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Abstract

Iron deficiency anemia is highly prevalent in developing countries due to the con-
sumption of cereal-based foods rich in phytate that chelates minerals such as iron and
zinc making them unavailable for absorption by humans. The aim of the present study
was to degrade phytic acid in composite flour (wheat/cassava/sorghum) bread by the
addition of phytase-producing yeasts in the baking process to achieve a phytate-to-
iron molar ratio <1 and a phytate-to-zinc molar ratio <15, ratios needed to achieve an
enhanced absorption by humans. The high-phytase (HP)-producing yeasts were two
Saccharomyces cerevisiae (YD80 and BY80) that have been genetically modified by a
directed mutagenesis strategy, and Pichia kudriavzevii TY13 isolated from a Tanzanian
lactic fermented maize gruel (togwa) and selected as naturally HP yeast. To further im-
prove the phytase production by the yeasts, four different brands of phytase-promot-
ing yeast extracts were added in the baking process. In addition, two yeast varieties
were preincubated for 1h at 30°C to initiate phytase biosynthesis. The phytate con-
tent was measured by high-performance ion chromatography (HPIC) and the mineral
content by ion chromatography (HPIC). The results showed that all three HP yeasts
improved the phytate degradation compared with the composite bread with no added
HP yeast. The composite bread with preincubated S. cerevisiae BY80 or P. kudriavzevii
TY13 plus Bacto yeast extract resulted in the lowest phytate content (0.08 pmol/g),
which means a 99% reduction compared with the phytate content in the composite
flour. With added yeast extracts from three of the four yeast extract brands in the
baking process, all composite breads had a phytate reduction after 2-h fermentation
corresponding to a phytate: iron molar ratio between 1.0 and 0.3 and a phytate: zinc

molar ratio <3 suggesting a much-enhanced bioavailability of these minerals.
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1 | INTRODUCTION

Wheat bread is an important staple food in Mozambique, while the
country does not produce wheat flour and therefore needs to im-
port wheat at high cost. Mozambique produces other cereals and
tubers that can be used as substitutes for wheat flour in bread mak-
ing (Eduardo et al., 2014). However, whole cereal flours are rich in
phytate (myo-inositol hexaphosphate) (Garcia-Estepa et al., 1999;
Kumar et al., 2010), an antinutrient that strongly chelates minerals
such as iron and zinc making them unavailable for absorption by
humans (Brune et al., 1992; Hurrel, 2004). Diets based on cereals
and legumes are, therefore, associated with high prevalence of iron
deficiency anemia in children and women in low- and middle-in-
come countries (Hurrell et al., 2002; Tatala et al., 1998; Zimmermann
et al., 2005).

To increase iron and zinc bioavailability, phytate needs to be
degraded by phytase, an enzyme widespread in plants (Steiner
et al., 2007) and in certain microorganisms (Hellstrom et al., 2010;
Howson & Davis, 1983; Nakamura et al., 2000; Olstorpe et al., 2009;
Sandberg & Andlid, 2002). Phytases belong to a subgroup of acid
phosphatases which catalyze the stepwise hydrolysis of phytate into
lower phosphate esters of myo-inositol, thereby releasing soluble
inorganic phosphate and nonchelated minerals, which become avail-
able for human intestinal absorption (Konietzny & Greiner, 2002). To
improve iron absorption, the phytate content needs to be degraded
to a phytate: iron molar ratio<1 and preferably <0.4 (Hurrel, 2004)
which for cereals corresponds to a reduction higher than about 98%,
and for an enhanced zinc absorption the phytate: zinc molar ratio
needs to be <15 (Navert et al., 1985). To achieve such high phytate
degradation in breadmaking, suitable conditions to activate the ce-
real phytase must be obtained at the dough preparation stage, that
is, optimal pH and temperature. Attempts to adjust the pH in prepa-
ration of wholemeal wheat doughs with organic acids and ferment-
ing for 2h at 37°C resulted in a 96% degradation of phytate (Turk
etal., 1996), and prolonging the incubation time (4 h at 30°C) resulted
in an almost complete phytate degradation in wholemeal wheat
flour doughs (Fretzdorff & Brummer, 1992). Presoaking of sorghum
flour for 3h at room temperature and optimal pH conditions resulted
in a 90% degradation of the phytate content in composite wheat/
cassava/sorghum bread (Vilanculos & Svanberg, 2021). On the other
hand, certain flours and conditions may be sufficient, for example,
rye has high intrinsic phytase activity which may lead to complete
degradation of phytate in commercial rye bread (Egli et al., 2003;
Nielsen et al., 2007).

Several researchers have also explored the combined effect
of intrinsic and exogenous phytase on phytate degradation. Tlirk
et al. (1996) observed a synergistic effect of the phytases from flour
and yeast in baking of wholemeal wheat bread. Haros et al. (2001)
added an exogenous microbial phytase from Aspergillus niger in bak-
ing of wholemeal wheat bread and reported an increased phytate
degradation from about 60% to 90% and a similar effect of added
phytase from Aspergillus niger was reported by Rosell et al. (2009).
However, since no commercial food-grade phytase is available, it

would be an advantage if the phytase could be administered via
the yeast in the baking process. One such nonconventional yeast,
Pichia kudriavzevii TY13, with a high capacity to synthesize and re-
lease phytase to the surrounding medium was recently isolated from
a Tanzanian lactic acid fermented maize gruel (togwa) (Hellstrém
et al., 2010, 2015). The species P. kudriavzevii is ubiquitous in na-
ture and very common in traditional fermented foods in all parts of
the world (Yunfei et al., 2023). It is currently being explored for its
potential in food production, as probiotic and in biotechnology, for
instance, known to contribute to a pleasant aroma profile in, for ex-
ample, wine and sourdough bread (Dan et al., 2020). Strains within
a species do, however, differ, and TY13 was selected among other
yeasts, including other strains of P. kudriavzevii, as being superior in
phytate degradation. An important characteristic of the new yeast
strain TY13 is that presence of inorganic phosphate does not inhibit
the synthesis and release of phytase (Hellstrom et al., 2012). We
have recently shown that an increased phytate degradation can be
obtained in composite wheat/cassava/sorghum bread when P. kudri-
avzevii TY13 and growth-promoting yeast extract were included in
the baking process (Vilanculos et al., 2022).

There are several commercial products of so-called nutritional
yeast, which is dried food-grade yeast extract in the form of flakes
or powder. These are commonly used as nutritional supplement (and
flavor), for richness in fiber (the yeast cell wall; glucans mannans), B
vitamins, proteins, amino acids, minerals, and other micronutrients
(Vieira et al., 2016). We, therefore, propose that the benefit of in-
cluding yeast extract as an ingredient in bread may be two-fold: (i)
direct nutritional by the extract itself and (ii) increased yeast phytase
production by live yeast P. kudriavzevii TY13 resulting in more com-
plete phytate degradation leading to improved mineral availability
of the final bread. The composition of commercial yeast extracts,
however, depends on the history of the yeast, for example, origi-
nating from brewing, fermentation medium, yeast strain, process of
autolysis, and extraction method, and can therefore vary between
manufacturers and even between lots of the same brand.

In the present work, we, therefore, ask whether different types
of yeast extract in combination with P. kudriavzevii TY13 will lead to
different degrees of phytate degradation in composite bread based
on wheat, wholemeal sorghum, and cassava flours. The ultimate
goal is to obtain enough phytate reduction in the composite bread
to achieve an improved absorption of iron and zinc by humans. Two
strains of genetically modified S. cerevisiae strains (BY80 and YD80)
with increased capacity to synthesize phytase (Veide & Andlid, 2006)

were for comparison also included in the baking process.

2 | MATERIALS AND METHODS
2.1 | Flours for breadmaking
The ingredients used for the composite flour were wheat (Triticum

aestivum) flour with an extraction rate of 72% (Frebago 1050
Bagerivetemjol, Sweden), cassava (Manihot esculenta Crantz) flour,
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and nontannin white whole sorghum (Sorghum bicolor) flour from
Inhambane province in Mozambique.

The cassava roots were peeled, washed, cut into pieces, and sun
dried for 4days. During the drying period, the cassava pieces were
flipped three times per day to prevent from mold growth and then
milled, packed, and stored. The sorghum grains were harvested, and
then washed and damaged grains were sorted out. After sun drying
for 2days, the grains were milled at 100% extraction rate, and finally

packed and stored.

2.2 | Preparation of yeast culture

Three high-phytase yeasts were used: P. kudriavzevii TY13 and ge-
netically modified S. cerevisiae strains BY80 and YD80. These were
long-term stored in 15% glycerol solution at -80°C and short-term
stored during experimental periods on YPD agar plates at +4°C
(10g/L yeast extract, 20g/L peptone, 20g/L D-glucose, and 20g/L
agar). As precultures, 5 mL YPD in Falcon tubes were inoculated
with yeast culture from fresh YPD agar plates and incubated in a
rotating carousel for 24h at 30°C. The precultures were inocu-
lated into yeast biomass production flasks: a set of 250 mL shake
flasks containing 200 mL YPD which were incubated for 24 h at
30°C under rotary shaking. To collect the yeast biomass, cultures
were centrifuged at 4500 g using a Heraeus Multifuge (Kendro,
Osterode, Germany) for 10 min, the supernatants were discarded,
and the compressed yeast pellets were stored in cold room (+4°C)
until used within a few days.

The S. cerevisiae strains BY80 and YD80 were in our previ-
ous work transformed into high-phytase-producing strains by
modifications in the PHO system. The YD80 was transformed by
deletion of the negative regulator PHO80 in combination with
overexpression of PHO5 and the BY80 strain was transformed
with overexpression of the transcriptional activator PHO4 (Veide
& Andlid, 2006).

2.3 | Bread-making procedure

Bread was prepared by mixing 100g of wheat flour, 50g of cassava
flour, and 50g of whole sorghum flour in a dry stage for 1min in a
kitchen aid (Artisan, Model 5KSM 150, USA), and then 135mL of
water and the rest of the ingredients were added, sugar 4g, salt
2g, baker's yeast 4g (ordinary commercial Saccharomyces cerevi-
siae; Swedish yeast company), margarine ég, and ascorbic acid 0.1g.
The mixture was then blended for 2min at speed level 2 and 3min
at speed level 4. At the mixing stage, either 2g of compressed P.
kudriavzevii TY13 or one of the two genetically modified S. cerevisiae
yeast strains (YD80 and BY80) was added, and the pH of the dough
was adjusted to 4.0 by adding a 20% lactic acid solution (~20mL). To
improve the growth of P. kudriavzevii TY13, 2.0g of four different
brands of yeast extract (see Table 2) was added at the mixing stage.
Preincubation of S. cerevisiae YD80 and BY80 was done in 100mL

of water at 30°C adjusted to pH4.0 with lactic acid and addition of
3 g of sucrose, and then the mixture was kept in a heating cabinet at
30°C for 1 h. The incubated yeast mixture was then added to the dry
bread ingredients with an additional 35mL of water. The dough was
then covered with cotton cloth and left to ferment for 1h at room
temperature (~21°C). After weighing, the dough was then divided
into four round-shaped 80-g pieces and placed into baking pans to
be baked off or to ferment for another 1 h. The rolls were baked for
8min at 250°C in a kitchen oven. Each recipe was baked in triplicate.

During the baking process, samples were taken at all stages;
after mixing, after 1 and 2 h of fermentation, and at 30 min after bak-
ing and cooling. The withdrawn samples were weighed and placed
into a plastic test tube and immediately frozen at -20°C and then

lyophilized for 3days.

2.4 | Phytate extraction and analysis

The phytate content measured as IP6 was analyzed on an HPLC
system as described in detail by Carlsson et al. (2001) with minor
modifications by Vilanculos and Svanberg (2021). In brief, the chro-
matograph consisted of an HPLC pump (Waters model 626) equipped
with an Omni Pac PAX-100 (4 mm x 250 mm) analytical column and
a PAX-100 (4 mm x 50 mm) guard-column (Dionex Corp., Sunnyvale,
CA, USA). The IP, was detected and quantified after a postcolumn
reaction with Fe(NO,),x9H,0 and the absorbance was measured at

290nm using an ultraviolet detector.

2.5 | Mineral extraction and analysis

The content of iron and zinc was determined using an ion chroma-
tography system coupled with postcolumn derivatization and ul-
traviolet-visible detection at 500nm according to the method by
Fredrikson et al. (2002), with minor modifications as described by
Vilanculos and Svanberg (2021).

2.6 | Phosphate analysis

The phosphate content in the yeast extracts and the composite
flour components was determined according to the HPLC method
described by Quirist et al. (2015) with minor modifications according
to Vilanculos et al. (2022).

2.7 | Determination of dry matter

The dry matter content was determined by using a balance de-
vice 310M and a HA300 dryer (Precisa Dietikon, Switzerland).
Approximately 0.5g of food material was weighed into the device
and heated to a temperature of 80°C under reduced pressure
(900 mbar) until constant weight.
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2.8 | Determination of pH

The pH was measured using Mettler Toledo MA 235 pH/lon
Analyzer. A 16-g dough piece was weighed and put into a flask
tube and 8g of water was added, then stirred using an electromag-
netic plate (Retsch, Riihra mag type Mo12) and stirrer bar for 5min.
Finally, the pH was read using the pH-meter probe.

2.9 | Determination of total N and free amino acids

The total nitrogen content of yeast extracts was determined by
the Dumas combustion method using a TruMac nitrogen analyzer
(LECO, St Joseph, MI, USA). The combustion process converts co-
valently bound nitrogen into nitrogen gas (N,) that is quantified with
the use of a conductivity cell. The content of free amino acids was
analyzed according to Hinchcliffe et al. (2019). Yeast samples (10 mg)
were extracted by using diluted HCI. Separation and quantification
of the amino acids was performed using Agilent 1260-1290 infinity
LC System on a thermos Luna column C18(2) (250 x4.6mm and par-
ticle size 3pm) at a flow rate of 0.7mL/min. The Thermo-Scientific

Pierce Amino Acid Standard (20088) was used for quantification.

2.10 | Chemicals

The used chemicals were hydrochloric acid, nitric acid, and lactic acid
from Scharlau (Scharlab S.L., Spain), and iron nitrate, ascorbic acid,
and 70% ethanol (Sigma Aldrich, Stockholm, Sweden). The deion-
ized water was generated by Millipore Milli-Q plus ultrapure water
system (Millipore, Solna, Sweden). The four yeast extracts (YE1 to
YE4) used for the baking studies were as follows: YE1 (Acros organ-
ics from Fisher Scientific, UK), YE2 (Bacto yeast extract from Difco
Laboratories, UK), YE3 (Oxoid yeast extract from Oxoid Ltd, UK),
and YE4 (yeast extract from Sigma Aldrich, Stockholm, Sweden).

2.11 | Statistical analysis

Data are presented as mean values + standard deviation of at least
three baking replicates analyzed in duplicates. All statistical analyses

were performed using SPSS (version 15.0, SPSS Inc., Chicago, IL)
software. Mean values were compared by analysis of variance, and
determination of significant differences between variables was
made with Tukey's HSD posthoc multiple range test. Differences
were considered to be significant at p <.05.

3 | RESULTS

3.1 | Phytate and minerals from the ingredient
flours of composite bread

Table 1 shows that the whole sorghum flour had the highest con-
tent of phytate, iron, and zinc, respectively, 11.8pumol/g, 37.3ug/g,
and 16.0pug/g. The cassava flour had the lowest content of the same
compounds, respectively, 4.0pmol/g, 6.4ug/g, and 4.0pg/g. Iron and
zinc content in the composite bread was then 14.8 and 6.5pg/g, re-
spectively. The amount of inorganic phosphate in the three compos-
ite flours was for wheat 1.59 mg/g, sorghum 1.32mg/g, and cassava
1.23mg/g. The highest phytate-to-iron molar ratio of 36 was obtained
in the cassava flour while whole sorghum flour had the lowest ratio of
18. The molar ratio of phytate to zinc was generally higher with a value
of 70 for wheat flour and 48 for whole sorghum flour. By mixing wheat,
sorghum, and cassava in proportion 2:1:1, the resulting composite flour

had phytate molar ratios of 20 and 60 for iron and zinc, respectively.

3.2 | Phytate degradation in composite bread with
added high-phytase yeasts

The capacity of our strain TY13 to be catabolically active in the prevail-
ing conditions (utilizing available energy and nutrients) and to use the
liberated energy and building blocks to synthesize the enzyme phytase
was demonstrated in our study. Figure 1 shows that after fermen-
tation for 1h at room temperature, the doughs with added P. kudri-
avzevii TY13 and BY80 and YD8O0 (all high-phytase yeasts) had a similar
phytate content, ~1.25pmol/g. In comparison with the initial phytate
content in the composite flour, that means an almost 80% reduction.
In the composite breads, the phytate content was further reduced
with the lowest value of 0.41 pmol/g in bread with added P. kudriavzevii
TY13 that was significantly lower (p <.05) than in the composite breads

TABLE 1 Phytate, phosphate, and minerals content per gram dry weight of the ingredient flours for composite bread.

Phytate Phytate: Iron molar Phytate: Zinc Phosphate
Type of flour (umol/g) Fe (ng/g) ratio Zn (pg/g) molar ratio (mg/g)
Whole sorghum 11.8+0.2 37.3+£0.9 17.8 16.0+0.5 48.2 1.32+0.06
Wheat 4.4+0.2 11.0+0.5 21.8 4.0+04 70.3 1.59+0.02
Cassava 4.0+0.1 64+0.4 36.2 4.0+0.3 65.2 1.23+0.03
Composite flour 5.6+0.1 15.6+0.4 19.9 6.1+0.2 59.9 1.46+0.07
Composite bread? 1.15-0.08 14.8+0.8° 4.3-0.3 6.5+0.6" 11.6-0.8 n.d.

?Highest and lowest content of phytate in the composite breads.
PAverage and S.D. of n=4.
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FIGURE 1 Phytate content during baking of composite bread, after mixing, fermentation for 1 h at ambient temperature and in the
composite bread with addition of either P. kudriavzevii TY13, S. cerevisiae YD80 or BY80. Samples within each treatment showing a different
letter (a-c) are significantly different p<.05 (No HPY =no addition of high-phytase yeast).

with added BY80 and YD80, 0.75umol/g. In the bread without addi-
tion of high-phytase yeasts (yet containing commercial Baker's yeast),
the phytate content was significantly higher, 1.13pmol/g.

Figure 2 shows that after 2-h fermentation, the phytate content
was further reduced in the composite breads with high-phytase
yeasts, to levels of about 0.26 umol/g, significantly lower (p<.05)
than in the bread without phytase-producing yeast (0.85umol/g).

3.3 | The effect of different yeast extracts on
phytate degradation

The amount of added yeast extract (YE) was based on YPD, which
is a standard complex yeast medium containing 1% YE (wt/vol).
We also used 1% YE in our prior work, where we initially found a
phytase-inducing effect by YE in TY13 (Hellstrom et al., 2015).
However, in the present study, we reduced the YE concentration to
0.5% since preliminary experiments showed no difference between
1% and 0.5%.

The four different types of yeast extracts (YE1-4) used in this
study had significantly different compositions of phosphate, total ni-
trogen, and free amino acid content. Table 2 shows that YE1 (Acros
Organics), YE2 (Bacto), YE3 (Oxoid), and YE4 (Sigma Aldrich) had a
phosphate content ranging between 25.8 and 30.9 mg/g, a total sum
of free amino acids ranging from 35.5 and 37.3g/100g, and with
total of nitrogen of about 11g/100g. These yeast extracts were
added to the dough during the mixing stage to induce a higher met-
abolic activity of P. kudriavzevii TY13 and thereby an increased syn-
thesis of phytase. Figures 3 and 4 show that the phytase degrading
effect of P. kudriavzevii TY13 was differently affected by the four
yeast extract varieties. After 1-h fermentation, the composite bread
with added YE1 had a significantly higher (p <.05) phytate content
(0.89 pmol/g) when compared with the bread without yeast extract
(0.41umol/g) but after 2-h fermentation, the phytate degradation

was about the same in the two composite breads (~0.35umol/g).
The addition of the three other yeast extracts at the mixing stage
resulted in a significantly lower phytate content (p<.05), between
0.08 and 0.22 pmol/g in the composite bread after 2-h fermentation
compared with the bread without added yeast extract (Figure 4).

3.4 | The effect of yeast preincubation

Figure 5 shows that the phytate content, in the composite breads
with the modified varieties S. cerevisiae YD80 or BY80 fermented
for 1h, preincubated or not, was between 0.75 and 0.81 pmol/g and
not significantly different from each other. However, after 2-h fer-
mentation (Figure 6), the lowest phytate content of 0.08 umol/g was
obtained in composite breads with added preincubated S. cerevisiae
BY80 that was significantly lower than in the composite bread with
added S. cerevisiae YD80, preincubated or not, with a phytate con-
tent of about 0.29 pmol/g.

4 | DISCUSSION
4.1 | Phytate and minerals from the ingredient
flours of composite bread

Due to the inclusion of the bran fraction in the whole sorghum
flour, the phytate content was high (11.8umol/g). As phytate in
plant seeds is the main storage of phosphate and chelated miner-
als, it follows that high phytate coincides with high mineral con-
tent. The sorghum flour in our study contained more than three
times higher iron content as compared with the wheat and cassava
flours, because of a low extraction rate for the wheat flour (not for-
tified) and noninclusion of peels for the cassava roots during flour
preparation. Earlier studies have reported similar values for phytate
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FIGURE 2 Phytate content during baking of composite bread, after mixing, fermentation for 2h at ambient temperature and in the
composite bread with addition of either P. kudriavzevii TY13, S. cerevisiae YD80 or BY80. Samples within each treatment showing a different
letter (a, b) are significantly different p <.05. (No HPY =no addition of high-phytase yeast).

TABLE 2 Phosphate and nitrogen

Component YEL YE2 YES YE4 composition of yeast extract batches.?
Phosphate (mg/g) 29.7+0.7 25.8+0.6 27.6+0.3 309+1.1
Total nitrogen (g/100g) 11.2+0.01 11.1+0.04 11.0+0.02 11.6+0.04
Amino acids (3/100g)
Gly 0.90+0.04 1.06+0.03 1.0+0.03 0.96+0.02
Ala 3.41+0.09 2.66+0.08 2.51+0.06 2.83+0.13
Ser 1.77 +0.07 2.02+0.05 1.87+0.06 1.87+0.05
Pro 1.84+0.09 1.88+0.04 1.62+0.11 1.78+0.09
Val 2.00+0.08 2.32+0.06 2.34+0.05 2.13+0.04
Thr 1.25+0.04 1.52+0.05 1.47+0.03 1.39+0.04
lle 1.75+0.05 2.06+0.05 2.00+0.03 1.82+0.03
Leu 2.36+0.08 3.01+0.09 3.06+0.05 2.85+0.06
Asp 2.32+0.12 2.19+0.05 2.01+0.14 2.10+0.12
Lys 2.30+0.11 2.43+0.06 2.17+0.12 2.32+0.07
Glu 3.14+0.10 3.67+0.14 4.02+0.09 3.53+0.12
Met 1.52+0.07 1.50+0.04 1.42+0.07 1.41+0.06
His 1.78+0.09 1.68+0.04 1.58+0.12 1.60+0.10
Phe 2.17+0.07 2.34+0.06 2.24+0.08 2.19+0.04
Arg 3.26+0.16 3.17+0.09 2.93+0.19 3.05+0.13
Tyr 3.31+0.16 2.81+0.07 2.57+0.20 2.73+0.17
Cys 1.06+0.06 0.99+0.08 0.89+0.09 0.95+0.06
Total Sum 36.4+0.09 37.3+0.06 35.7+0.09 35.5+0.10

2YE1=Acros, YE2=Bacto, YE3=0Oxoid, YE4=Sigma Aldrich.

content in wheat flour (4.1 pmol/g) and cassava flour (2.9 umol/g) by to iron is higher than one which implies a low iron bioavailability
Lazarte et al. (2015) and for nontannin sorghum flour (12.4 pmol/g) (Hurrell et al., 2002), and a zinc molar ratio higher than 15 sug-
by Svanberg et al. (1993). With a phytate content in the resulting gesting a low zinc absorption from the composite flour (Turnlund

composite flour (5.6 pmol/g), it means that the molar ratio of phytate et al., 1984; Navert et al., 1985) (see Table 1).
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FIGURE 3 Phytate content during baking of composite bread with addition of P. kudriavzevii TY13 and four different types of yeast
extracts (2.0g) at mixing stage and with 1-h fermentation at ambient temperature. Samples within each treatment showing a different letter

(a-c) are significantly different p <.05.
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FIGURE 4 Phytate content during baking of composite bread with addition of P. kudriavzevii TY13 and four different types of yeast
extracts (2.0g) at mixing stage and with 2-h fermentation at ambient temperature. Samples within each treatment showing a different letter

(a, b) are significantly different p <.05.

4.2 | Phytate degradation with added P.
kudriavzevii TY13, S. cerevisiae BY80 or YD80

The three added phytase synthesizing yeasts improved the phytate
degradation compared with the composite bread with no added
yeast. After 1-h fermentation, the composite bread with added P.
kudriavzevii TY13 had a significantly lower phytate content com-
pared with the composite breads with added BY80 and YDS8O0.
An explanation could be that the P. kudriavzevii TY13 had a faster

production and/or release of phytase into the dough, probably ex-
plained by its high capacity to synthesize phytase in the presence of
inorganic phosphate (Hellstrom et al., 2012).

After 2-h fermentation, all the composite breads with added
high-phytase yeasts had a reduced phytate content by about 95%
(see Figure 2). The phytate-to-iron molar ratio was now close to 1.0
and the phytate-to-zinc molar ratio had been reduced to about 3,
low enough to suggest an improved zinc bioavailability. However, in
the composite breads with no addition of high-phytase yeasts about
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FIGURE 5 Phytate content during baking of composite bread with addition of S. cerevisiae YD80 or BY80, with and without preincubation
for 1h at 30°C, and fermentation for 1 h at ambient temperature. Samples within each treatment showing the same letter (a) are not
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FIGURE 6 Phytate content during baking of composite bread with addition of S. cerevisiae YD80 or BY80, with and without preincubation
for 1h at 30°C, and fermentation for 2h at ambient temperature. Samples within each treatment showing a different letter (a, b) are

significantly different p<.05.

85% of the phytate content had been degraded, mainly as a result
of activated endogenous phytase in the cereal flours at the mixing
and fermentation stage at optimal pH conditions (Porres et al., 2001;
Vilanculos & Svanberg, 2021).

4.3 | The effect of different yeast extracts on
phytate degradation

Yeast extracts are rich in aroma compounds and hence much used
commercially as flavoring agents in many kinds of food. In addition,

the yeast species P. kudriavzevii is also explored for natural produc-
tion of aroma compounds (Dan et al., 2020; Yunfei et al., 2023), for
instance, in sourdough bread together with Lactobacillus plantarum.
Our focus was on nutritional enhancement and not on sensory
properties. However, adding yeast extract and our nonconventional
yeast TY13 has potential to also become sensorially pleasant.

The impact from adding yeast extract on phytate degradation
was dependent on type/brand of yeast extract. Yeast extracts are
nutritionally rich and complex with a nutrient composition depen-
dent on factors including strain used (commonly from brewing
or baking) and production process (autolysis, acid hydrolysis, or
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enzymes). The consequence is that yeast extracts may induce or in-
hibit phytase biosynthesis by live yeasts differently depending on
brand used.

This has also been observed by Sgrensen and Sondergaard (2014)
who found that the nutrient composition of yeast extract brands, for
example, nitrogen and carbon sources differently influenced the pro-
duction of secondary metabolites like phytase. Raman et al. (2019),
for example, reported that among tested nitrogen sources (yeast ex-
tract, meat extract, and peptone from casein) in cultivation of lactic
acid bacteria, the highest cell concentration and phytase biosynthe-
sis were achieved in yeast extract cultivation.

In our study, addition of yeast extract YE2 (Bacto) induced the
highest phytate degradation of 99% in the composite bread after 2-h
fermentation that could be explained by a relatively higher amount
of free amino acids (37.3g/100g) in combination with significantly
lower phosphate content (2.58g/100g) in this yeast extract variety
(see Table 2). However, it cannot be excluded that differences in mi-
cronutrients between the extracts, such as minerals and growth fac-
tors (e.g., vitamins, nucleotides, sterols), also influenced the phytase
production.

High phosphate conditions are known to repress the synthesis
of acid phosphatases (of which, e.g., S. cerevisiae phytases belong
to) and phytases (Andlid et al., 2004), while low phosphate con-
ditions result in their expression. A sharp decline in phytase pro-
duction of A. niger was observed even at an inorganic phosphate
concentration of 5mM in the growth medium with no phytase
production at 10mM and above (Vats & Banerjee, 2002). In our
study, the free inorganic phosphate concentration in the compos-
ite dough could be estimated to about ~23mM, and with addition
of yeast extract to about 28 mM (see Tables 1 and 2). However,
the yeast variety P. kudriavzevii TY13 has previously been shown
to produce extracellular phytase in the presence of inorganic
phosphate up to 5mM in lactic fermented Tanzanian maize gruels
(togwa) (Hellstrom et al., 2012), and even shown some activity in
synthetic medium with as high as 25 mM (Quirist et al., 2016). Our
findings, thus, show that P. kudriavzevii TY13 can exhibit signif-
icant phytase activity at a similar high phosphate concentration
present in composite flour dough. In addition, presoaking of the
sorghum ingredient with addition of P. kudriavzevii TY13 at a phos-
phate concentration of about 9 mM resulted in a phytate degrada-
tion in the composite bread similar to the results obtained in this
study with addition of yeast extract at the mixing stage (Vilanculos
etal., 2020, 2022).

4.4 | The effect of yeast preincubation

Preincubation of S. cerevisiae YD80 and BY80 had no additional
effect on the phytate degradation in the composite breads fer-
mented for 1 h. However, after 2h of fermentation with preincu-
bated S. cerevisiae BY80, the phytate content in the composite
breads was almost completely degraded, ~99%, while the phytate

degradation in the composite bread with added preincubated
S. cerevisiae YD80 was 94%. Both YD80 and BY80 were con-
structed to become constitutive high-phytase producers (Veide &
Andlid, 2006) at high inorganic phosphate concentration (~39 mM)
which is higher than the inorganic phosphate concentration in the
composite flour dough (23 mM). Preincubation with addition of su-
crose for 1 h at optimal temperature for yeast growth and phytase
activity obviously had a larger effect on BY80, resulting in a signif-
icantly higher phytate degradation (p <.05). An explanation could
be that the variety BY80 has been shown to have a faster biomass
production than YD80 under optimal growth conditions (Veide &
Andlid, 2006). The composite breads with S. cerevisiae BY80 then
had a phytate-to-iron molar ratio of 0.3 that indicates an improved
iron bioavailability (Hurrel, 2004).

5 | CONCLUSION

All three phytase-secreting yeast varieties improved phytate
degradation when added to baking of composite wheat/cassava/
sorghum breads. However, only the natural isolate P. kudriavzevii
TY13 is a non-GMO yeast, whereas the other two have been ge-
netically modified. The lowest phytate content (0.08 umol/g) was
obtained in the breads with addition of preincubated S. cerevisiae
BY80 and P. kudriavzevii TY13 with additional yeast extract at the
mixing stage. The phytate-to-iron molar ratio was then as low as
0.3 and the phytate: zinc molar ratio was <3 in the two compos-
ite breads strongly suggesting an enhanced mineral absorption by
humans. Finally, based on our data, we propose that it is feasible,
in Mozambique and elsewhere, to introduce a yeast such as TY13,
together with normal baker's yeast in various high phytate bread
types. We also suggest that adding yeast extract may further im-

prove the nutritional value of the bread.
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