bread made with 0% DDGS and
2% SSL had a better color which was significantly different than the control (0% DDGS and 0% SSL).
In general, as DDGS increased, color decreased.
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Figure 1. Final bread products baked with different blends of distillers dried grains with solubles
(DDGS) and sodium stearoyl-2-lactate (SSL).

3.3. Mixolab Results

As shown in Table 8, different Mixolab parameters were measured in this study. Development time
(C1) was a maximum value when 10% DDGS and 5% SSL were used, this part of the curve is
where water is being added to the flour and the starch granules and proteins start to absorb water,
making them swelled; C1 values were close to each other, and there were no significant differences
between different levels of DDGS and SSL which indicates resistance of the dough in all treatments.
The measurement of minimum torque (C2), which shows the protein behavior, also didn’t show
significant differences between different treatment effects. This part of the curve shows the protein
behavior and how strong the protein can be in the dough network. Since addition of DDGS added to
the protein value of the dough, it is reasonable to see insignificant differences in the C2 values. As for
peak torque (C3), the highest value was for control sample, which indicates better quality of starch and
shows a decrease as DDGS increased. The cooking stability (C4), which is the indication of amylastic
activity, had the highest value for 0% DDGS and 5% SSL, and the lowest value was measured when 20%
DDGS and 5% SSL were used, with significant differences between the two treatments. The set back
(C5) had the highest value for 10% DDGS and 2% SSL, and it had a significant difference in treatment
with lowest value of C5 in which 10% DDGS and 5% SSL were used; in this region retrogradation of
starch happens, which caused an increase in the consistency as the temperature was decreasing.

Other parameters determined for Mixolab measurement were α, with the highest value for
treatment with 20% DDGS and 5% SSL, which indicated that addition of DDGS to the wheat flour can
help improving the protein network of the dough, as α shows the protein break down in the dough
matrix. β, which is a good indicator of starch gelatinization, had the highest value for the treatment
with 10% DDGS and 2% SSL, and lowest value for 0% of DDGS and 5% SSL, with significant differences
between them; and γ, which shows the rate at which cooking stability is reached, had the highest
value in the treatment with 0% DDGS and 5% SSL. Water absorption in the developing dough had its
highest value for the treatment of 0% DDGS and 2% SSL, with significant difference from that of control
dough. Also, the stability time had its highest value for the control sample, but the lowest value for
the incorporation of 5% SSL and 0% DDGS. Stronger wheat flours have the ability to absorb and retain
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more water compared to weak flours (flours with lower protein content). Higher development time
indicates stronger flour (flours with higher protein content) [12]. These results are in accordance with
other studies; for instance, using an amylograph, it was determined that the addition of SSL to defatted
soybean meal and defatted sesame meal caused slight delay of on-set of starch gelatinization and
the flour with higher SSL had higher water absorption [30]. In another study, addition of surfactants
decreased water absorption of flour by about 0.4–1.2%, and the dough development time decreased
by 0.5 min with SSL and DATEM (mono and diacetyltartaric acid) combination [31]. In the study by
Tsen et al. [9], replacement of flour by 10 to 20% DDG reduced dough development time.

3.4. Rapid Visco Analyzer (RVA) Results

RVA can be used to measure pasting properties. The RVA pasting curve can detect differences in
flour viscosity with a small amount of sample and in a short period of time [32]. Because in our study,
SSL was used, peak viscosity, pasting temperature and setback measured by the RVA can be useful in
predicting the dough behavior during baking. Wheat chemistry is complex, involving interactions
between gliadin and glutenin as well as starch and gluten network. Interactions between gliadin
and glutenin are responsible for the initial RVA viscosity [33], and these interactions can affect bread
quality. In our study, the highest peak value occurred for the treatment in which 0% DDGS and 5%
SSL was used, which was significantly different from the sample made with 20% DDGS and 5% SSL.
When starch granules start swelling, viscosity of the paste will increase until a maximum viscosity
is reached at “peak viscosity” which is the reflection of water binding capacity of the starch [34].
The trough value was the highest when 0% of DDGS and 5% of SSL were used compared to the control
sample which had the lowest value. When 20% DDGS and 5% of SSL were used, the break down
had its lowest value compared to the control sample with highest value. In one study, the behavior
of wheat flour subjected to shear stress was affected by adding hydrocolloids, causing an increase in
water absorption and dough development time [12]. The final viscosity had the highest value with
incorporation of 5% SSL and 0% DDGS which were significantly different from the control. As for the
setback time, the highest value was measured when 0% DDGS were used and 5% SSL. The control
sample had the lowest peak time, and the highest peak time value occurred when 0% DDGS and 5%
SSL were used, with significant differences between these two treatments. The last parameter measured
was pasting temperature, with the highest value when 0% DDGS and 5% SSL were used. This was
expected because of the role of SSL in interaction between starch and gluten network. Changes in
the gluten network, such as conformational modifications and loss of hydrogen bonds can decrease
RVA viscosity during heating [33]. On the other hand, higher swelling capacity of starch will result in
a higher peak viscosity, as the ability of the starch to withstand high temperatures and shear stresses is
important [35].

4. Conclusions

Flat breads made from various types of flours, especially wheat flour, are the oldest type of food.
Certain deficiencies and nutritional problems exist with cereal-based products, particularly breads.
Because of the high demand for flat breads in most countries, fortification of breads can help providing
additional nutrients to consumers. DDGS is a good source of protein as well as fiber and can be an
inexpensive source for fortification of flat breads. In this study, three levels (0%, 10% and 20%) of DDGS
were added to the wheat flour to study the changes in the physical and chemical properties of the
final bread products. In addition to the DDGS, SSL was also added to the formulation at three levels
(0%, 2% and 5%). The resulting breads were measured for their physical and chemical properties.
Overall, the results of this study showed that addition of DDGS can increase fiber and protein values of
Barbari bread significantly, while addition of 5% SSL can lead to a softer texture of bread. As the DDGS
content increased in the bread formulations, the L* increased because of the darkness in the DDGS.
In addition to the physical and chemical properties of the final products, the rheological properties of
the flours were also measured using Mixolab and RVA. The results showed that water absorption of
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the developing dough had its highest value for the treatment of 0% DDGS and 2% of SSL. For the RVA,
highest amount of peak value was for the treatment in which 0% of DDGS and 5% of SSL. The final
viscosity had the highest value with incorporation of 5% SSL and 0% of DDGS.
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Abstract: As a result of the rapidly growing global population and limited agricultural area, sufficient
supply of cereals for food and animal feed has become increasingly challenging. Consequently,
it is essential to reduce pre- and post-harvest crop losses. Extensive research, featuring several
physical treatments, has been conducted to improve cereal post-harvest preservation, leading to
increased food safety and sustainability. Various pests can lead to post-harvest losses and grain
quality deterioration. Microbial spoilage due to filamentous fungi and bacteria is one of the main
reasons for post-harvest crop losses and mycotoxins can induce additional consumer health hazards.
In particular, physical treatments have gained popularity making chemical additives unnecessary.
Therefore, this review focuses on recent advances in physical treatments with potential applications
for microbial post-harvest decontamination of cereals. The treatments discussed in this article were
evaluated for their ability to inhibit spoilage microorganisms and degrade mycotoxins without
compromising the grain quality. All treatments evaluated in this review have the potential to inhibit
grain spoilage microorganisms. However, each method has some drawbacks, making industrial
application difficult. Even under optimal processing conditions, it is unlikely that cereals can be
decontaminated of all naturally occurring spoilage organisms with a single treatment. Therefore,
future research should aim for the development of a combination of treatments to harness their
synergistic properties and avoid grain quality deterioration. For the degradation of mycotoxins the
same conclusion can be drawn. In addition, future research must investigate the fate of degraded
toxins, to assess the toxicity of their respective degradation products.

Keywords: cereal grains; shelf life; spoilage microorganisms; mycotoxins; physical decontamination

1. Introduction

At a time of rapid growth in global populations, sufficient nutritional supply to humanity has
become increasingly challenging. On the basis of their long tradition as global staples of the human
diet and livestock feed, agricultural crops such as cereals will have a key role in satisfying this
growing nutritional need. However, global agricultural area is limited, making it difficult to expand
cereal production. Considering that approximately 15% of all cereals worldwide are lost due to
microbial pests [1], the most sensible approach to combat this issue is to increase both food safety
and sustainability to reduce economic losses. Pre- and post-harvest microbial spoilage counts as one
of the predominant factors in crop loss all over the world. Various strategies to prevent microbial
contamination in the field have been investigated and reviewed by Oerke [2]. However, even the
best management practices cannot completely eliminate the risk of contamination. Because of the
permanent and ubiquitous presence of microorganisms and fungal spores in the environment, cereals
always carry a certain microbial load when harvested. Additionally, climatic conditions, such as
temperature and humidity, that are not under human control may be crucial for contamination with
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moulds [3]. Therefore, appropriate post-harvest crop treatment, before and during storage, is as
important as pre-harvest strategies in the prevention of microbial spoilage. Thus, this review is focused
exclusively on research regarding post-harvest treatments.

Depending on climatic conditions during growth, grains carry a microbial load with a high
diversity of potential spoilage organisms when harvested. In addition, post-harvest contamination
during transport is possible. This microbial load consists of bacteria, yeasts, and filamentous fungi
belonging to many different genera. The activity of these micro-organisms during storage and,
accordingly, the shelf life of the crop is dependent on a range of factors, as illustrated in Figure 1.
Amongst the most influential parameters are moisture content and water availability during storage.
As a result, grains are usually stored at low moisture contents of 12–13% and a water activity of
<0.70 [4]. However, cereals are usually traded as wet weight and thus inefficient drying systems can
lead to microbial spoilage during storage. Furthermore, even if dried properly, some xenerophilic
species of Aspergillus can still develop during storage, resulting in quality deterioration and mycotoxin
accumulation [5].

Figure 1. Biotic and abiotic factors influencing the microbial shelf-life of cereal grains during storage.

In addition, conventional storage systems, such as silos, are often cost intensive and inflexible
as to volume. In these rigid systems, due to the inappropriate size for the amount of grains stored,
the environmental conditions in the headspace cannot be controlled. Thus, it is likely that suitable
conditions arise which promote microbial growth and the production of toxic metabolites [6]. As shown
in a recent study conducted by Schmidt et al. [7], if the conditions during storage are suitable, a minimal
fungal field contamination can rapidly evolve into a serious consumer health hazard.

The biggest microbial threat during storage is displayed by filamentous fungi, mostly belonging
to the genera Aspergillus and Penicillium. This is largely a result of their relative tolerance to low
water activities and the production of mycotoxins, which are secondary fungal metabolites with toxic
effects on humans and animals. In addition, these fungi induce a loss of nutritional value in grain,
produce off-odours, and result in reduced baking and milling quality [4]. Although Fusarium spp. are
typical field pathogens and unlikely to develop during storage, previously produced and accumulated
mycotoxins remain a serious issue during cereal storage and processing [8]. Hence, in addition to the
living organisms, a broad variety of mycotoxins must be countered during post-harvest treatments,
as the prevention of their production is not always possible. Table 1 shows the most commonly reported
mycotoxins of cereal crops and the producing fungal genera. It has been reported that approximately
25% of the global cereal crops, equivalent to over 500 million tons per annum, are contaminated with
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mycotoxins and thus present a potential consumer health hazard [9]. In contrast to fungal mycelia,
mycotoxin-contaminated grains often do not vary visually from clean grains and are therefore difficult
to identify and eliminate.

Table 1. Chemical structures of mycotoxins commonly found on cereal grains sorted by the producing
fungal species.

Aspergillus spp. Aspergillus spp./Penicillium spp. Fusarium spp.

 
 

Aflatoxin B1 Deoxynivalenol

 
 

Aflatoxin B2 Ochratoxin A Nivalenol

  
Aflatoxin G1 Citrinin Fumonisin B1

 
 

Aflatoxin G2 Fumonisin B2

 

Zearalenone

Previous studies have established that mycotoxins are primarily located in the husk layers of
grains. A study conducted by Vidal et al. [10] showed that wheat bran obtained from a Spanish market
contained substantial amounts of various mycotoxins, mainly deoxynivalenol (DON) and zearalenone
(ZEA). The authors concluded that the production of whole grain products from these wheat samples
would constitute a substantial consumer health hazard. However, since wheat bran is rich in dietary
fibre, there is a high interest in exploiting its application in food and feed products because of its
potential health-promoting properties. In addition to these Fusarium toxins, different toxins produced
by storage fungi, namely aflatoxins (AFs), ochratoxin A (OTA), and citrinin are commonly found
as contaminants in cereals (Table 1). Finally, bacterial spoilage organisms must also be considered
to ensure sufficient grain shelf life. Although most bacteria are unlikely to grow under conditions
commonly applied to grain storage, their presence can result in significant quality deterioration during
subsequent processing or in the final product [11].
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In recent years, the consumer desire for more natural, less processed foods with fewer or no
chemical additives has increased enormously; however, the requirement for the maintenance of
the highest safety standards remains. This increases the emphasis on physical and microbiological
treatments to control post-harvest microbial spoilage in cereals [12]. In addition, the application of both
physical and microbiological decontamination methods into necessary food processing procedures
while simultaneously enabling a “clean label” has attracted increasing interest from both the industry
and researchers. Various approaches for bio-preservation, particularly the use of antifungal LAB (lactic
acid bacteria), have been investigated and reviewed elsewhere [5,13,14]. In contrast, this article focuses
on the recent advances in novel physical decontamination methods.

Physical grain treatments, including dry and wet heat, ionizing and non-ionizing irradiation,
high hydrostatic pressure and modified atmosphere packaging, were critically reviewed as to their
suitability to eliminate viable forms and spores of both food spoilage bacteria and fungi commonly
found on cereals. Furthermore, the treatments’ potential to remove previously produced mycotoxins as
well as the impact on grain quality, viability and technological performance were evaluated based on
the existing literature. This allowed for the identification of future research needs as well as possibilities
for industrial application of the treatments discussed. It should be mentioned that classical physical
treatments, such as milling, sorting, and hulling are not covered in this review, as these methods
are well established and industrially applied. Therefore, they largely have not been the subject of
recent research.

2. Modified Atmosphere Packaging (MAP)

Modified atmospheres have been investigated for the storage of cereals intended for food and
feed. While fungi responsible for grain deterioration during storage often are considered obligate
aerobes, many are microaerophilic. Hence, they can develop in niches where other species cannot grow
and therefore can dominate in grain ecosystems. In many cases, the oxygen level must be <0.14% and
the carbon dioxide level >50% to achieve significant growth inhibition [15,16]. Certain species, such as
P. roqueforti Thom and some Aspergillus spp., can grow and infect grains even at >80% carbon dioxide,
if at least 4% oxygen is present. In addition, post-harvest systems also use (oxygen-free) nitrogen to
prevent grain deterioration [17]. However, it must be noted that results obtained in different sample
systems are very difficult to compare, as the tolerance to low oxygen and high carbon dioxide levels is
highly dependent on the sample matrix and water availability. Accordingly, low water availability has
been reported to increase the sensitivity of microorganisms to the modified atmosphere. While MAP is
used to control microbial spoilage and insect pests in moist grains during storage, different threats
require different treatment conditions.

Exposure of various toxigenic fungi to ozone gas (60 μmol/mol) for up to 120 min resulted in
significantly reduced growth and spore germination for Fusarium graminearum, F. verticillioides (Sacc.)
Nirenberg, Penicillium citrinum Thom, C., Aspergillus parasiticus Speare, and A. flavus Link. However,
the efficiency of the treatment was strongly dependent on the specific strain. F. graminearum was found
to be particularly sensitive, as its growth was totally inhibited after exposure for 40 min, whereas
F. verticillioides growth after 120 min of exposure was only slightly reduced [18].

However, very little research on modified atmosphere packaging has been conducted in recent
years. This can be attributed to various reasons. Firstly, storage conditions under high carbon dioxide
and low oxygen levels are difficult to apply to a conventional silo storage system. Additionally,
environmental conditions, such as temperature, moisture content, and water availability determine
the gas composition required to achieve sufficient microbial inhibition. The biggest potential
drawback of this technology is that the microorganisms are not killed and therefore can induce
product spoilage during subsequent processing. In addition, the removal of mycotoxins produced
in field or the inactivation of microbial enzymes is not possible. In addition, microbial inhibition is
substantially dependent on the fungal or bacterial strain. As cereals after harvest carry a wide range
of microorganisms, it also appears very difficult to predict the success on a specific crop. Therefore,
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recent research to prevent post-harvest microbial spoilage has shifted towards novel and more flexible
methods for application.

3. Thermal Treatments

Thermal treatments, including pasteurisation and sterilisation techniques, are the most regularly
used treatment for the inactivation of microorganisms and enzymes in the food industry [19].
For post-harvest application of heat treatments various approaches, such as hot water dips, hot dry
air, or superheated steam, are possible using different time-temperature combinations [20]. Table 2
summarises heat treatments reported to have been successful for microbial inactivation or toxin
degradation and the side effects on the sample.

Table 2. The effects of different heat (wet and dry) treatments on microbial load and mycotoxin content
in various sample matrices.

Target Organism/Toxin Treatment Sample Matrix Technological Impact References

Natural microbial load Dry air 9 day/100 ◦C Various cereals No impact [21,22]

Natural microbial load Steam 60 min/82 ◦C corn No impact [23]

Natural microbial load Steam 210–250 ◦C/15 s Wheat, barley, rye Not investigated [24]

F. graminearum dry air 15 day/60 ◦C;
5 day/70 ◦C; 2 day/80 ◦C Wheat No impact [25]

F. graminearum Dry air 5 day/90 ◦C Wheat Reduced seed viability [25]

F. graminearum Dry air 21 day/60 ◦C;
9 day/70 ◦C; 5 day/80 ◦C Barley Reduced viability for

9 day/70 deg; 5 day/80 deg [25]

Aspergillus spp., Penicillium spp.,
Fusarium spp., E. coli, L.

Monocytogenes, Salmonella spp.
Steam 170–200 ◦C/<60 s Various cereals No impact [26–28]

Geobacillus stearothermophilus
spores Steam 20 min/160 ◦C Dried spore

pellet-sand mixture Not investigated [29]

DON (50% reduction) Steam 6 min/185 ◦C wheat Not investigated [29]

3.1. Dry Heat Treatments

Described as an alternative to chemical grain disinfection, several applications of dry heat in the
form of hot air treatments were studied for the ability to control fungal spoilage without compromising
the kernels’ viability [25]. Contradictory results have been reported as to the effects of dry heat
treatments on the cereal’s sensory quality and nutritional value. Several authors reported no impact on
technological performance and enzymatic activities after nine days at up to 100 ◦C [21,22]. In contrast,
Gilbert et al. [25] found a significant loss in seed viability after treatment for five days at 90 ◦C.

For inhibition of various fungal strains on wheat grains, time-temperature combinations of
15 day/60 ◦C, 5 day/70 ◦C and 2 day/80 ◦C, respectively, were found to inhibit fungal growth and
spore germination completely without compromising the grain’s viability [25,30]. When treating
barley at the same temperatures, the fungi were completely inhibited after 21 days, 9 days, and 5 days,
respectively. In contrast to wheat, after nine days at 70 ◦C, the germination capacity of barley was
substantially reduced.

Although bacterial spoilage organisms, such as Bacillus spp., are unlikely to cause grain quality
deterioration during storage, they have to be inactivated prior to grain processing to avoid subsequent
product spoilage [11]. However, no studies specifically investigating the heat inactivation of grain
spoilage bacteria post-harvest are available to date. In general, bacteria are reported to be less heat
stable than fungal mycelia and it can therefore be assumed that they are also inactivated with the
abovementioned antifungal treatments [31].

Thus, dry heat treatment prior to grain storage shows potential for the prevention of post-harvest
microbial spoilage based on the heat inactivation of the microbes and the reduction of the grain’s
moisture content and water availability, which further supports microbial inhibition [32].
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Depending on the processing conditions and sample matrix (i.e., the presence or absence of yeast),
reports suggest a substantial reduction in the occurrence of mycotoxins during heating. However, cereal
flours currently are not always heat treated during processing and this approach is very inconsistent.
Therefore, an efficient pre-storage treatment to degrade mycotoxins is essential [33]. In general,
conventional heat treatment is not suitable for detoxifying crops contaminated with mycotoxins.
Commonly found mycotoxins, such as aflatoxins, trichothecenes, OTA, and others reportedly possess
great heat stability (>300 ◦C) and thus cannot be degraded by dry heat without seriously damaging
the treated cereal. To date, no studies reporting the total removal of mycotoxins by dry heat treatments
in vitro or in situ are available. In addition, the reported partial degradation of different toxins by
dry heat was always found to compromise the grain quality and viability. This indicates that dry
heat can serve as a sufficient tool for the degradation of mycotoxins only in combination with other
treatments [34]. In addition, the thermal degradation of mycotoxin into intermediate constituent
products of unknown identity and toxicity must also be considered [35,36].

Available literature suggests that, depending on the target microorganism and cereal substrate,
dry heat treatments have the potential to decrease the microbial load without compromising the grain
quality. However, such treatments consume considerable energy and time, lasting up to several days.
Furthermore, the conditions must be adjusted carefully to achieve satisfying results for both microbial
decontamination and grain quality. In addition, the sole use of dry heat is unsuitable for killing spores
of heat-resistant bacteria, as the applicable temperatures are too low and do not kill the grains. Hence,
bacterial spores enter a dormant state and can germinate once suitable conditions return, particularly
during cereal processing [26]. In terms of mycotoxin degradation, dry heat cannot serve as a sole
treatment to efficiently remove mycotoxins produced in-field. The temperatures required are not
feasible to maintain the grain’s technological performance; decomposition is always incomplete and
the resulting degradation products could display a health risk of yet unknown potential. Finally,
the efficiency of hot air treatments is further compromised by the particle size of the treated sample.
Thus, it is less efficient for the treatment of whole grains than for treating the milled product.

3.2. Wet Heat Treatments

Compared to conventional hot air treatments, the use of hot steam appears to be a more efficient
approach in terms of both time and energy for microbial decontamination and mycotoxin degradation
(Table 2). In addition, food spoilage bacteria and fungi were found to be less heat resistant when
in conditions with high water availability [37]. Apart from the classic saturated water steam (up to
100 ◦C), superheated steam (SS, up to 250 ◦C) has recently gained considerable interest as a rapid,
non-destructive, and safe decontamination method [38]. Hence, recent advances and novel applications
of SS will be the focus of this section. SS, having higher enthalpy than saturated steam, can quickly
transfer heat to the material being processed, resulting in rapid temperature increase in the sample.
In addition, SS is reported to contribute to better product quality. The major advantages of using SS for
food processing include better product quality (colour, shrinkage, and rehydration characteristics),
reduced oxidation losses, and higher energy efficiency [39].

Researchers using SS achieved microbial decontamination from vegetative forms of food spoilage
fungi (Aspergillus spp., Penicillium spp., Fusarium spp.) and bacteria, such as Escherichia coli O157:H7,
Salmonella Typhimurium, Salmonella enteritidis phage type 30, and Listeria monocytogenes, on different
cereals. Treatment times of less than 60 s with water steam temperatures of 170 ◦C–200 ◦C were
reported to be sufficient to reduce the microbial load below the respective limit of detection [26–28].
However, none of those treatments resulted in a significant reduction of sensory or nutritional quality.
In contrast, corn treated with conventional steam at 82 ◦C had to be exposed for 60 min in order to
achieve a significant reduction of the microbial load by 4-log units [23]. No results regarding the impact
of the treatment on the grain quality were reported. As a result, despite the ability of both approaches
to decontaminate cereals, the use of superheated steam is a much more time efficient solution.
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Compared to their vegetative forms, fungal and bacterial spore inhibition presents a much
bigger challenge. As mentioned above, bacterial endospores can lay dormant and germinate when
conditions are favourable during downstream processing. Nonetheless, SS was found to be efficient at
permanently killing spores of Geobacillus stearothermophilus. However, exposure times of up to 20 min
are required to kill spores. This is significantly longer than the inactivation of vegetative microbes. Thus,
the biggest reduction in spore viability was detected during the first 5 min of treatment, independent
from the processing temperature [29].

In addition, SS was also investigated for the removal of mycotoxins from different cereal
matrices. Partial degradation of DON upon SS treatment was reported by Cenkowski et al. [29].
The authors found that increases in steam temperature and exposure time correlated with higher
degradation rates for DON. Thus, the highest treatment temperature (185 ◦C), combined with the
longest treatment time (6 min), resulted in the highest reduction of DON, by 50%, which was found to
be independent of the steam velocity. Furthermore, the reduction was found to be exclusively due
to thermal degradation, rather than solubilisation and water extraction with the steam. However,
no investigation of the treatment’s impact on the grain’s technological performance were undertaken
in the study of Cenkowski et al. [29]. Likewise, the dry decomposition temperature of aflatoxins
(approximately 270 ◦C) is known to be significantly reduced under moist conditions [40]. Consequently,
SS treatments present a much more efficient and promising approach for AF (aflatoxins) degradation
than conventional dry heating.

In conclusion, the application of wet heat and superheated steam were found to be very
effective in the decontamination of cereals without compromising the grain’s technological quality
and performance. However, despite extensive research, future work is still required to optimise
the processing parameters which is dependent on the matrix present. The technological impact
of treatments long enough to kill spores and degrade mycotoxins requires further investigation.
Additionally, the fate of mycotoxins thermally degraded by the SS remains unclear. Thus, the degree
of actual detoxification is still in question. Similarly, the possibility of degrading other toxins, such as
patulin or bacterial toxins, requires closer investigation.

Finally, it is noteworthy that ultra-superheated steam (USS) has recently attracted considerable
research interest. This technique employs temperatures of 400–500 ◦C. Exposure of different cereals,
namely wheat, barley, and rye for 15 s to USS (actual contact temperature 210–250 ◦C) resulted in total
inhibition of spoilage fungi and grain shelf-life extension without notable quality deterioration [24].
However, few studies have investigated the application of USS for the microbial decontamination of
food commodities. Thus, the optimal conditions of use and the full potential of this method remain
unclear. Further research is needed to clarify the suitability of USS treatments to decontaminate and
potentially detoxify cereal grains post-harvest.

4. Ionizing Irradiation

Ionizing irradiation approaches largely are based on short waves of electromagnetic energy that
travel at the speed of light. All treatments discussed in this section share the basic properties of
electromagnetic radiation. Ionizing radiation treatment using either gamma rays or an electron beam
(e-beam) is well established as a rapid, efficient, safe, and environmentally friendly technique for
the reduction of food-borne diseases by destroying pathogenic and toxigenic microorganisms [41].
Their biggest advantage is their great penetrating power (inversely related to the frequency [42]), their
high efficiency against various food spoilage organisms, and the absence of a rise in temperature in the
treated sample [1]. In addition, irradiation treatments for food processing purposes are unconditionally
regarded as safe for dosages of up to 10 kGy (1 Gy = 1 Joule of irradiation energy/kg sample matter,

with 1 Joule = 1 kg·m2

s2 ) [43]. Due to the unit of irradiation dosage containing the ratio of energy per
time and sample matter, treatments are commonly compared by means of dose and form of application
only. Successful treatments with ionizing irradiation against various food spoilage organisms and
toxins are summarised in Table 3.
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Table 3. The effects of different ionizing irradiation treatments (gamma- and e-beam irradiation) on
microbial load and mycotoxin content in various sample matrices.

Target Organism/Toxin Treatment Sample Matrix Technological Impact References

Natural fungal population 0.75 kGy gamma millet none [44]

Natural microbial load 6 kGy e-beam chestnuts No effect on
nutritional value [45,46]

L. monocytogenes 3.3 kGy e-beam
(soft electrons) Alfalfa sprouts No quality

deterioration [47]

Aspergillus spp., Alternaria spp.,
Fusarium spp., Curvularia spp.,

Helminthosporium spp.
1.5–3.5 kGy gamma wheat Reduced quality for

doses >2.5 kGy [48]

Fusarium spp. 4 kGy gamma Barley Reduced quality [49]

Fusarium spp. 6 kGy gamma Wheat and maize Reduced quality [49]

Aspergillus spp., Penicillium spp. 10–15 kGy e-beam Dry split beans No quality
deterioration (10 kGy) [50]

Penicillium spp., Fusarium spp.,
Aspergillus spp. 1.7–4.8 kGy e-beam corn Not investigated [41]

Fusarium spp. and DON 6–10 kGy e-beam Barley, malt Not investigated [51]

OTA and aflatoxins 15 kGy gamma Wheat and sesame Not investigated [52–54]

OTA 2 kGy gamma Aqueous solution - [55]

DON, ZEN, T-2, FB1 10 kGy gamma Soy beans, corn,
wheat Not investigated [56]

FB1 7 kGy gamma Barley, wheat,
maize Not investigated [49]

aflatoxins 1.5 kGy e-beam Ground almond
flour Not investigated [57]

DON: Desoxynivalenol; OTA: Ochratoxin A; ZEN: Zearalenone; T-2: Fusariotoxin T 2; FB1: Fumonisin B1; -: none.

4.1. Gamma Irradiation

This section discusses the application of irradiation to decontaminate cereals using gamma rays.
These electromagnetic waves are usually produced by radioactive cobalt isotopes (60Co). The use of
gamma rays for irradiation treatments is characterised by their high penetration energy and short
treatment times.

For millet grains exposed to gamma radiation, no significant decrease in fungal incidence or
spore germination was reported for radiation doses up to 0.5 kGy. However, at doses of 0.75 kGy
or higher, the rate of fungal incidences and spore germination sharply decreased by over 80% and
2-log units, respectively [44]. Salem et al. [48] applied gamma irradiation ranging from 0.5–3.5 kGy
to wheat grains prior to storage. A dosage of 1.5 kGy was found to be sufficient for at least a 90%
reduction of Aspergillus spp., Alternaria spp., Fusarium spp., Curvularia spp., and Helminthosporium spp.
immediately after the treatment. However, after six months of subsequent storage, the degree of
inhibition (compared to the untreated control) was significantly reduced for all species apart from
Fusarium spp. The authors also reported that higher irradiation doses resulted in higher inhibition
rates. In particular, 3.5 kGy, resulting in total inhibition directly after the treatment, also showed
total inhibition after six months against all fungi apart from Aspergillus spp. (96.4%). In contrast,
Aziz et al. [49] reported higher irradiation doses, 4 kGy for barley and 6 kGy for wheat and maize,
necessary for total inhibition of Fusarium spp. However, analysis of selected physical, chemical,
and rheological properties of these grains prior to and after storage showed that, from a technological
performance point of view, irradiation dosages higher than 1.5–2.5 kGy were not feasible. This also
correlates with findings reported by other researchers [58,59].

Available literature suggests that the radio sensitivity of different fungal species appears to
differ significantly depending on the reference consulted. These discrepancies likely result from
countless influencing factors which require further research. These factors include the form of
fungal contamination (mycelium or spores) and the moisture contents of spores or commodities.
Although moist conditions promote fungal growth and spore germination, dry spores are considered
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more irradiation resistant. Furthermore, the age of spores and the nature of the matrix irradiated can
have a significant influence on the radio sensitivity. In addition, the fungal strain and the temperature
before, during, and after irradiation influence the treatment’s efficiency for each sample.

However, the most recent research on the application of gamma irradiation on cereals has focused
on the degradation of mycotoxins in food and feed commodities. Several studies have investigated
the degradation of aflatoxins (AFs) and ochratoxin A (OTA) in particular. Deberghes et al. [60]
previously reported on the degradation of OTA in an aqueous solution due to gamma irradiation
with 2–5 kGy. However, in situ degradation of mycotoxins such as OTA was found to be much more
difficult. After gamma irradiation of wheat and sesame seeds using 15 kGy, degradation of OTA, AFB1

(Aflatoxin B1), AFB2, AFG1 (Aflatoxin G1), and AFG2 with reduction rates of 23.9%, 18.2%, 11.0%,
21.1%, and 13.6%, respectively, were found [52,61]. However, in both studies the application of lower
irradiation doses showed no substantial reduction of AFs and OTA. Several other authors also reported
similar results on various cereal matrices intended for food or feed use [53,54,62–64]. However, it must
be noted that none of these studies took the moisture content of the seeds into consideration, which
appears to have a critical impact on the radio stability of the toxins. Therefore, the meaningfulness
of the results is limited. In another study, soybeans, corn, and wheat, with respective moisture
levels of 9, 13, and 17%, showed no substantial reduction in AFs or OTA after irradiation dosages
of up to 20 kGy [56]. Therefore, the success of AF degradation due to gamma rays is not dependent
solely on the dose; the moisture content of the sample has a major impact on AF degradation. It is
proposed that this is primarily due to the radiolysis of water, producing highly active radicals which
can degrade AFs to compounds with lower biological activity [40,65]. Similar results were reported
for the degradation of OTA in vitro and in situ. OTA showed great radiostability as a dry substance
because irradiation with 8 kGy resulted in no noteworthy reduction. In contrast, when in an aqueous
solution (50 ng/mL), significant reduction was achieved with just 2 kGy. Similarly, the degradation in
moist wheat kernels (16% moisture) was substantially higher than in dry ones (11% moisture) when
irradiated with 8 kGy [55].

On the basis of consulted literature, typical Fusarium toxins, such as DON, ZEN (Zearalenone),
T-2 (Fusariotoxin T 2), and FB1 (Fumonisin B1) appear to be more radio sensitive than AFs and OTA.
DON, ZEN, and T-2 toxin in soybeans, corn, and wheat were significantly reduced by irradiation with
10 kGy [56]. Irradiation of barley, wheat, and maize naturally contaminated with FB1 which resulted
in a significant reduction (>85%) and total destruction of the toxin after exposure to 5 kGy and 7 kGy,
respectively [49].

Nevertheless, irradiation results in degradation products of unknown identity and toxicity
must be considered. Wang et al. [65] detected 20 radiolytic products of AFB1 after irradiation in
a water/methanol mixture. To date, just seven of these products have been identified and six are
considered less toxic than AFB1 due to the missing double bond on the terminal furan ring (Table 1).
Given these results, it remains unclear if degradation of mycotoxins is responsible for the detoxification
of the sample or if the resulting products are equally as toxic as the original substance. Furthermore,
as the irradiation efficiency is highly dependent on water availability, the application in dry food
matrices appears to be limited. Although AFs and OTA belong to the most commonly found toxins
in cereal crops, the fate of other contaminants, such as DON, NIV (nivalenol), and ZEN requires
further research.

In conclusion, gamma irradiation can reduce and potentially fully inhibit fungal and bacterial
spoilage of grains during storage thus avoiding the production of mycotoxins. However, the irradiation
dosages required for total inhibition of common storage fungi, such as Aspergillus parasiticus, are highly
dependent on the sample matrix and fungal load. Necessary doses reported a range between 5 and
10 kGy. Unfortunately, such high irradiation dosages cause severe damage to the treated grains and are
therefore not feasible from a technological point of view. On the other hand, a simple reduction of the
microbial load is not sufficient either, as even minimal fungal contamination can lead to growth during
storage. This ultimately results in huge economic losses and a potential consumer health hazard,
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as demonstrated by the authors in a previous study [7]. Therefore, gamma irradiation alone cannot
serve as an efficient tool for cereal grain preservation during storage but could potentially be applied
in combination with other treatments. However, for treatment of cereals purposed for animal feed,
higher irradiation dosages are allowed. Thus, gamma irradiation may be a promising approach in the
decontamination of animal feed.

4.2. Electron Beam Irradiation

The use of e-beam irradiation has several advantages over the use of conventional gamma
irradiation. Table 4 summarises the comparison between gamma and e-beam irradiation. The main
advantages include faster operation, lower irradiation dosages, and the use of electricity rather than
radioactive materials to generate the electron, making the technology more flexible and easier to use.
Unfortunately, its penetration power is lower, largely rendering it a tool for surface disinfection [1].
The general use of e-beam irradiation in the food industry, including the technological background
and mode of action, was recently reviewed by Freita-Silva et al. [1]. Accordingly, this section will focus
exclusively on recent advances in microbial decontamination using e-beam irradiation. With the
exception of Europe, e-beam irradiation has been accepted and is widely applied towards the
treatments of various food products worldwide, such as fruits and grains. Approximately 81,593 t are
treated annually, out of which only 11 t are from Europe [66].

Table 4. Comparison of gamma (60Co) and e-beam irradiation, adopted from Freita-Silva et al. [1].

Parameters Gamma Irradiation E-Beam Irradiation

Irradiation Time Slow Fast
Doses (kGy) Higher doses Lower doses

Source Radioactive material Electricity to generate electrons
Flexibility Inflexible (cannot be turned off) More flexible (can be turned off)

Penetration Good penetration Lower penetration power

Microbial decontamination and mycotoxin degradation in vitro with the potential of application
in situ has been previously reported [67]. The irradiation dose necessary for sufficient decontamination
depends on the type and species of grains to be treated [68].

When dry split beans were subjected to e-beam irradiation (0, 2.5, 5, 10, 15 kGy) to control storage
moulds, irradiation resulted in a dose-dependent decrease in fungal contaminants. High irradiation
doses (10 and 15 kGy) resulted in a complete absence of fungi and undetectable levels of aflatoxins
B1 and B2. In contrast, un-irradiated beans carried Aspergillus niger van Tieghem at the highest
level (33–50%), followed by A. flavus (14–20%), and Penicillium chrysogenum Thom (7–13%). For total
inhibition of fungal incidence, irradiation doses of 10 and 15 kGy were necessary. Irradiated split
beans (10 kGy) also showed improved shelf life of up to six months without quality deterioration [50].
In contrast, on raw corn under comparable conditions, doses as low as 1.7, 2.5, and 4.8 kGy were
found to be sufficient to fully inhibit the growth of Penicillium spp., Fusarium spp., and Aspergillus spp.,
respectively [41]. Researchers concluded that, with sufficient optimisation of the processing parameters,
e-beam irradiation has considerable potential in the microbial decontamination of cereals. For the
reduction of the natural microbial load in chestnuts, 6 kGy were found sufficient for decontamination
while nutritionally valuable constituents remained unaffected [45,46,69]. Interestingly, e-beam
irradiation of Fusarium spp.-infected barley with 6–10 kGy showed no significant reduction in fungal
incidence and DON contents in the fresh barley. However, the resulting barley malt was reported to
have significantly reduced DON content and fungal occurrence [51]. In another study conducted by
Stepanik et al. [70], wheat grains and dried distillers grain were irradiated with up to 55 kGy, which
resulted in a maximum DON reduction of 17%.

To date, no studies investigating the fate of mycotoxins exposed to e-beam irradiation are available.
This is likely due to the lower energy value of this irradiation compared to gamma irradiation (Table 4).
Thus, e-beam irradiation is unlikely to create enough energy for mycotoxin degradation. This applies
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in particular if the toxins are not exclusively located on the grain surface but also in the inner layers.
Therefore, the application on ground almond flour with a dose as low as 1.5 kGy was found to be
sufficient for total degradation of aflatoxins [57].

In conclusion, e-beam treatment shows potential to reduce the microbial load and content of
mycotoxins produced in-field. However, depending on the sample matrix, microbial load, and target
organism, the irradiation dose necessary is likely to exceed that generally permitted, i.e., 10 kGy [43],
leading to legislative difficulties. Furthermore, the impact of various e-beam treatments on the grain’s
sensory and nutritional properties have to be investigated further. Finally, difficulties such as the even
treatment of the sample surface and the low penetration energy of the e-beam must be considered
before any industrial application.

A variation of conventional e-beam irradiation is the use of so-called “soft electrons”. The term
“soft” refers to the low energy of the electrons fired at the sample. This results in less impact on the
sample in terms of sensory and nutritional value. However, this approach only can serve as a surface
treatment, as the e-beam does not have sufficient energy to penetrate the deeper layers of the sample.
The use of 3.3 kGy applied at soft electrons was reported to successfully eliminate L. monocytogenes
from alfalfa sprouts [47]. However, due to the low penetration power, a small particle size and an even
sample surface are crucial to ensure uniform treatment. Consequently, the irradiation treatment of
soybeans was found to be more difficult, as 17 kGy was insufficient to eliminate the natural microbes
present on the surface [71]. Thus, because of the difficult applicability, soft electrons show very little
potential for industrial post-harvest decontamination of cereal crops but could have potential for flour
treatment after milling.

5. Non-Ionizing Irradiation

This section reviews recent advances in non-ionizing irradiation treatments for microbial
decontamination and detoxification with possible applications for cereals. Treatments that were
successfully applied for the various target organisms or toxins are summarised in Table 5. Because of
the non-ionizing character of the treatments discussed here, the impact on the grain quality is likely
to be negligible. In addition, consumer acceptance for ionizing irradiation is relatively low due to
misinformation [72]. Use of non-ionizing irradiation should increase consumer acceptance of the
final products.

Table 5. The effects of different non-ionizing (light, microwave, ultrasound) treatments on microbial
load and mycotoxin content in various sample matrices.

Target Organism/Toxin Treatment Sample Matrix Technological Impact References

Different food spoilage
bacteria and fungi US (ultrasound) > 60 W/cm2 Aqueous solution - [73]

A. parasiticus Microwave: 900 W,
2.45 GHz, 1–5 min Aqueous solution - [74]

Aspergillus spp. and
Penicillium spp.

US: 6 min, 60 ◦C,
20–39 W/cm2 Culture medium - [75]

Aspergillus spp. 51.2 J/g pulsed white light wheat 15% reduced seed
viability [76]

Aspergillus spp. Microwave: 120 s,
2450 MHz, 1.25 kW Cereals and nuts Not investigated [77,78]

Bacillus subtilis 1.0 J/cm2 * 10 pulses light with
200–1100 nm

spices No quality
deterioration [79]

OTA, OTB (Ochratoxin B),
citrinin Light: 455 nm/470 nm for 5 day Aqueous solution - [80]

Aflatoxins UV (Ultraviolet)-light: 265 nm for
15–45 min nuts Not investigated [81]

trichothecenes US > 200 W/cm2 corn No quality
deterioration [82]

* Times (sign for multiplication), -: none.
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5.1. Ultraviolet (UV) Light

The antimicrobial properties of UV light are well investigated and, taking surface disinfection
as an example, long established. However, the conventional application of UV light in the form of
continuous exposure has numerous disadvantages. As the sanitizing effect is primarily attributed to
the high ionizing energy of vacuum-UV (wavelength < 180 nm), the consumer acceptance is very low.
The induced DNA damage, responsible for the microbial inhibition, also occurs in the sample which
results in a substantial loss of quality. In addition, depending on the water content, substantial internal
heating of the sample can occur. To avoid these unwanted side effects, recent research has focused on
the application of pulsed UV light. In these studies, the treatment was carried out with numerous short
flashes of light with a broad wavelength spectrum. Although the inhibitory effect was still attributed
to the UV spectrum of light (wavelength 200–400 nm), microbial inhibition could be achieved with
non-ionizing UV (>180 nm). At the same time, the undesired side effects were substantially reduced.
Thus, pulsed UV light presents a novel, non-thermal, antimicrobial treatment with potential applications
for food preservation. Therefore, this section is focused exclusively on the application of non-ionizing UV
light. Microbial inactivation as a result of exposure to pulsed light, in vitro and in situ, has been reported
by several studies and comprehensively reviewed by Oms-Oliu et al. [83].

Oms-Oliu et al. [83] demonstrated the successful inhibition of food spoilage fungi and bacteria
with pulsed light when applied to various food matrices, including milk, honey, and fruits. However,
only one available study investigated the application of pulsed light for pre-storage decontamination
of cereals. Maftei et al. [76] reported up to a 4-log unit reduction for naturally occurring Aspergillus spp.
in wheat grains. Treatment was carried out with 40 flashes of broad spectrum white light (180–1100 nm)
with an overall energy release of 51.2 J/g. In addition, the authors reported that the same treatment
with light of a narrower wavelength spectrum (305–1100 nm and 400–1100 nm, respectively) resulted
in significantly less fungal inhibition.

Although pulsed UV light causes less damage to the sample than continuous UV irradiation,
significantly reduced seed viability was reported nonetheless. Alongside the reduction of Aspergillus spp.
from 105 to 10 cfu/g, the seed viability was significantly reduced by 15% [76]. Consequently, despite
showing the potential for microbial decontamination, further optimisation of the processing conditions
is required to improve efficiency and make the treatment potentially suitable for industrial application.

However, inhibition of common food spoilage bacteria was generally found to be more difficult,
as reductions of no more than 1-log unit could be achieved without substantial impact on the sample
quality [83]. Furthermore, no studies investigating the inhibition of bacteria commonly found on
cereals or in cereal matrices are available. However, Nicorescu et al. [79] achieved up to a 1-log
unit reduction of Bacillus subtilis in a liquid medium and artificially contaminated spices. After the
treatment, approximately 104 cfu/g remained on the samples, despite an equivalent 90% reduction in
the bacterial population. Thus, further research is needed to improve the antibacterial properties of
pulsed UV light.

Several studies have also investigated the possibility of photodegradation of mycotoxins in vitro
and in situ using UV and visible light. Treatment of different mycotoxins (OTA, OTB, and citrinin)
in aqueous solution with light of various wavelengths (455, 470, 530, 590, and 627 nm) for five days
resulted in significant degradation of all three toxins after exposure to the 455 nm and the 470 nm
light [80]. In particular, light of wavelength 455 nm was found to be very efficient in terms of mycotoxin
degradation. Subsequently, 455 nm light was applied in situ on artificially fungal-infected wheat
kernels. After five days of exposure, the OTA and OTB levels were reduced by >90% compared to the
untreated control [80].

In addition, the total aflatoxin content of various nuts could be substantially reduced by treatment
with UV light (265 nm) for 15–45 min [81]. However, numerous factors were found to have a significant
impact on the level of aflatoxin reduction. The most influential factors included the moisture content
of the nuts, the toxin targeted, the exposure time, and the type of nut. The authors also reported higher
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resistance of AFB1 and AFG1 to the UV light compared to AFG2. For all toxins, increasing sensitivity
towards the treatment could be attributed to increasing moisture levels and exposure time.

To evaluate the potential use of photodegradation for the detoxification of cereals, the fate
of the degraded mycotoxins also must be considered. Liu et al. [84] proposed a pathway for the
UV light-induced photodegradation of AFB1 after identification of the three main degradation
products using UPLC-MS (ultra performance liquid chromatography-tandem mass spectrometer).
Identification of the degradation products revealed that, from the two most important parts of the
molecule in terms of toxicity, namely the terminal furan ring and the lactone ring (Table 1), only
the latter was affected by photodegradation. In addition, the authors reported first order reaction
kinetics and found the process to be independent of the initial toxin concentration (within 0.2–5 ppm)
but directly related to the irradiation intensity. On the basis of these results, a subsequent study
investigated the cytotoxicity of UV light degraded AFB1 in an aqueous solution [85]. The authors
assessed the toxicity of the three previously identified degradation products using the Ames test.
Interestingly, the cytotoxicity was reduced by 40% compared to native AFB1 but not fully eliminated.
This leads to the question as to whether photodegradation can serve as a suitable tool for mycotoxin
detoxification. Given that 60% of the initial cytotoxicity remained even after complete degradation of
the toxin, alternative treatments are likely to be more suitable.

In conclusion, despite some potential for microbial decontamination and mycotoxin degradation,
UV light appears to be difficult to apply without affecting sample quality. Although the use of
pulsed light rather than continuous irradiation reduces the negative effects, no complete inhibition
without quality loss has been reported. This applies in particular to the decontamination of food
spoilage bacteria. For application on cereal grains, the uneven sample surface makes a reliable
application even more challenging as a result of the shadow spots on the grains. In terms of mycotoxin
degradation, it was shown that UV light was capable of total degradation of toxins such as AFB1,
but the degradation products were found to remain cytotoxic. Therefore, it appears an unsuitable
method for mycotoxin detoxification.

5.2. Microwave Treatments

Microwave technology is widely used in the food industry and offers several advantages,
including safety, high efficiency, and environmental protection, but often affects food quality [74].
Microwaves are defined as electromagnetic waves with frequencies ranging from 300 MHz to 300 GHz.
The mechanism of microbial inhibition is primarily based on the internal heating of the sample resulting
from molecular movement in the pulsing electromagnetic field. This leads to the denaturation of
proteins, enzymes, and nucleic acids. This implies the risk of losing enzymatic activities in the
grain, activities which are essential for downstream processing steps [74]. However, with optimised
processing conditions, microwave treatment has the ability to fully inhibit microbial growth on cereal
grains without compromising the grain’s germination quality [86]. Therefore, the impact of various
factors, such as moisture content, microbial load, or sample matrix, need to be investigated further to
determine the optimal processing conditions for each cereal matrix.

Available literature suggests a microwave treatment for up to 10 min with an energy output of
1.45 kW with 2450 MHz results in a very minor reduction of total AFs, including AFB1 [53]. However,
the possibility of inhibiting the growth and spore germination of Aspergillus spp. in cereals and nuts
by 3-log units, without significant quality deterioration, was reported by different authors [77,78].
A treatment time of 120 s with 2450 MHz and 1.25 kW was found to be sufficient. Consequently, due to
the fungal inhibition, the amount of mycotoxins produced was also significantly lower.

Furthermore, non-thermal inactivation of microorganisms resulting from repeated exposure to
sub-lethal doses of high frequency microwaves has been reported [74]. The lethal effect of low-dose
microwave radiation (LDMR) on spoilage microorganisms was a result of a disruption of the cell
membrane and induced DNA damage rather than protein denaturation. Thus, the mechanism by
which LDMR causes fungal death is different from a conventional heating treatment [74]. However,
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in a study conducted on A. parasiticus, the severity of DNA injury was found to increase with rising
temperatures. Thus, the inactivation effect is still partially related to the processing temperature.
However, few available studies have investigated this topic. Thus, future research is needed to
exploit this technology through the establishment of non-thermal, microwave-based, microbial hurdle
processes that do not compromise the grain quality.

Overall, microwave treatment, because of internal heating, shows little potential for the microbial
decontamination of cereals. This is primarily a result of heat-induced damage to the sample. The same
conclusion must be drawn for the microwave-induced degradation of mycotoxins which possess
high heat stability. However, the concept of non-thermal microbial inactivation appears much more
promising. However, as research on this approach is in its infancy, it is not yet possible to predict
the full potential and applicability to industrial grain decontamination process until more extensive
research has been conducted.

5.3. Ultrasonication

The term ‘ultrasound’ (US) describes sonic waves with frequencies above the human audible
range and are generally divided into two categories: high frequency ultrasound and power ultrasound.
The former uses high frequencies of 2–20 MHz with low sound intensity (0.1–1 W/cm2) and is
predominantly used in food quality analysis and medical imaging. In contrast, power ultrasound,
or high-intensity ultrasound, is characterised by low frequencies (20–100 kHz) but high sound intensity
(10–1000 W/cm2). Research on the inactivation of enzymes and microorganisms has predominantly
focused on the application of high power ultrasound, considered a promising, novel, and non-thermal
approach for microbial disinfection of various surfaces and food matrices [87]. In contrast, high
frequency US shows much less potential for microbial decontamination. Therefore, this review focuses
on power ultrasound exclusively.

Only a few studies have investigated the sole application of US e for microbial decontamination
with contradictory results. Butz and Tauscher [88] demonstrated that US alone does not sufficiently
inactivate food spoilage microorganisms, as the inactivating effects are not severe enough. In contrast,
Chemat et al. [73] reported that, if the acoustic power applied is sufficiently high (>60 W/cm2), even
US alone can induce cell rupture and thus microbial inactivation. Successful decontamination using
US was only achieved under laboratory conditions and would be difficult to apply on an industrial
scale. Most data available suggests that US alone is a very inefficient and energy consuming treatment
for microbial disinfection and therefore must be used in combination with other treatments, such
as sanitizing chemicals or heat [89]. Furthermore, the generation of such high-power US requires
an immense energy input and is relatively inefficient compared to other techniques. This is further
supported by O’Donnell et al. [19] who described the challenges encountered by the industrial scale-up
of US technology. In addition, the application of this technology to cereal grains could prove difficult,
as the treatment has to be carried out in a liquid medium. Therefore, it would be crucial that the
cavitation of the liquid around the grains is evenly distributed.

In general, the biggest potential of US is in combination with mild heat or sanitizing agents, which
have been shown to have a synergistic effect by several authors [90,91]. Herceg et al. [75] achieved
total inhibition of Aspergillus and Penicillium spp., after exposure to ultrasound for at least 6 min at
60 ◦C when the applied power was ranging between 20 and 39 W/cm2. However, these results were
achieved in liquid sample matrices in which the US waves can easily travel, resulting in an evenly
distributed cavitation effect. But for possible application on cereal crops, it remains unclear if enough
cavitation throughout the whole sample can be generated for a noteworthy disinfection effect. Thus,
a small sample size appears necessary to provide uniform cavitation. Furthermore, the grains would
be required to be in a “washing solution”, which produces a further challenge to the industrial use of
this technology.

No available studies have investigated the application of US to decontaminate solid foods.
Chemat et al. [73] recently reviewed the application of US in the food industry and its advances for
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decontamination of liquid food systems. However, chemical disinfection supported by US is likely
to result in synergistic effects. Thus, it is apparently a promising improvement over conventional
chemical disinfection (reduction of treatment time and unpleasant side effects) and therefore should
be considered for further investigations. Ultrasound could be used to provide the energy necessary
to form free radicals as reactive species and so support the disinfection efficiency of commonly used
surface sanitizers. In particular, hydrogen peroxide- or sodium hypochlorite-based disinfection of food
or food contact materials can be efficiently supported by US, creating more hydroxyl- and hypochlorite
radicals, respectively. Furthermore, the use of US can substantially increase the speed and efficacy of
conventional food preservation methods such as sterilisation and pasteurisation. This would allow a
reduction in the processing time and temperature and therefore reduce undesirable side effects, such
as changes in taste, colour, and nutritional value [73].

Few studies have investigated the impact of ultrasonication on mycotoxins. Lindner and
Hasenhuti [82] reported the successful degradation of trichothecenes in contaminated corn while
the technological performance of the treated samples remained unchanged. However, as discussed
earlier, for the combination of gamma irradiation with chemical sanitizers, the production of hydroxyl
radicals can lead to chemical degradation of aflatoxins. Theoretically it should be possible to produce
such radicals using US. However, to the best of the authors’ knowledge, no studies have been conducted
on this topic.

On the basis of published research, clearly only a combination of US with heat or chemical
sanitizers can sufficiently inactivate vegetative cells, spores, and enzymes simultaneously. Only then
can consistent and high product quality be ensured, as the microbial enzymes can cause great damage
to proteins and carbohydrates of the grains, even after killing of the vegetative cells [7].

6. High Hydrostatic Pressure (HHP)

Another emergent approach for the decontamination of food and feed products from spoilage
microbes is treatment with high hydrostatic pressure (HHP). Well-established applications include the
preservation of meat products, oysters, fruit juices, and many ready-to-eat foods. HHP may inactivate
vegetative microorganisms and fungal spores at relatively low temperatures without compromising
sensory and nutritional properties [92,93]. Thus, it has potential use in the expansion of the production
of value-added foods.

Microbial inactivation is reported for processing pressures ranging from 100 to 800 MPa and
relatively short times (a few seconds to several minutes). Combined treatment with mild temperatures
between 20 and 50 ◦C to inactivate enzymes also have been reported. The treatment conditions depend
fundamentally on the food matrix as well as the microorganisms and enzymes targeted. However,
it is noteworthy that this technology cannot inactivate bacterial endospores with the application of the
processing parameters commonly used in the food industry [94]. Pressures of at least 600 MPa with mild
temperatures (60 ◦C) are required for the killing of spores of most food spoilage bacteria. Certain strains
of Clostridium botulinum and Bacillus species are reported to withstand hydrostatic pressures of up to
1000 MPa [92]. Therefore, they present a much bigger challenge and cannot be inhibited by HHP alone,
but which may be possible in combination with more severe heat treatment [95].

For the inactivation of Escherichia coli K-12 and Staphylococcus aureus ATCC 6538 in cheese slurries,
20 min of 400 MPa at 30 ◦C and of 600 MPa at 20 ◦C, respectively, were found to be sufficient [96].
Likewise, potential pathogenic food bacteria were inhibited due to HHP treatment. Studies on almonds,
pressurised in water for 6 min at 414 MPa, followed by air drying at room temperature or 115 ◦C for
25 min, resulted in bacterial growth reduction of 4- and 6.7-log units, respectively [97]. The authors
concluded that HHP treatments show great potential for microbial inactivation if the sample is
suspended in the pressurizing medium.

With regards to fungal inhibition by HHP, Martínez-Rodríguez et al. [98] investigated the impact
of HHP (300, 400, and 500 MPa, respectively) at 20 ◦C for 10 min on fungal mycelia development, spore
viability, and enzymatic activity of P. roqueforti. Mycelia development was significantly reduced
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following all three treatments but in direct correlation with the applied pressure. Furthermore,
the spore viability was notably reduced after exposure to 300 MPa and completely inhibited at
higher pressures. Similarly, the total lipolytic activity of the samples decreased with increasing
pressure. Researchers reported similar results for the inhibition of different food spoilage fungi,
such as Penicillium spp., Fusarium spp., and Aspergillus spp., in a liquid medium and cheese [96,99].
This suggests that HHP treatments are a promising option for the decontamination of cereal grains in
particular, as the grains are known to withstand pressures of 400 MPa without sensory or grain quality
deterioration. Thus, potential spoilage fungi and their hydrolytic enzymes could be completely
inhibited, without the need for classic heat treatments or chemicals. However, asco-spores of
heat-resistant moulds were also reported to possess a high resistance to HHP. Hence, pressure
treatments routinely applied to foods do not result in sufficient inhibition. However, HHP appears
to sensitize asco-spores to subsequent heat treatments. Thus, a combination of heat and pressure
treatment appears very promising [99].

Although the prevention of fungal growth is the best way to ensure mycotoxin-free crops, minor
in-field contamination can result in mycotoxins present in otherwise good quality cereals. Thus,
the in vitro and in situ degradation of mycotoxins is another relevant topic of research. However,
few studies have investigated the sensitivity of mycotoxins to HHP treatments. The degradation of
patulin in fruit juices was reported after treatment with 600 MPa for 300 s at 11 ◦C [100]. Unfortunately,
there are no studies available regarding HHP treatment of cereals for microbial decontamination or
degradation of mycotoxins. In addition, as observed previously by several researchers, the sensitivity
of pathogenic and spoilage organisms and their metabolic products greatly depends on a number of
factors, including the surrounding sample matrix, microbial strain, processing conditions, and moisture
levels [92,95,96,99,101,102]. Therefore, without sufficient studies on cereal grains and investigations
of typical cereal contaminants, it is impossible to predict the efficiency of HHP treatments on the
microbial decontamination of cereal grains prior to storage.

In conclusion, the application of HHP appears to represent a promising approach for ensuring
microbial safety without the need for chemical preservatives. However, HHP treatments require the
sample to be suspended in a liquid medium. Otherwise, the pressure applied cannot be distributed
evenly, leading to unsatisfactory results. This ultimately would require high moisture levels in
the stored grains or would necessitate an additional drying step after the initial HHP treatment.
HHP treatment has been shown to be effective in reducing the microbial load of foods for both
pathogenic and spoilage microorganisms with minimal impact on the product quality. However, that
the treatment is unsuitable for in-line procedures and must be performed in a batch process presents
its biggest draw-back. Various parameters such as pressure, time, temperature, and pH have to be
considered to optimise the process in terms of both microbial inactivation and in consideration of final
product quality [103].

In particular, the combination of HHP with heating treatments requires further research to fully
exploit its potential in the development of new products.

7. Conclusion and Future Trends

Scientific evidence for the potential of each treatment as a tool for microbial decontamination
is available. In particular, novel technologies not currently used in industry were found to present
several advantages over established ones. For example, the use of superheated steam combines
a faster, more efficient microbial decontamination with less impact on the grain quality compared
to conventional saturated steam or hot air treatments. In addition, the use of e-beam irradiation,
high hydrostatic pressure, and microwaves, based on non-thermal inactivation mechanisms, presents
several advantages over more established technologies, such as gamma rays or UV light. However,
due to their novelty, particularly in terms of microbial decontamination of cereals, the side effects of
these technologies have been sparsely investigated. Therefore, further research is required to better
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understand the impact on the treated grains and the effect on spoilage organisms after exposure to
sub-lethal doses.

Another topic investigated in this review was the degradation of in-field produced and
accumulated mycotoxins to prevent a potential consumer health hazard. All the evaluated treatments
showed some potential for reducing the mycotoxin content in cereals. However, as a result of their
structural diversity (Table 1) and higher intrinsic resistance against many treatments, when compared
to the living organisms, the reduction of the myxotoxigenic load was found to be a major challenge.
In many cases, the treatment time and intensity had to be much higher for mycotoxin degradation
than for the inhibition of living organisms. Thus, successful degradation of these toxins is a major
challenge without compromising the grain’s quality and seed viability. In addition, major concern
related to the decay of mycotoxins are the degradation products released. The vast majority of research
has examined the reduction in the level of the original parent mycotoxin, paying little attention to
the degradation products or mechanism of degradation. Therefore, the identity of the degradation
products and their toxicity is unknown. As a result, the efficiency of mycotoxin degradation cannot
be evaluated as the released compounds may potentially be equal or even more toxic compared to
the parent toxin. Future research will need to understand the possible degradation mechanisms to
identify the resulting compounds. Only then will it be possible to assess their toxicity and evaluate the
success and efficiency of the treatments discussed in this review. Furthermore, concerns regarding a
possible reformation of the toxins during subsequent processing steps and the formation of masked
mycotoxins due to the treatments merits greater research interest.

For both purposes, microbial decontamination and detoxification, each treatment encompasses
associated difficulties for the successful application to cereals. The even and homogeneous treatment
of the whole sample appears to be the biggest challenge. In addition, the efficiency of a treatment
depends on various influential factors. The sample matrix, target organism, moisture content, and water
availability were the most frequently observed influencing factors within the available literature. Thus,
the treatment conditions and setting must be optimised for each crop to make industrial application
possible. However, even under ideal process conditions it appears unlikely that one physical treatment
can result in sufficient microbial decontamination and detoxification without substantial grain quality
deterioration. Consequently, the combination of several treatments appears to represent the most
promising approach for optimal results. Future research should therefore focus on understanding and
the optimisation of the synergies which are likely to be achievable through combinatory treatments.
Only then will it be possible to produce products that meet the highest standards in terms of food
quality and safety.
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Abstract: Baker’s yeast intolerance is rising among Western populations, where Saccharomyces
cerevisiae is spread in fermented food and food components. Zymomonas mobilis is a bacterium
commonly used in tropical areas to produce alcoholic beverages, and it has only rarely been
considered for dough leavening probably because it only ferments glucose, fructose and sucrose,
which are scarcely present in flour. However, through alcoholic fermentation, similarly to S. cerevisiae,
it provides an equimolar mixture of ethanol and CO2 that can rise a dough. Here, we propose
Z. mobilis as a new leavening agent, as an alternative to S. cerevisiae, overcoming its technological
limit with different strategies: (1) adding glucose to the dough formulation; and (2) exploiting the
maltose hydrolytic activity of Lactobacillus sanfranciscensis associated with Z. mobilis. CO2 production,
dough volume increase, pH value, microbial counts, sugars consumption and ethanol production
were monitored. Results suggest that glucose addition to the dough lets Z. mobilis efficiently leaven
a dough, while glucose released by L. sanfranciscensis is not so well fermented by Z. mobilis, probably
due to the strong acidification. Nevertheless, the use of Z. mobilis as a leavening agent could contribute
to increasing the variety of baked goods alternative to those leavened by S. cerevisiae.

Keywords: Zymomonas mobilis; Lactobacillus sanfranciscensis; sourdough; dough leavening;
bakery products; Saccharomyces cerevisiae; anti-S. cerevisiae antibodies

1. Introduction

In the last decades, the research in human nutrition has aimed both at improving food safety and
demonstrating new healthy properties of foods or ingredients. Particularly in the grain cereals area,
great attention has been paid to the study of sourdough microbial ecology [1,2] and to the positive
effects of lactic acid bacteria (LAB) and yeast fermentation on the technological characteristics of dough.
Therefore, several contributions have led to the enhancement of baked products by using a sourdough
technology, which also matches consumer’s choices in terms of their preference towards the valorisation
of traditional products that can be certified [3]. Organic acid production impacts on sourdough texture
and product shelf-life, with acetic acid also displaying anti-ropiness and antifungal activities [4,5].
Acidification also helps to activate endogenous cereal proteases that release peptides and amino acids
related to flavour formation [6]. The production of bacteriocins allows microorganisms to control the
sourdough ecosystem [7], while the synthesis of homo-polysaccharides delays firmness and staling [6].
Sourdough fermentation can also have positive nutritional implications by biodegrading phytates,
thus increasing mineral bioavailability, and by lowering the glycaemic response to the consumption of
baked goods [6].

Nevertheless, adverse food reactions, such as baker’s yeast intolerance, have recently been
increasing among Western population [8]. Apart from in well-known alcoholic beverages, such as beer,
wine and cider, and baked goods, S. cerevisiae is also used in savoury spreads, as a food supplement in
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‘multi-vitamin’ preparations and ‘probiotics’ in animal feed [9], and even in vaccine production [10].
It is therefore clear that we are often exposed to yeast parietal components [11].

Several studies report that an adverse response to baker’s yeast occurs in a proportion of patients
with Inflammatory Bowel Disease (IBD). In particular, in patients with Crohn’s disease (CD), S. cerevisiae
is recognized as an antigen, and anti-S. cerevisiae antibodies (ASCAs), directed against the cell wall
mannan (phosphopeptidomannan) of yeast, have been identified as an important serological marker
of this pathogenesis. However, the determination of ASCAs is also reliable in other autoimmune
disorders besides CD [12]. Environmental factors such as food antigens may play an important role in
the pathogenesis of autoimmune disorders [10,13] and obesity [9]. Although there is scarce literature
on allergy-hypersensitivity to yeasts, some clinical conditions might benefit from reduced exposure to
these microorganisms [14].

Based on these considerations, the study of new microbial resources to be applied in leavened
goods may be considered of actual relevance; in this context, the possibility of replacing S. cerevisiae
is noteworthy. The use of Zymonomas mobilis as leavening agent can contribute to an increase in the
variety of bakery products alternative to those leavened by yeast in order to meet the specific demands
of consumers. Z. mobilis can therefore be an interesting candidate to create a new food area of yeast-free
baked goods. This bacterium is commonly used in tropical areas as a fermenting agent of plant saps to
obtain alcoholic beverages such as pulque [15]. Z. mobilis ferments only glucose, fructose and sucrose,
and through alcoholic fermentation it provides an equimolar mixture of ethanol and CO2 that can
theoretically leaven a dough [16], just like S. cerevisiae. The narrow range of fermentable substrates is a
technological limit of Z. mobilis vs S. cerevisiae that may be overcome by: (1) adding a fermentable sugar
to the dough formulation; or (2) exploiting maltose hydrolytic activity of Lactobacillus sanfranciscensis
associated with Z. mobilis. This unconventional association has been investigated as a model system
(higher cell concentration and leavening temperature, shorter leavening time) in a previous paper [17].
The present research aims to compare Z. mobilis leavening performance when glucose is added to the
dough both with its fermentative ability when Z. mobilis is in association with L. sanfranciscensis and in
doughs formulated and processed similarly to a type I sourdough.

2. Materials and Methods

2.1. Microorganisms and Maintenance

Z. mobilis subs. mobilis type strain DSM 424 (DSMZ: Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH) and L. sanfranciscensis DSM 20663 were used in this study.

Z. mobilis was maintained in liquid DSM medium, while biomass production was carried out in
liquid IC G20 medium (as previously reported) [16]. Both media contain bacto-peptone (Costantino
SpA, Turin, Italy) 10 g/L and glucose (Sigma Aldrich, St. Louis, MO, USA) 20 g/L, while they differ for
yeast extract (Costantino SpA) 10 g/L present in DSM medium and of casein enzymatic hydrolysate
(Costantino SpA) 10 g/L in IC G20. For both media, the pH was set at 6.8, and sterilization occurred at
112 ◦C for 30 min.

L. sanfranciscensis was maintained and cultivated in MRSm medium as reported elsewhere [17].
Cultures were incubated at 30 ◦C in stationary conditions for 16–24 h. Stock cultures of both
microorganisms were stored at −80 ◦C in the same media (DSM for Z. mobilis and MRSm for
L. sanfranciscensis) added with 20% (v/v) glycerol (VWR International, Leuven, Belgium).

2.2. Biomass Production

Z. mobilis was cultured in 1 L flasks containing 600 mL of liquid IC G20 medium, inoculated
with 5% (v/v) of a 9 h pre-culture grown in DSM medium. L. sanfranciscensis was grown in 1 L flasks
containing 600 mL of MRSm medium, inoculated with 2% (v/v) of a 24 h pre-grown culture in the
same medium. Cultures were incubated at 30 ◦C in stationary conditions for 16 h for Z. mobilis and
24 h for L. sanfranciscensis.
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The determination of the cell biomass was performed by spectrophotometric measurement
(OD 600 nm, 6705 UV-Vis Spectrophotometer, Jenway, UK). For each strain, at 16 h in the case of
Z. mobilis and 24 h for L. sanfranciscensis, a calibration curve was built (OD 600 vs. CFU (colony-forming
unit)/mL) to determine the proper culture volume to add in the dough preparation (cell concentration
expressed as Log CFU/g dough).

2.3. Dough Production and Analytical Determinations

Doughs were prepared with 333 g of a commercial type 0 Manitoba wheat flour (Simec SpA,
Santa Giusta, Oristano, Italy) and 167 mL of distilled water, with or without addition of 1 or
5% (w/w flour) glucose. Z. mobilis was added alone (7 Log CFU/g dough) or with L. sanfranciscensis
(5 Log CFU/g dough) yielding to 100:1 ratio Zymomonas:Lactobacillus cells. Ingredients were mixed in
a food mixer (CNUM5ST, Bosch, Stuttgart, Germany) at speed 1 for 6 min. The dough was divided
into 3 sections, treated as follows and then incubated at 26 ◦C:

- 400 g, inserted into a 1 L graduate cylinder to evaluate the dough volume increase up to 24 h
of leavening;

- 25 g, inserted into a double chamber flask connected with a graduate burette filled with acidified
water, to evaluate the total amount of CO2 produced during leavening [16];

- The remaining sample was left to leaven into a Becker; samples were taken at appropriate
intervals to determine dough pH, microbial counts and to carry out HPLC (high performance
liquid chromatography) analysis.

Each analysis was performed at 0, 8, 16 and 24 h of leavening time.

2.4. Evaluation of Dough Volume Increase and Total CO2 Production

The increase in the dough volume (mL) was evaluated at appropriate time intervals through
the record of the level reached by the dough inside the graduate cylinder. CO2 production (mL) was
monitored by measuring the level reached by the liquid present inside the burette connected to the
double chamber flask.

2.5. Determination of the Microbial Populations in Doughs

Approximately 10 g of dough sample were decimally diluted in sterile peptone water
(10 g/L Bacto-peptone (Costantino SpA), pH 6.8) and homogenized in a Stomacher 400 Circulator
(Seward, Worthing, UK) for 5 min at 260 rpm. The appropriate dilutions were plated onto MRSm
agar (MRSm broth added with agar 15 g/L) for the determination of L. sanfranciscensis population,
as well as onto DSM agar (DSM broth added with agar 15 g/L) for Z. mobilis. Plates were incubated
at 30 ◦C for 3 d in anaerobic conditions. Aerobic bacterial count (ABC) was determined by pour
plating in Tryptic Soy Agar (TSA, Scharlab, Barcelona, Spain) after incubation at 30 ◦C for 48–72 h.
The enumeration of yeasts and moulds were carried out in Yeast Glucose Chloramphenicol Agar
(YGC-Scharlab, Barcelona, Spain) plates after incubating at 25 ◦C for 3–5 day.

2.6. HPLC Analyses and pH Monitoring

Maltose and glucose consumption, as well as ethanol production during leavening, were measured
through an HPLC system (L 7000, Merck Hitachi, Tokyo, Japan) as reported by Musatti et al. [17]. Briefly,
4 mL of homogenized dough samples were centrifuged (Eppendorf 5804 (Hamburg, Germany), 10,600× g,
10 min) and supernatants were filtered (0.45 μm syringe filter, VWR International, Radnor, PA, USA)
before HPLC analysis. Data refer to 1 g dough (mg/g dough).

Dough pH was monitored at different intervals on the integral undiluted dough sample (pH-meter
Eutech Instruments pH 510, Toronto, ON, Canada).

93



Foods 2018, 7, 61

2.7. Statistical Analysis

All samples were prepared and analysed at least in triplicate. The effect of two factors, such as
% glucose addition or L. sanfranciscensis co-inoculation, on some fermentation parameters were
investigated by ANOVA according to the general linear model. Results of microbiological counts
were transformed in the respective decimal logarithms to match a normal distribution of values.
Data were processed with Statgraphic R Plus 5.1 for Windows (StatPoint, Inc., Herndon, VA, USA).
When the effect was significant (p < 0.05), differences between means were separated by LSD test of
multiple comparisons.

3. Results and Discussion

3.1. Trials with Glucose Addition into Dough

Dough samples were prepared with or without glucose addition (1% and 5% w/w). When glucose
was not added, Z. mobilis fermented only the glucose amount naturally present in the flour
(around 2.01 ± 0.59 mg/g dough). However, even if there are some hydrolytic enzymatic activities in
the dough due to the presence of endogenous amylases, the low glucose concentration does not allow
adequate CO2 production to obtain a suitable dough volume increase by Zymomonas, especially in the
first times of incubation.

The need to add a fermentable carbon source to the flour, in order to obtain a leavening of
the dough, had already been highlighted in a previous work [16]. Actually, the results confirmed
that the addition of glucose increases the CO2 production (p = 0.001), and that in the three tested
conditions mean values became statistically different at 16 h leavening time (p = 0.007) (Figure 1).
Similarly, the addition of glucose allowed the doubling of the dough volume within the considered
incubation time. As expected, the highest CO2 production is related to the highest dough volume
increase; in particular, with 5% glucose, the mean value of dough volume reached more than
850 mL (p = 0.019) with respect to an average of 815 or 735 mL with 1% or without glucose addition,
respectively. CO2 production was also related to bacterial growth; when no glucose is added,
Z. mobilis grew approximately 1.3 Log CFU/g in 24 h, and around 1.6–2 Log CFU/g in the presence of
1% and 5% glucose, respectively. The performances obtained in dough samples with the two glucose
concentrations were not significantly different between them, but both were statistically different from
those obtained without glucose (p < 0.001).
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Figure 1. Time course of CO2 production (mL), dough volume increase (mL), microbial growth of
Z. mobilis (Log CFU/g) and dough pH in the three tested conditions (0%, 1%, 5% w/w glucose).

Results from HPLC analysis confirmed the increase of maltose during leavening time (p < 0.001)
due to hydrolytic activity of the flour amylases and Z. mobilis inability to use this sugar (Table 1).
At up to 8 h of incubation, the ethanol formation was not statistically different (p = 0.414), even if the
three tested conditions had different levels of glucose. Then, glucose was mainly consumed between
8 and 16 h, producing CO2 and ethanol in higher amounts in samples to which 5% glucose was added,
as expected.

Table 1. Maltose, glucose and ethanol concentrations (expressed in terms of mg/g dough, mean and
standard deviation (St. dev.)) present at 0, 8, 16 and 24 h in doughs leavened by Z. mobilis with 0%, 1%,
5% (w/w) of glucose added respect to the flour.

Glucose
(% w/w flour)

Time (h)
Maltose (mg/g) Glucose (mg/g) Ethanol (mg/g)

Mean St. dev. Mean St. dev. Mean St. dev.

0

0 10.50 0.96 1.96 0.06 0.00 0.00
8 14.59 1.67 1.12 0.13 1.14 0.13

16 17.71 3.16 0.23 0.33 2.79 0.49
24 15.69 2.65 0.00 0.00 3.38 0.33

1

0 10.55 1.11 8.72 0.41 0.00 0.00
8 15.48 5.22 3.42 0.62 1.84 0.41

16 19.00 1.59 1.23 0.54 4.03 1.02
24 21.43 4.49 0.92 0.44 3.96 0.77

5

0 8.33 0.95 35.72 2.95 0.00 0.00
8 15.72 3.29 34.56 1.62 0.72 1.01

16 18.57 2.84 2.66 1.48 9.73 0.13
24 20.80 2.92 1.46 0.40 13.65 2.46
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3.2. Bacterial Association Z. mobilis-L. sanfranciscensis

The association of Zymomonas with lactic acid bacteria has already been described in various
food products, especially in some fermented drinks [18–21]. From this perspective, the possibility
of obtaining a gradual glucose release in the dough exploiting the maltose hydrolytic activity of
Lactobacillus sanfranciscensis was investigated [17].

When L. sanfranciscensis and Z. mobilis were inoculated together, the mean values of CO2

production and dough volume increase did not significantly differ from those obtained with the use of
Z. mobilis alone (Figure 2). Dealing with the single leavened samples, dough volumes at 16 and 24 h
were found to be statistically different from those observed by using L. sanfranciscensis alone (p = 0.023
and 0.024, respectively). These results indicate that the contribution of the two microorganisms in
association is not additive. Respect to the trials performed with glucose addition, in which the dough
volumes nearly doubled in the first 8 h, the dough volume increased less than 20% in the case of the
microbial association. As regards the trends of acidification and bacterial counts during the incubation
time, the obtained data proved to be strongly affected by the presence of L. sanfranciscensis: the pH
decreased to values of around 4 and the LAB growth (plus 4 Log CFU/g) was not influenced by the
presence of Zymomonas. On the contrary, Z. mobilis, when grown in association with L. sanfranciscensis,
statistically reduced (p = 0.002) its cell concentration from 16 h leavening onward. This behavior is
probably due to the strong acidification of the medium produced by L. sanfranciscensis, able to affect
both Z. mobilis vitality and fermentation ability.

Figure 2. Time course of CO2 production (mL), dough volume increase (mL), microbial growth
(Log CFU/g) as well as dough pH, in doughs leavened by Z. mobilis and L. sanfranciscensis alone or by
their association.

HPLC data confirmed that L. sanfranciscensis consumed maltose (p = 0.012) and released glucose
(p = 0.003) in the dough [4], that it is not totally consumed by Z. mobilis (Table 2).
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In summary, these results highlight that when inoculated alone, Z. mobilis is able to consume all the
glucose present in a dough, while when coupled with L. sanfranciscensis, its fermentative performance
decreases. Furthermore, the presence of L. sanfranciscensis did not lead to a significant ethanol yield
increase, even if it can consume the available maltose in flour and release glucose.

Table 2. Maltose, glucose and ethanol concentrations (expressed in terms of mg/g dough, mean and
standard deviation) present at 0, 8, 16 and 24 h in doughs leavened by Z. mobilis, L. sanfranciscensis and
their association.

Microorganism Time(h)
Maltose (mg/g) Glucose (mg/g) Ethanol (mg/g)

Mean St. dev. Mean St. dev. Mean St. dev.

Lactobacillus sanfranciscensis
(5 Log CFU/g)

0 11.33 1.46 2.08 1.01 0.00 0.00
8 16.68 0.66 3.20 0.82 0.00 0.00

16 9.43 0.60 4.01 0.28 0.00 0.00
24 10.80 0.80 4.54 0.52 0.00 0.00

Zymomonas mobilis
(7 Log CFU/g)

0 10.50 0.96 1.96 0.06 0.00 0.00
8 14.59 1.67 1.12 0.13 1.14 0.13

16 17.71 3.16 0.23 0.33 2.79 0.49
24 15.69 2.65 0.00 0.00 3.38 0.33

L. sanfranciscensis
coupled with

Z. mobilis
(5–7 Log CFU/g)

0 8.96 1.82 1.04 0.56 0.00 0.00
8 14.21 2.70 0.92 0.31 0.75 0.28
16 13.58 0.94 0.56 0.79 3.73 0.70
24 12.33 2.76 0.82 0.35 4.91 1.23

4. Conclusions

The results obtained demonstrate that Z. mobilis is able to efficiently leaven a dough when glucose
is present in the dough formulation. On the other hand, although the metabolic activities of LAB have
positive effects on the structural and sensorial properties of the baked product [5,6], the traditional
back-slopping sourdough technology [22] cannot be proposed due to the accelerated acidification
of the dough impairing the growth of Zymomonas. In fact, preliminary trials have evidenced that,
independently of the initial cell ratio between the two bacteria, L. sanfranciscensis always became
the prevailing microbial population. This disproportion with Z. mobilis increased with refreshments,
thus giving strongly acidified and poorly leavened doughs.

Future trials will be aimed at investigating microbial association with other LAB or the use of
dough formulations naturally enriched of sugars fermentable by Z. mobilis. In this context, sucrose can
also be considered an interesting alternative to glucose; nevertheless, the strain leavening performance
with this carbon source has to be evaluated.
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Abstract: The objectives of this study were to investigate the nutrient composition, protein profile,
morphology, and pasting properties of protein-rich pseudocereal ingredients (quinoa, amaranth,
and buckwheat) and compare them to the more common rice and maize flours. Literature concerning
protein-rich pseudocereal ingredients is very limited, mainly to protein profiling. The concentrations
of macronutrients (i.e., ash, fat, and protein, as well as soluble, insoluble and total dietary fibre)
were significantly higher for the protein-rich variants of pseudocereal-based flours than their
regular protein content variants and the rice and maize flours. On profiling the protein component
using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), all samples showed
common bands at ~50 kDa and low molecular weight bands corresponding to the globulin fraction
(~50 kDa) and albumin fraction (~10 kDa), respectively; except rice, in which the main protein was
glutelin. The morphology of the starch granules was studied using scanning electron microscopy with
quinoa and amaranth showing the smallest sized granules, while buckwheat, rice, and maize had
the largest starch granules. The pasting properties of the ingredients were generally similar, except
for buckwheat and amaranth, which showed the highest and lowest final viscosity, respectively.
The results obtained in this study can be used to better understand the functionality and food
applications of protein-rich pseudocereal ingredients.

Keywords: pseudocereal; cereal; protein-rich ingredients; macronutrient; protein profile; morphology;
rheological properties

1. Introduction

The global protein demand for the 7.3 billion inhabitants of the world is approximately 202 million
tonnes annually [1]. The expected continuous growth of the global population to 9.6 billion people
by 2050 is creating an ever-greater need to identify and develop sustainable solutions for provision
of high-quality food protein [2,3]. Plant-based protein ingredients are becoming more popular due
to their contribution to environmental sustainability and to food security challenges, in addition to
their cost-effectiveness, compared with animal-based proteins [4]. However, replacing animal-based
protein ingredients with plant-origin material is not easy due mainly to important differences in
composition and taste/flavour [5]. Moreover, applications of plant proteins are poorly studied
and commercially limited due mainly to their techno-functional properties (e.g., poor solubility),
anti-nutritional components, off-flavour, and colour [6,7].

Quinoa, amaranth, and buckwheat are non-conventional sources of protein that have been
the subject of limited studies in recent years, although their cultivation goes back thousands of
years [8,9]. They are gluten-free dicotyledonous grains, referred to as pseudocereals, with somewhat
similar composition and nutritional value to cereals, such as rice and maize [10,11]. Quinoa and
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amaranth are cultivated in South America, and buckwheat, originally from Central Asia, is now also
cultivated in Central and Eastern Europe [12]. Their main compositional component is starch [13] which
forms semi-crystalline structures referred to as “starch granules”, and depending on the botanical
source, these granules vary in size, shape, and amylose:amylopectin ratio [14], which consequently
influences the techno-functional properties of the flour ingredients [15,16]. Protein, fibre, fat, minerals,
and vitamins are the remaining macro- and micro-nutrients that constitute pseudocereals [9,17].
The protein content of amaranth, buckwheat, and quinoa, has been reported to be 12.0%–18.9% and
the concentrations of essential amino acids, particularly, cysteine and methionine, are known to be
higher than in some common cereals such as rice and maize [12].

Regarding classification of pseudocereal proteins, the literature in this area is often inconsistent
and contradictory [17]. Several authors [18,19] have reported globulins and albumins to be the main
proteins in quinoa, amaranth, and buckwheat, in contrast to other cereals, such as rice, where the main
proteins are glutelin and prolamins [20]. Amaranth, quinoa, and buckwheat are also good sources
of dietary fibre, which has proven effects in promoting desirable physiological outcomes, such as
lowering blood cholesterol and increased satiety, due to its resistance to digestion and absorption in the
small intestine, followed by complete or partial fermentation in the large intestine [21–23]. In addition,
pseudocereals are rich in micro-nutrients such as calcium, magnesium, and iron and good sources of
vitamin E and riboflavin [24].

These macro- and micro-nutrients are located in different parts of the grain (Figure 1). In amaranth
and quinoa seeds, the embryo or germ, which is circular in shape, surrounds the starch-rich perisperm,
and together with the seed coat, represent the bran fraction, which is relatively rich in fat and
protein [25]. In contrast, in buckwheat seeds, starch reserves are stored in the endosperm, as in
common cereals, and the embryo, rich in fat and protein, extends through the starchy endosperm [26].
Protein-enriched fractions can be prepared from such pseudocereal grains using two principal
approaches—dry or wet fractionation techniques [27]. Dry fractionation employs mechanical forces
(milling and air/size classification) and is a more sustainable means of obtaining protein-rich
fractions, while wet fractionation techniques use large quantities of water, chemicals (e.g., for pH
adjustment), and a final drying step that consumes energy [4,28]. Therefore, protein-rich fractions
from pseudocereals can offer unique nutritional and technological properties that have not yet been
fully investigated or tested in food applications [29–31].

(a) (b) 

Figure 1. Cont.
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(c) (d) 

Figure 1. Schematic representation of grain structure of quinoa and amaranth (a); rice (b); buckwheat (c);
and maize (d).

The aim of this work was to determine systematically the nutritional composition, protein
profile, and physical properties of several novel protein-enriched ingredients from quinoa, amaranth,
and buckwheat and compare them to regular protein content pseudocereal and cereal flours.
These protein-rich fractions have great potential as ingredients, not only for their nutritional value
(e.g., rich in protein and fibre) but also for their technological functionality (e.g., starch pasting
properties). Scientific information on pseudocereal protein-rich fractions is scarce in the literature,
thus, the results of this original and novel study can help with our understanding of the potential
applications of these plant-based protein-rich ingredients in food formulations.

2. Materials and Methods

2.1. Cereal and Pseudocereal Flour Ingredients

Ten different regular and protein-rich cereal and pseudocereal flours/ingredients were analysed
in this study. Seven of the flours were of pseudocereal origin: quinoa wholegrain flour (QWGF),
quinoa dehulled flour (QDF), quinoa protein-rich flour (QPRF), amaranth wholegrain flour (AWGF),
amaranth protein-rich flour (APRF), buckwheat dehulled flour (BDF), and buckwheat protein-rich
flour (BPRF). Protein enrichment in the protein-rich flours was achieved using a dry milling approach.
In brief, the grains were milled using either an impact or a jet mill, with different screen inserts
used to produce flour and seed fragments; only buckwheat was milled using a jet mill. All grains,
except amaranth, were sourced from commercial suppliers and had been de-hulled prior to milling.
After milling, the protein-rich fractions were separated from the milled flours using size-based dry
sieve classification. Rice flour (RF), rice protein concentrate (RPC), and maize flour (MF) were included
in the study as comparator flour ingredients and were of cereal origin. All of the pseudocereal flours
were provided by the Fraunhofer Institut (Munich, Germany) except the QWGF, which was purchased
from Ziegler & Co. (Wunsiedel, Germany). The RF and RPC ingredients were purchased from Beneo
(Tienen, Belgium) and the MF was purchased from the Quay Co-op (Cork, Ireland).

2.2. Chemical Composition

Moisture, ash, fat, and protein contents of samples were determined according to the standard
methods of the Association of Analytical Chemists [32]. Moisture was determined by oven drying
at 103 ◦C for 5 h (AOAC 925.10). The ash content was analysed by dry ashing in a muffle furnace at
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500 ◦C for 5 h (AOAC 923.03). Fat determination was carried out following AOAC 922.06, using a
Soxtec 2055 (Foss, Ballymount, Co., Dublin, Ireland). Total nitrogen content was determined by the
Kjeldahl method (AOAC 930.29) using the following nitrogen-to-protein conversion factors: 6.25 for
quinoa, buckwheat, and maize [12,33], 5.85 for amaranth [24], and 5.95 for rice ingredients [12].
Total carbohydrate was calculated by difference (i.e., 100—sum of protein, fat, ash, and moisture).
Total starch (AOAC Methods 996.11 and AACC Method 76-13.01), damaged starch as a % of total
starch (AACC method 76-31.01 and ICC method No. 164), and soluble (SDF), insoluble (IDF), and total
dietary fibre (TDF) (AOAC Method 991.43 and AACC Method 32-07.01) contents were determined
using enzyme kits (Megazyme, Bray, Co., Wicklow, Ireland). β-glucan, casein, and high-amylose maize
starch were used as controls in dietary fibre analysis (K-TDFC; Megazyme, Wicklow, Ireland).

2.3. Electrophoretic Protein Profile Analysis

The protein profile was assessed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) using precast gels (Mini-PROTEAN TGX, Bio-Rad Laboratories, Hercules, CA, USA)
under non-reducing (method I and II) and reducing conditions (method III). The sample loading
buffer contained 65.8 mM Tris-HCl (pH 6.8), 26.3% glycerol, 2.1% sodium dodecyl sulfate (SDS)
and 0.01% bromophenol blue. The running buffer (10× Tris/Glycine/SDS, Bio-Rad Laboratories,
Hercules, CA, USA) had a composition of 25 mM Tris, 192 mM glycine, and 0.1% SDS (w/v),
pH 8.3. The staining solution used was Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories,
Hercules, CA, USA). The target final protein concentration was, in all cases, 1 mg/mL, and 10 μL of
sample solution loaded into each well of the gel. For the preparation of the samples, three different
methods were used. For method I, the approach of Abugoch et al. [34] was followed, with slight
modifications. Briefly, the powder samples were mixed directly with the sample loading buffer at a
concentration of 1 mg/mL, vortexed for 1 min until the powder was fully suspended and mixed over
2 h at 20 ◦C and at 250 rpm. For methods II and III, the approach of Amagliani et al. [20] was followed,
with the modification that the powders were mixed with the protein extracting buffer overnight,
and 1,4-dithiothreitol (DTT; 1%) was used in method III as a reducing agent.

2.4. Microstructural Analysis

The powders were mounted on aluminium stubs using double-sided adhesive carbon tape,
and sputter coated with a 5 nm layer of gold/palladium (Au:Pd = 80:20) using a Quorum Q150R
ES Sputter Coating Unit (Quorum Technologies Ltd., Sussex, UK). Subsequently, the samples were
loaded into a sample tube and examined using a JSM-5510 scanning electron microscope (JEOL Ltd.,
Tokyo, Japan), operated at an accelerating voltage of 5 kV.

2.5. Pasting Behaviour

Pasting properties were studied using an AR-G2 controlled-stress rheometer equipped with a
starch pasting cell (AR-G2; TA Instruments Ltd., Waters LLC, Leatherhead, UK). The internal diameter
of the cell was 36.0 mm, the diameter of the rotor was 32.4 mm, and the gap between the two elements
at the geometry base was 0.55 mm. A heating and cooling cycle described by Li et al. [35] was applied
to 16% (w/w) suspensions of flours ingredients at a fixed shear rate of 17 rad/s.

2.6. Statistical Analysis

All the analyses were conducted in triplicate. The data generated was subjected to one-way
analysis of variance (ANOVA) using R i386 version 3.3.1 (R foundation for statistical computing,
Vienna, Austria). A Tukey’s paired comparison test was used to determine statistically significant
differences (p < 0.05) between mean values for different samples, at a 95% confidence level.
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3. Results and Discussion

3.1. Chemical Composition

The dry matter that remains after moisture removal is commonly referred to as total solids [36].
Protein-rich samples had higher total solids (p < 0.05) content than their regular flour counterparts.
The higher total solids content of these protein-rich ingredients can be an advantage from a
microbiological and chemical stability perspective [37]. Ash refers to substances resulting from
the incineration of dry matter in a powder sample and is directly related to the mineral content of the
sample [38]. The protein-rich ingredients, QPRF, APRF, BPRF, and RPC showed higher ash contents
(3.6%, 6.9%, 3.0%, and 3.4%, respectively) than the regular flours QWGF, QDF, AWGF, BDF, RF, and MF
(2.3%, 1.8%, 2.4%, 1.5%, 0.8%, and 0.7%, respectively). Protein-rich flours are usually produced using
dry fractionation approaches [28], classifying the parts of the grain that are rich in protein (e.g., embryo
fraction) which results in a concomitant increase in other components such as minerals [5,25,39].
These pseudocereal protein-rich fractions with higher ash content would be expected to be enriched
in selected minerals such as phosphorus, magnesium, and potassium that are located in embryonic
tissues [33,40].

The fat content of the protein-rich ingredients QPRF, APRF, and BPRF (12.8%, 16.6%, and 4.8%,
respectively) was significantly higher (p < 0.05) than the regular flours (Table 1). The higher fat content
of the protein-rich ingredients was expected taking into consideration that the dry fractionation process
classifies fractions rich in fat along with protein. Arendt and Zannini [40], reported that in quinoa,
49% of the total fat content is located in the embryo. Gamel et al. [41], reported 45% higher fat content
in amaranth protein-rich flours, in comparison with a regular flour, and related it with the association
of fat with cell wall materials and protein bodies during the protein enrichment process. BPRF showed
the lowest value for fat (4.7%) among the protein-rich ingredients. In this study, the low fat content of
BDF is most likely due to its relatively low level of protein enrichment (20%) which suggests lower
enrichment in the embryo fraction where most of the fat is located. Also, Alvarez-Jubete et al. [26]
stated that the fat content in quinoa and amaranth is two to three times higher than in buckwheat and
common cereals. The fact that these pseudocereals have high levels of fat reduce the need for adding
fat when these protein-rich flours are used as ingredients (e.g., baked products) where fat plays an
important role in texture and flavour [41].

The protein-rich flour ingredients, QPRF, APRF, and BPRF, had values for protein of 33.3%, 38.6%,
and 20.5%, respectively. The protein contents for pseudocereal flours ranged from 13.1% to 15.7% which
are higher than the protein values for RF (8.2%) and MF (6.4%). These values are in accordance with
the study of Mota et al. [12], who reported a protein content for pseudocereals significantly higher than
in common cereals such as rice and maize. Moreover, a recent review by Navruz et al. [42] reported
the nutritional and health benefits of quinoa, such as protein digestibility values similar to casein and
higher lysine levels than other grains.

The values for starch in protein-rich samples were lower (21.4–47.3%) than those for the regular
flours (50.5–61.6%). The lower values for starch in the protein-rich ingredients were expected as
protein-rich ingredients are more enriched in the embryo fraction (rich in proteins), while the perisperm
(quinoa and amaranth) or endosperm (buckwheat) where the starch granules are located, are less
abundant. The level of starch damage is related to the process and the conditions (e.g., pressure or shear)
used to obtain the protein-rich flour ingredients [43]. Such damage changes the granular structure of
starch and influences the rheological and functional properties of the starch granules by modulating
their water sorption and swelling capacity [43]. QWGF, QDF, QPRF, AWGF, RF, and MF showed similar
levels of damaged starch (~7–12% of total starch); while APRF, BDF, and BPRF had the lowest levels
of starch damage (~2%) (Table 1). The differences in damaged starch between the samples are usually
related to the severity of the extraction process employed [20]. RPC showed the highest damaged starch
content (88.3%), which might have arisen from the use of chemicals and aggressive environmental
conditions (temperature and pH) in obtaining high protein levels in the final product [4].
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Dietary fibre denotes carbohydrate polymers which are not hydrolysed by the endogenous
enzymes in the small intestine of humans [21,22]. Total dietary fibre (TDF) is divided into two
categories, based on differences in solubility in water: soluble (SDF) and insoluble (IDF) dietary fibre.
Protein-rich cereal ingredients showed significantly higher levels (19–24%) (p < 0.05) of TDF than the
regular protein containing ingredients (1.1–11.5%) (Table 1 and Figure 2). Among the pseudocereal
flours there were no significant differences (p < 0.05) in TDF, but they showed higher contents of
TDF (p < 0.05) in comparison with RF and MF. These results were expected on comparison with
literature data: Nascimento et al. [33], reported that pseudocereals can have seven times more fibre
than common grains such as rice. The TDF values were similar to those found in other studies
for quinoa [33,44,45] where values for TDF of 10.4%, 11.7%, and 12.7%, respectively, were reported,
whereas Alvarez-Jubete et al. [26] reported slightly higher values for TDF (14.2%). The value for
AWGF is in line with Nascimento et al. [33] who reported a TDF content of 11.3% for amaranth.
Other authors, such as Repo-Carrasco et al. [46], reported slightly higher values (ranging from 14% to
16%) for amaranth (Amaranthus caudatus) flours. Regarding the soluble and insoluble dietary fibre
fractions, the IDF fraction was higher than the SDF fraction in all the ingredients except for RF. This is
in accordance with values reported in the literature for quinoa [47,48] and amaranth [19]. However,
the IDF content of AWGF was slightly lower than that reported previously by Repo-Carrasco et al. [46]
for the varieties Oscar Blanco (12.15%) and Centenario (13.92%). RPC had the lowest values for
TDF, SDF, and IDF, which might be explained by the higher protein enrichment levels for this
sample, which was in turn, associated with lower levels of other components such as starch, fat,
and dietary fibre.
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Figure 2. Soluble ( ) and insoluble ( ) dietary fibre content (% w/w) of quinoa wholegrain flour
(QWGF), quinoa dehulled flour (QDF), quinoa protein-rich flour (QPRF), amaranth wholegrain flour
(AWGF), amaranth protein-rich flour (APRF), buckwheat dehulled flour (BDF), buckwheat protein-rich
flour (BPRF), rice flour (RF), rice protein concentrate (RPC), and maize flour (MF).

3.2. Protein Profile by SDS-PAGE Electrophoresis

SDS-PAGE analyses under non-reducing conditions (Figure 3a,b) and reducing conditions
(Figure 3c) were performed using methods I, II, and III, respectively, as outlined in Section 2.3.
All samples, except maize, showed common protein bands at ~50 kDa under non-reducing conditions
(Figure 3a,b). This band corresponds to the globulin and glutelin fraction in pseudocereals and rice,
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respectively. For quinoa samples (QWGF, QDF, and QPRF), bands at ~50 kDa (Figure 3a,b) correspond
to the 11S globulin fraction, also commonly referred to as chenopodin. Chenopodin consists of ~49 and
57 kDa subunits that are associated into a hexamer by non-covalent interactions [18,49]. When quinoa
proteins are treated directly with the sample loading buffer (Figure 3a), two bands with molecular
weight (MW) lower and higher than ~50 kDa can be observed. The higher intensity of the lower
MW band (Figure 3a,b), suggests that this subunit is predominant in chenopodin protein. When the
sample was treated with the protein extracting buffer containing SDS, urea, and thiourea (i.e., under
non-reducing conditions; method II and Figure 3b), the chenopodin (~50 kDa) did not dissociate into
bands of lower MW suggesting that disulphide bonds are the principal linkage between the subunits.
In a similar manner to quinoa, the amaranth samples (AWGF and APRF), showed a band at ~50 kDa
(Figure 3a,b), which corresponds to the hexameric 11S globulin or amarantin [17]. This major band
might also be attributed to another glutelin-type protein which has similar molecular characteristics to
those of amaranth 11S globulin [50]. Buckwheat samples, showed a main band at ~50 kDa, which may
correspond to the major storage protein of buckwheat, the 13S legume-like globulin, and the minor
storage protein, the trimer 8S vicilin-like globulin [51]. Rice samples also showed a major band at
~50 kDa (Figure 3a,b) which corresponds to the glutelin precursor [20].

(a) 

(b) 

Figure 3. Cont.
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(c) 

Figure 3. Representative sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE)
patterns of quinoa wholegrain flour (1), quinoa dehulled flour (2), quinoa protein-rich flour (3),
buckwheat dehulled flour (4), buckwheat protein-rich flour (5), amaranth wholegrain flour (6),
amaranth protein-rich flour (7), rice flour (8), rice protein concentrate (9), and maize flour (10). The first
lane of each gel contains the molecular weight marker. Samples were prepared according to methods I,
II, and III for gel (a–c), respectively, as explained in Section 2.3.

When the samples were treated with a reducing protein extracting buffer (Figure 3c), the 50 kDa
band was disrupted into several bands of lower MW and two of those bands were predominantly
around 25–30 kDa and 15–20 kDa, corresponding to the subunits (α- or acidic and β- or basic) that form
the globulins for pseudocereals or the glutelins for rice. For quinoa samples treated with the extracting
buffer containing DTT as the reducing agent (Figure 3c), it was observed that the disulphide bonds
that link the acidic or α- (MW ~28 and 34 kDa) and basic or β- (MW ~17 and 19 kDa) subunits were
disrupted, leading to the dissociation of chenopodin into lower MW constituent proteins [28]. The same
was observed for amaranth, whereby the acidic or α- (34–36 kDa) and basic or β- (22–24 kDa) subunits
of amarantin linked by disulphide bonds are resolved under reducing conditions [17]. Buckwheat 13S
legume-like globulin also consists of a small basic subunit (16–29 kDa) linked by a disulphide bond to
a large acidic (30–38 kDa) subunit (Figure 3c) [52]. In the case of rice proteins, when the samples are
treated with the reducing agent (Figure 3c), the glutelin precursor is disrupted into two main bands
with MW ~30 and 20 kDa corresponding to the acidic (α-glutelin) and basic (β-glutelin) subunits that
are linked by disulphide bonds. For maize proteins, when the sample was treated with the reducing
extracting buffer (Figure 3c), two main protein bands were resolved around 20 kDa that may be related
to the main maize protein, zein, a prolamin-like protein that accounts for 60% of the total protein [53].

Bands corresponding to low MW proteins (~10–15 kDa) could be observed in the three gels
(Figure 3a–c) for all quinoa, amaranth, and buckwheat samples, which might be related to the albumin
fraction, which is abundant in pseudocereals [54–56]. For rice samples the band evident at 13 kDa was
reported previously as the prolamin fraction [20]. Besides globulin and albumin proteins, amaranth
showed high MW proteins (~250 kDa; Figure 3a,b) which were resolved into bands of lower MW
under reducing conditions (Figure 3c). Abugoch et al. [34], reported that amaranth glutelin contained
an appreciable proportion of aggregated polypeptides of MW greater than 60 kDa. It is possible that
the band evident on the gels at ~37 kDa for AWGF sample, and which is not disrupted under reducing
conditions, might be the albumin-1 fraction, reported previously to have a MW of 34 kDa [17,55].

3.3. Starch Granules: Shape and Size

Different sizes, shapes, and structures were observed for flour and ingredient powder morphology
and ultra-structure using scanning electron microscopy (SEM) analysis (Figure 4). Quinoa samples
presented the smallest sized granules (1–1.20 μm) among all samples and had a polygonal shape.
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The protein-rich flour (QPRF) showed granules covered and linked to other types of substances.
This embryo-rich fraction is rich in protein, fibre, and fat which suggests that the starch granules
are embedded in a matrix formed by these compounds. Li and Zhu [57] observed that some starch
aggregates appeared to be coated with a film-like substance surrounded by a protein matrix. Amaranth
samples, AWGF and APRF, showed circular granules with a size of ~2.5–3 μm. Amaranth seed is one of
the few sources of small-granule starch, typically 1 to 3 μm in diameter, with a regular granule size [19].
The starch granules in APRF also appeared to be embedded within a matrix as observed for QPRF.
Buckwheat starch granules showed the largest size (5 to 7.5 μm) among the pseudocereal samples
with a mixture of spherical and polygonal structures. Christa et al. [58], also observed spherical, oval,
and polygonal granules with a size distribution from 2 to 6 μm for buckwheat starch. Analysis of the
granule structure and matrix positioning showed other components attached which may be protein
and fat [59]. The BPRF samples, similar to that observed for QPRF and APRF, also had starch granules
embedded in a matrix of other components. Analysis of RF ultrastructure showed starch granules
with diameter between 4 and 5 μm, with an angular shape, while maize flour exhibited the largest
starch granules (15 μm) with both circular and rod-shapes. These results are in agreement with
Nienke et al. [60], who categorized starch granules into different sizes and defined the starch granules
for amaranth and quinoa as very small, rice and buckwheat as small, and maize as generally having
relatively large granules. The small size of the starch granules of some pseudocereals, such as quinoa,
can offer advantages (e.g., altered emulsion stabilisation properties) in respect of incorporation into
product formulations [57,61].

Figure 4. Scanning electron micrographs of quinoa wholegrain flour (QWGF), quinoa dehulled flour
(QDF), quinoa protein-rich flour (QPRF), buckwheat dehulled flour (BDF), buckwheat protein-rich
flour (BPRF), amaranth wholegrain flour (AWGF), amaranth protein-rich flour (APRF), rice flour (RF),
rice protein concentrate (RPC), and maize flour (MF). Magnification row (a) ×3500; (b) ×8500. Scale bars
row (a) 5 μm; (b) 2 μm.
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3.4. Pasting Properties

The mean values for the initial, peak and final viscosity at the end of the holding stage at 95 ◦C,
on completion of cooling to 50 ◦C, and at the end of the final holding period at 50 ◦C were recorded
during pasting and are presented in Table 2. The shape of the pasting curves differed depending on
the type of flour/ingredient (Figure 5a,b). Among the regular protein content flour samples, BDF and
RF had the highest viscosity and AWGF the lowest. QWGF and QDF showed slight differences, with
QDF having the lowest viscosity; this may be explained by the lower content of starch (50.5%) in QDF
than in QWGF (60%). The peak time was very similar for all the flours (~12 min) tested, except MF and
BDF which required a shorter time (~10.5 min) to reach peak viscosity, most likely due to the lower
extent of absorption and swelling of their starch granules [62]. During the holding period at 95 ◦C,
the material slurries were subjected to high temperature and mechanical shear stress, which further
disrupted the starch granules, resulting in the leaching out from starch granules, and alignment,
of amylose. It was observed that all the samples displayed a decrease in viscosity, especially so for
BDF, RF, and MF, which had the more pronounced decreases in viscosity during the holding period
at 95 ◦C (Figure 5a). The decrease in viscosity during the holding period is often correlated with
high peak viscosity: it can be seen how BDF, RF and MF had the highest peak viscosities (Figure 5a).
During cooling, re-association between starch molecules, especially amylose chains, will result in the
formation of a gel structure and, therefore, viscosity will increase due to retrogradation and reordering
of starch molecules. BDF (13.0 Pa·s) and AWGF (1.72 Pa·s) showed the highest and lowest final
viscosity, respectively, while QWGF, QDF, RF, and MF showed broadly similar final viscosity values
(5.83, 4.40, 4.31, and 5.07 Pa·s, respectively). Regarding the rheological profile of the protein-rich
ingredients (Figure 5b), a similar pattern was observed as for the regular protein-content flours in
respect of the initial, peak and final viscosities, but with considerably lower viscosity values observed
overall. This can be explained by the lower content of starch and the higher content of dietary fibre in
the protein-rich samples (Table 2). The water binding capacity of dietary fibre is greatly increased by
the presence of high amounts of hydroxyl groups and can be related to a reduction in water availability,
which could impact viscosity and pasting properties [63]. Also, the protein-rich flour ingredients are
rich in ash, protein, and fat, which have been shown previously to influence the functionality of starch
and impact on rheological behaviour of starch dispersions during pasting [59].
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Figure 5. Temperature (dashed line) and viscosity (symbols) at various stages of the pasting regime of
(a) regular protein containing flours: quinoa wholegrain flour ( ), quinoa dehulled flour ( ),
amaranth wholegrain flour ( ), buckwheat dehulled flour (BDF) ( ), rice flour (RF)
( ), and maize flour ( ); (b) of protein enriched flour ingredients: quinoa protein-rich flour
( ), amaranth protein-rich flour ( ), buckwheat protein-rich flour ( ).

Of particular interest, were the high and low viscosity values recorded during pasting for
buckwheat and amaranth, respectively. These differences can be related to several factors associated
with the starch component of the ingredients, namely the proportion and type of crystalline
organization (amylose:amylopectin ratio), size and ultra-structure of the starch granule and extent of
starch damage. The amylose content of amaranth and quinoa starch, a component which is related
to a stronger and more cohesive gel with higher final paste viscosity [62,64], has been reported to be
much lower than that found in buckwheat, rice, or maize [9]. In the case of quinoa starch, the amylose
content ranges from 3.5% to 19.6% of total starch, while in amaranth seeds amylose levels have been
reported to be lower than 8% [26]. In contrast, the amylose content of buckwheat has been reported
to be as high as 57% [58]. Therefore, for buckwheat a higher final viscosity would be expected than
for quinoa or amaranth. The starch granule size also influences the pasting temperature, whereby
smaller granules have been associated with lower pasting temperatures [60]. BDF had the largest
starch granules among the pseudocereal samples analysed in this study (Figure 4) while quinoa and
amaranth had the smallest. Yoshimoto et al. [65], reported a higher granule swelling and gelling
capacity for buckwheat starches compared with cereal starches. Another factor that can impact the
pasting properties is the resistance of starch to digestion by α-amylase during the heating process;
Izydorczyk et al. [66] associated the ability of buckwheat to form strong gels with the high resistance of
the starch component to digestion by α-amylase. In addition, Lu et al. [67] associated reduced enzyme
digestibility of cooked buckwheat groats with retrogradation and formation of resistant starch.

The understanding of the heat-induced rheological behaviour of these protein-rich ingredients
is of great importance for the development of tailored nutritional products (e.g., low viscosity in
plant-based milk substitutes or high viscosity in yogurt-type products).
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4. Conclusions

In this study, the nutrient composition, protein profile, and rheological properties of a range
of novel protein-rich pseudocereal flour ingredients were studied and compared to regular protein
content pseudocereal, maize, and rice flours. The protein-rich flour ingredients had higher levels of ash,
fat, and dietary fibre, and lower levels of starch. An integrated proteomic approach was implemented
to gain enhanced clarity on the ingredient’s protein profiles, with two strong protein extracting buffers
being used for the first time, to allow the complete solubilization and characterization of the proteins
in the pseudocereal ingredients. The results showed common bands under non-reducing and reducing
conditions that corresponded to the globulin and albumin fractions. The predominance of globulins
and albumins in pseudocereals is technologically significant since they are highly soluble in water
and dilute salt solutions, which can be an advantage for food formulation purposes, in particular for
the production of plant-based beverages. Buckwheat and amaranth had the highest and lowest final
viscosity, respectively; while the protein-rich flours had considerably lower viscosity than their regular
protein content counterparts. This study provides essential and much-needed new fundamental
and applied knowledge on the compositional, structural, and functional properties of protein-rich
pseudocereal ingredients to assist in further developing their utilisation in nutritious, functional,
and stable food formulations.
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Abstract: A low FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides,
and polyols) diet allows most irritable bowel syndrome (IBS) patients to manage their gastrointestinal
symptoms by avoiding FODMAP-containing foods, such as onions, pulses, and products made
from wheat or rye. The downside of a low FODMAP diet is the reduced intake of dietary fiber.
Applying sourdoughs—with specific FODMAP-targeting metabolic properties—to wholegrain bread
making can help to remarkably reduce the content of FODMAPs in bread without affecting the
content of the slowly fermented and well-tolerated dietary fiber. In this review, we outline the
metabolism of FODMAPs in conventional sourdoughs and outline concepts related to fructan and
mannitol metabolism that allow development of low FODMAP sourdough bread. We also summarize
clinical studies where low FODMAP but high fiber, rye sourdough bread was tested for its effects
on gut fermentation and gastrointestinal symptoms with very promising results. The sourdough
bread-making process offers a means to develop natural and fiber-rich low FODMAP bakery products
for IBS patients and thereby help them to increase their dietary fiber intake.

Keywords: sourdough; FODMAP; fructan; mannitol; lactobacilli; irritable bowel syndrome (IBS);
non-celiac wheat intolerance

1. Introduction

Fermentable oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAPs) have
beneficial and adverse health effects [1]. Oligosaccharides that are not hydrolyzed and absorbed
in the small intestine are rapidly fermented by intestinal microbiota in the terminal ileum and the
proximal colon [2,3]. Diverse FODMAPs that are fermented by intestinal microbiota consistently
cause adverse symptoms when a dose of about 0.3 g/kg body weight, corresponding to about
15 g/day, is exceeded [4,5]. Adverse symptoms include osmotic diarrhea, intestinal distension,
and bloating [5,6]. The extent of the adverse symptoms decreases with the degree of polymerization
because of the reduced osmotic load of oligosaccharides in the small intestine, and the reduced rate
of fermentation [6]. Adverse effects are not described for non-digestible polysaccharides, which are
fermented at a much lower rate [7]. Microbiota in the terminal ileum include proteobacteria and
lactic acid bacteria as the dominant representatives; ileal microbiota effectively ferment mono- and
disaccharides but typically lack extracellular enzymes for hydrolysis of higher oligosaccharides and
polysaccharides [6]. The sensitivity of individuals to adverse symptoms caused by FODMAPs is
highly variable; adverse symptoms are often linked to irritable bowel syndrome (IBS). The sensitivity
to gas pressure and pain varies highly among individuals; moreover, intestinal microbiota adapt
toward the fermentation of specific oligosaccharides; this adaptation reduces or eliminates adverse
symptoms [8]. Many FODMAPs are conditionally digestible depending on the genetic status of the
host. About 35% of humans are lactase-persistent and digest lactose while lactose is a non-digestible
FODMAP in the remainder of the population [9]. A substantial proportion of humans are fructose
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intolerant; the proportion of fructose intolerant individuals among patients with IBS was reported to
be over 60% [10,11]. Fructose absorption is highly dependent on the presence of equimolar amounts of
glucose as uptake from the small intestine uses the same transport channels [10]. A rare variation in
the sucrose-isomaltase gene reduces the digestibility of sucrose, including sucrose in the FODMAPs;
this genetic variant also predisposes for IBS [12].

Health beneficial or prebiotic effects of oligosaccharides relate to the bacterial conversion of
oligosaccharides to short chain fatty acids [1,13]. These short chain fatty acids increase the energy
harvest from carbohydrates that escape small intestinal hydrolysis and absorption, improve intestinal
barrier properties and resistance to enteric infections, and exert systemic effects related to inflammation,
cognitive functions, and behavior through specific recognition with G-protein coupled receptors
(for reviews, see [1,7,13]). Of note, oligomeric fructans, for which health beneficial prebiotic effects
were most consistently demonstrated [13], appear also of particular concern for adverse effects in
IBS [6]. Adverse and beneficial effects of FODMAPs are thus interconnected and partially related to
the same mechanisms, bacterial fermentation. Consequently, a reduction of adverse symptoms in IBS
by a low FODMAP diet also increased the luminal pH and reduced the abundance of bifidobacteria
and butyrate-producing colonic bacteria [14,15]. While the term FODMAPs indiscriminately includes
all oligosaccharides, different compounds were reported to have divergent effects. Supplementation of
a low FODMAP diet with β-galacto-oligosaccharides was reported to improve IBS symptoms relative
to a low FODMAP diet [16]. In other words, replacement of FODMAPs with different categories of
FODMAPs may improve symptoms of IBS without the adverse consequences of a low fiber diet [1].

Wheat and rye are major contributors to the dietary intake of low molecular weight fructans [17]
but whole grain products also are major contributors to the intake of dietary fiber [7]. Fermentation
processes during baking may allow conversion or degradation of FODMAPs without reducing the
overall dietary fiber content of bread [18]. This review aims to summarize current knowledge on the
use of conventional and sourdough baking in the production of low FODMAP bread.

2. FODMAPs as Contributors to Non-Celiac Wheat Sensitivity?

Non-celiac wheat sensitivity refers to syndromes where components of wheat cause intestinal
symptoms. Triggers and mechanisms of the syndrome are poorly described; non-celiac wheat
sensitivity is often self-diagnosed or assessed after exclusion of celiac disease and wheat allergy [19,20].
Non-celiac wheat sensitivity overlaps significantly with IBS [20]. Non-celiac wheat sensitivity has
also been described as non-gluten wheat sensitivity since gluten apparently is not a major trigger
in these symptoms [21]. While a contribution of FODMAPs to symptoms in IBS is increasingly
supported by clinical trials, their role in non-celiac wheat sensitivity is not as well documented.
FODMAPs and amylase trypsin inhibitors (ATIs) were suggested as likely non-gluten triggers of these
symptoms [19,20]. It is likely that Triticeae cereals other than wheat, such as rye and barley, are also
potential triggers of wheat sensitivity because they also contain fructans and ATIs.

3. FODMAPs in Cereals and FODMAP Metabolism in Conventional Sourdoughs

Resting grains of wheat and rye contain only low levels of monosaccharides; the major
oligosaccharides are sucrose, raffinose, and fructans (Table 1). During sourdough fermentation,
amylase and glucoamylase activities of wheat and rye flour release maltose and glucose, respectively,
from damaged starch [18]. The fructans of cereal grains are graminan-type fructans, which are
oligosaccharides built of mixed-linkage fructose units [22]. Fructans in wheat and rye are concentrated
in the outer layers of the grain and have an average degree of polymerization (DP) of 5–6; 1-kestose and
nystose account for only a minor proportion of the overall fructans (Table 1) [23]. Additional non-starch
polysaccharides include arabinoxylans and β-glucans as the major components, polysaccharides
composed of mannose, galactose, and galacturonic acid, and trace amounts of pectin (Table 1).
In addition to polysaccharides and FODMAPs that are present in the grain, polysaccharides,
oligosaccharides, and polyols can be produced by bacterial activity during sourdough fermentation.
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An overview of the conversion and production of FODMAPs in sourdough fermentation is provided
in Figure 1.

During bread making, the fructans undergo partial degradation due to invertase activity present
in yeast. The remaining fructan has a lower DP than the native fructan of flour. Low molecular weight
fructans may be under-estimated when analyzing fructan in dough; in addition, they are fermented
more rapidly than fructans with a higher molecular weight. The fate of fructans is valid for sourdough
fermentation, i.e., grain fructans degrade to some extent but in the case of sourdough, the released
fructose is also partially converted to mannitol by sourdough lactobacilli. Mannitol is a polyol that is
rapidly fermented by gut microbiota. Thus, for accurate FODMAP quantification, mannitol levels in
sourdough breads should also be determined. In the following sections, we outline the carbohydrate
metabolism in sourdoughs. This is relevant to understand when the focus is in changes of FODMAPs
in sourdough bread making.

Table 1. Content of oligosaccharides and non-starch polysaccharides (%) in wheat and rye grains.

Saccharide Wheat Rye

Arabinoxylans 6–7 7–12
β-Glucans including lignified cellulose 0.3–3 2–3

Pectin trace trace
Mannans, galactans, and galacturonans 1–1.5 n.d.

Fructans 1–2 4.3–5
1-Kestose 0.1 0.3
Nystose 0.03 0.1
Sucrose 0.6–1.0 1.2–1.8
Maltose trace trace

Raffinose 0.2–0.7 0.1–0.7
Stachyose trace trace

Compiled with information from [17,23–31]; n.d., not determined.

In straight dough processes, the dough is fermented with baker’s yeast as the sole fermentation
organism; the addition of high cell counts of S. cerevisiae, 1–2% biomass corresponding to about
108 cfu/g, achieves leavening after a fermentation time of 2 h or less. In sourdough baking, lactic acid
bacteria are used as the second group of organisms; moreover, part of the flour is fermented for an
extended period of time. The inclusion of lactic acid bacteria extends the metabolic capacity of the
fermentation microbiota; the extended fermentation time strongly enhances the contribution of flour
enzymes to the conversion and degradation of dough components [18]. Type I sourdoughs are typically
fermented between 15 and 30 ◦C and they have traditionally been used as the sole leavening agent
in bread making. To ensure a sufficient metabolic activity and leavening capacity, type I sourdoughs
are propagated through one to three fermentation steps prior to mixing the bread dough [27,32].
Fermentation procedures that use sourdough as the sole leavening agent typically result in ~10% of
the flour being fermented for >12 h, 20–30% fermented for >6 h, and all of the flour fermented for
2–3 h, i.e., the time required for dough rest and proofing [33,34]. Fermentation organisms in type I
sourdoughs generally include Lactobacillus sanfranciscensis and Kazachstania humilis (syn. Candida milleri)
and S. cerevisiae or S. exiguus. Lactobacilli of the L. brevis, L. plantarum, and L. reuteri groups are also
represented in type I sourdoughs [32,35]. Industrial bread production generally includes baker’s
yeast as the leavening agent; sourdough fermentations in industrial baking (type I or II sourdoughs)
aim at dough acidification to improve the baking quality of rye flour, at supporting the leavening
capacity of baker’s yeast, and as baking improver [32–34]. Fermentation conditions depend on the
technological aim of the fermentation and are often specific for a specific production site; typically,
5–20% of the flour is fermented for >12 h while the remainder of the flour is fermented for ~2 h,
corresponding to dough rest, shaping, and proofing [33,34]. Type II sourdough fermentation takes
place at around 40 ◦C and the microbiota typically comprise organisms of the L. delbrueckii group
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(e.g., L. amylovorans and L. johnsonii) and organisms of the L. reuteri group (e.g., L. reuteri, L. pontis,
and L. panis) [32,36]. Sourdough microbiota are metabolically active if the sourdough is fermented
at the bakery but inactivated if the sourdough is stabilized by drying or pasteurization prior to use
in baking [34].

Sucrose is metabolized rapidly by invertase activity of S. cerevisiae. Yeast invertase is an
extracellular or cell wall-bound enzyme and is secreted in excess of the yeast’s capacity to ferment
the hydrolysis products [37]. Sucrose metabolism in lactic acid bacteria is mediated by sucrose
phosphorylase or sucrose-1-phosphate hydrolase [38]. Sucrose metabolism and the metabolism
of other oligosaccharides in homofermentative lactic acid bacteria is repressed by glucose [39];
in contrast, sucrose conversion in heterofermentative lactic acid bacteria is induced by the substrate
but not repressed by glucose [40,41]. Fructose is utilized as a carbon source by homofermentative
lactic acid bacteria but used as an electron acceptor for the regeneration of reduced cofactors by
most heterofermentative lactobacilli [41,42]. Sourdough lactic acid bacteria also harbor extracellular
glucansucrases or fructansucrases, which convert sucrose to indigestible poly- and oligosaccharides.
These enzymes are frequently present in Leuconostoc spp., Weissella spp., and species of the L. reuteri
and L. delbrueckii groups but are also present in other lactobacilli including L. sanfranciscensis [43,44].
Glucansucrases convert sucrose to polymeric glucans, isomalto-oligosaccharides, and fructose;
fructansucrases catalyze the conversion to levan or inulin, fructo-oligosaccharides, and glucose [44].
Sucrose conversion by glucansucrases and fructansucrases accumulated isomalto-oligosaccharides and
fructo-oligosaccharides, respectively, in wheat and sorghum sourdoughs; however, accumulation
of oligosaccharides to relevant concentrations is observed only when sucrose is added to the
sourdough [45,46]. Glucansucrases and the hydrolase activity of fructansucrases generally also release
fructose, which is converted to the polyol mannitol by heterofermentative lactic acid bacteria [41,43].
In traditional sourdough fermentations, mannitol accumulates to 10–20 mmol/kg in wheat and
50 mmol/kg in rye, corresponding to 0.2–0.4% and 0.9%, respectively; the mannitol concentration is
increased in direct proportion to the sucrose addition to sourdoughs [47]. Weissella spp. are exceptional
because the majority of strains do not produce mannitol from fructose [45].

Lactic acid bacteria metabolize raffinose by sequential activity of extracellular levansucrase
to convert raffinose to melibiose and fructose or fructan, followed by melibiose transport and
intracellular hydrolysis by α-galactosidase. An alternative pathway involves raffinose transport
and sequential hydrolysis by intracellular α-galactosidase to convert raffinose to sucrose and
galactose and sucrose phosphorylase [48]. Metabolism by extracellular levansucrase with intracellular
α-galactosidase is faster than the alternate pathway using two intracellular enzymes, presumably
because the disaccharide melibiose is transported faster than raffinose [48]. Raffinose metabolism in
heterofermentative lactobacilli is not subject to carbon catabolite repression [49] and the relatively high
concentrations of raffinose and raffinose level oligosaccharides in pulse flours are rapidly degraded
during fermentation [48]. Type I sourdough microbiota and most strains of S. cerevisiae are raffinose
negative. Nevertheless, levansucrase from L. sanfranciscensis and/or yeast invertase converts raffinose
to fructose and melibiose [43,50].

The content of fructans is reduced in straight dough processing to 1–1.5% fructans in wheat bread
and about 3% in rye bread [51]. Fructans are not degraded in simulated sourdoughs without microbial
activity but invertase activity of S. cerevisiae and Kazachstania humilis results in partial hydrolysis of
flour fructans [52,53]. In a straight dough process, the rate of fructan hydrolysis decreases in the order
trisaccharides > tetrasaccharides > pentasaccharides and only a small proportion of higher fructans are
degraded [54]. Hydrolysis of fructans is mediated by yeast. However, dimerization of the enzyme
reduces the activity towards kestose and nystose and sterically prevents access of oligosaccharides
with a DP of more than four to the catalytic site [55]. Metabolism of fructans in lactobacilli is mediated
by oligosaccharide transport through the ATP-Bbinding-Cassette transporter MsmEFGK or the
phosphotransferase (PTS) system PTS1Bca, followed by hydrolysis through intracellular fructosidases
or phospho-fructosidases, respectively [38]. Oligosaccharide transport by MsmEFGK and PTS1BCA
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is limited to fructans with a DP of four or less [56,57]. Metabolic enzymes for fructo-oligosaccharide
(FOS) catabolism are frequent in homofermentative lactobacilli where FOS degradation is repressed by
glucose [58] but are very infrequently found in heterofermentative lactobacilli [38,43,49]. Intracellular
metabolism of FOS by lactobacilli thus does not contribute to the degradation of fructans in wheat or
rye sourdoughs.

In summary, conventional dough fermentations, including sourdough fermentations, result in
decreased levels of FODMAPs but may generate FODMAPs from the digestible carbohydrates sucrose
and fructose (Figure 1). Low FODMAP baking thus necessitates dedicated approaches, particularly
involving fructan- and mannitol-degrading organisms.

Figure 1. Conversion and generation of fermentable oligosaccharides, disaccharides, monosaccharides,
and polyols (FODMAPs) in wheat and rye sourdoughs. Sucrose hydrolysis by yeast invertase
or fructosidases of lactic acid bacteria [a]. Oligosaccharide formation by glucansucrases to form
isomalto-oligosaccharides, or by fructansucrases to form kestose, nystose, and erlose from sucrose [b].
Kestose and nystose degradation by yeast invertase or by intracellular (phospho)-fructosidases of
lactic acid bacteria [c]. Raffinose conversion by yeast invertase and levansucrase from lactic acid
bacteria [d]. Fructose conversion by mannitol-dehydrogenase from heterofermentative lactic acid
bacteria [e]. Starch conversion to maltose and glucose by flour amylases and gluco-amylase [f,g].
Exogenous xylanases are used in baking to increase the amount of soluble pentosane (arabinoxylan,
AX) to improve bread properties, which can produce low DP arabinoxylan oligosaccharides (AXOS)
along soluble high-DP arabinoxylan fragments [h].

4. Concepts for Low FODMAP Sourdough Baking

Degradation of fructans with a DP of more than four requires extracellular fructanases.
Baker’s yeast S. cerevisiae does not express extracellular fructanase. However, Kluyveromyces marxianus
was suggested as an alternative leavening agent with extracellular fructanase activity [53,59].
K. marxianus is maltose negative and most strains do not provide sufficient CO2 production for
dough leavening; the use of K. marxianus in low FODMAP baking thus requires co-culture with
S. cerevisiae [53] or selection of K. marxianus strains with sufficient leavening power and addition of
amyloglucosidase to provide glucose for K. marxianus metabolism [53,59]. Dough fermentation with
K. marxianus alone or in co-culture with S. cerevisiae allowed production of experimental breads with
a low fructan content and a volume and sensory properties matching those of experimental breads
produced with baker’s yeast [53,59].

Extracellular glycosyl hydrolases are exceptional in lactobacilli [38]; accordingly, only a few
strains with extracellular fructanase activity have been characterized (Figure 2). The extracellular
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GH32 β-fructanase FosE was characterized in L. paracasei [60]. FosE is an extracellular enzyme that
is induced by fructose, sucrose, or inulin but repressed by glucose [60]. BLAST analysis frequently
identified homologues of this enzyme in other strains of the L. casei group and in few strains of the
L. salivarius group (Figure 2 and data not shown). The β-fructanase FruA of Streptococcus mutans is
extracellular with an LPXTG cell wall anchor; the enzyme has less than 40% amino acid identity to FosE
([61] Figure 2). FruA of S. mutans plays a critical role in fructan degradation and the virulence of oral
streptococci; BLAST analysis frequently identified homologues of FruA in other streptococci (Figure 2).
Only five of the more than 1500 genome sequences assigned to the genus Lactobacillus harbors FruA
homologues; this low frequency suggests that this β-fructanase is not necessary for the lifestyle of
lactobacilli but only infrequently acquired by lateral gene transfer. Two of the species with FruA
activity, L. amylovorus and L. crispatus, match species that are typically found in type II sourdoughs.

Figure 2. Molecular phylogenetic analysis of extracellular fructanases in lactic acid bacteria by
the Maximum Likelihood method. The evolutionary history was inferred by using the Maximum
Likelihood method; the tree is drawn to scale with branch lengths measured in the number of
substitutions per site. Evolutionary analyses were conducted in MEGA7. Sequences were retrieved
by NCBI Blast using the fructanase of L. crispatus [62] and the inulinase of L. paracasei [60] as query
sequence. Sequences from lactic acid bacteria (Lactobacillales) with a more than 80% coverage and more
than 50% amino acid identity were retrieved and aligned by ClustalW in MEGA 7.0. A levanase of
Bacillus subtilis was included for comparison. Only one representative sequence for each bacterial
species was chosen; sequences of 15 Streptococcus spp. which were all similar to sequences of other
streptococci were omitted from the tree. The two Lactobacillus enzymes that were characterized
biochemically are printed in bold.

Type I and type II sourdough microbiota generally include heterofermentative lactobacilli
that convert fructose to mannitol. Degradation of mannitol in low FODMAP baking therefore
requires mannitol-fermenting lactobacilli. Mannitol metabolism in lactobacilli is mediated by a
mannitol-specific PTS system, followed by conversion by mannitol-1-phosphate-dehydrogenase
to fructose-1-phospyate [63]. Enzymes for mannitol conversion are present in homofermentative
lactobacilli of the L. delbrueckii, L. casei, L. plantarum and L. salivarius groups, likely representing trophic
relationships with heterofermentative lactobacilli. In analogy to other PTS systems in lactobacilli,
mannitol metabolism in homofermentative lactobacilli is repressed by glucose [39,41,58].
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Glucose and maltose levels in wheat and rye sourdoughs and consequently carbon catabolite
repression in homofermentative lactobacilli and yeasts [38,41] are determined by the level of damaged
starch and the β-amylase and amyloglucosidase activity in flour (Figure 1; [18,64]). If enzyme activity
and the level of damaged starch in flour are low, sucrose, raffinose, and fructans become the most
readily available carbohydrates [64]. The composition of the microbiota in rye sourdoughs that
are low in damaged starch match the composition in other type II sourdoughs with organisms of
the L. delbrueckii group including L. crispatus, L. amylovorus, and L. ultuensis, and organisms of the
L. reuteri group including L. frumentii and L. pontis as the dominant members [32,35,65]. The restricted
availability of maltose and glucose, however, selects for strains expressing an exceptional fructanase
(Figure 2, [62,65]). The prevailing enzyme activity is an extracellular exofructanase (Figure 2),
which exhibits more than 80% of the maximum activity in the pH range of 4–6 and the temperature
range of 30–60 ◦C [62]. Fructan hydrolysis in sourdough releases fructose that is partially converted to
mannitol by L. reuteri group organisms (Figure 3). However, the restriction of carbohydrate sources
also allows for mannitol conversion after fructans are completely consumed (Figure 3) and results in
a virtually zero FODMAP sourdough. The use of this zero FODMAP sourdough in low FODMAP
rye bread making involves the addition of unfermented rye flour, which is fermented for only a
short time [65]. Nevertheless, the choice of appropriate raw materials and the use of FruA-positive
and mannitol-fermenting lactobacilli allows fructan degradation in rye and rye sourdoughs for the
production of bread with a low content of fructans and mannitol but a comparable fiber content when
compared to regular bread [66–68].

Figure 3. Degradation of fructans (black) and the formation and degradation of mannitol (white) in a
type II rye sourdough. Sourdough microbiota consist of fructan-degrading strains of the L. delbrueckii
group and heterofermentative strains of the L. reuteri group, which convert fructose to mannitol. Drawn
with data from [65].

5. Proof of Concept from Clinical Trials with Low FODMAP Rye Bread

Two clinical trials done with IBS patients verified that low FODMAP rye bread made by using
the above described zero FODMAP sourdough influences the gastrointestinal symptoms and the
extent of gas production generated in intestinal fermentation. In the first study in a randomized
double-blind controlled crossover study, it was shown that low FODMAP rye bread caused less
flatulence, less abdominal pain, fewer cramps, and less stomach rumbling than regular rye bread [66].
Of note, the low FODMAP bread retained a high dietary fiber content (10 g/100 g) although the
FODMAP levels were lowered to one third [66]. Including the low FODMAP rye bread thus also
increased the dietary fiber intake to the recommended level in IBS patients, avoiding drawbacks
of the other low FODMAP diets [15]. A second randomized double-blind controlled crossover
study evaluated the amount of breath hydrogen levels after consuming low FODMAP rye bread
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or regular rye bread [68]. Low FODMAP rye bread reduced the generation of hydrogen by colonic
fermentation [68]. This study showed that significant differences between bread types may occur in
their postprandial effects.

6. Conclusions and Future Directions

Conventional sourdough baking reduces and converts FODMAPs in rye and wheat flour; however,
the extent of FODMAP reduction is dependent on the fermentation organisms, the fermentation process,
the grain raw material, and the sourdough dosage to the final bread dough. The production of low
FODMAP bread requires extracellular fructanase activity; sourdough fermentation with lactobacilli
expressing fructanases or the use of fructanase-positive yeasts provide wheat or rye breads with a low
FODMAP content. Low FODMAP bread can help to restrict the intake of FODMAPs but at the same
time increase the intake of slowly fermentable dietary fiber in IBS patients. High fiber/low FODMAP
bread likely prevents the depletion of intestinal bifidobacteria that has been observed on other low
FODMAP diets [14,15] and shows promise in reducing symptoms of IBS.

Anecdotal evidence links sourdough bread to improved tolerance of wheat in individuals with
non-celiac wheat sensitivities [69]. In addition to the degradation of FODMAPs during sourdough
fermentation, reduction and degradation of wheat amylase trypsin inhibitors may improve wheat
tolerance in some individuals [67]. Amylase trypsin inhibitors are suggested to play a role in
intestinal and extra-intestinal symptoms as they induce inflammatory reactions [70]. Amylase trypsin
inhibitors are highly disulfide-bonded proteins; reduction of disulfide bonds reduces bioactivity and
accelerates proteolytic digestion. Sourdough fermentation generates reducing conditions and supports
reduction and hydrolysis of highly disulfide-bonded proteins that resist digestion in unfermented
dough [71]. A pilot trial recruiting IBS patients with non-celiac wheat sensitivity, however, showed
no improvement of intestinal symptoms after consuming sourdough wheat bread compared with
industrial wheat bread [67]. Difficulties in identifying the protective effects of sourdough fermentation
in non-celiac wheat intolerance relate to the poorly identified and likely multifactorial triggers of
(self-diagnosed) non-celiac wheat sensitivity, and the inherent difficulties in blinding consumption of
wheat or wheat sourdough products in clinical trials [67]. Despite the lack of support from clinical
trials, sourdough-derived solutions likely play a significant role when developing healthier bakery
products for people with non-gluten wheat sensitivities.
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