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Introduction

Fermentation is one of the oldest biological technologies used in food production and has played an important
role in the processing of grain-based foods for thousands of years. Among them, sourdough technology, as one of
the most basic and yet most important biological methods for bread production, has been used in many countries
around the world. Systematic and modern studies in the field of sourdough biotechnology have expanded
significantly since the 1990s and initially focused mainly on improving the sensory properties, texture, volume
and shelf life of bread. However, in recent years, researchers have paid increasing attention to the role of sourdough
in improving the functional and nutritional properties of grain products. Studies have shown that sourdough
fermentation can improve the digestibility, bioavailability of nutrient components, and nutritional value of bakery
products through metabolic and enzymatic changes. During sourdough fermentation, LABs and yeasts engage in
various interactions that include nutrient competition, mutualistic relationships, acidity regulation, flavor
formation, and nutrient utilization. Folate, as one of the essential micronutrients in the metabolism of living cells,
is a derivative of folic acid and a B-vitamin. Folic acid is a form of folate that is commonly used in fortified foods
and supplements. The low concentration of folate in biological materials and the presence of different chemical
structural forms with different stabilities have created challenges for the analysis of folate levels in foods. An
alternative approach, currently practiced in many countries, is the mandatory fortification of staple foods with folic
acid. However, the benefits and risks of folic acid supplementation remain widely debated. In this study, folate-
producing lactic acid bacteria were investigated as an adjunct culture in wheat sourdough for the production of
functional bread containing folate.

Materials and Methods
From a total of 43 strains of lactic acid bacteria isolated from Khorasan traditional dairy products, which had
previously been screened for extracellular folate production, 3 strains were selected based on the highest folate
production using NCSS software. To prepare sourdough, first the lactic acid bacteria strains were incubated in
MRS Broth medium at 37°C for 24 hours until 108 cfu/g (corresponding to the McFarland standard) was produced.
Then the biomass produced was centrifuged and suspended in 10 ml of saline buffer. The microbial suspension
was stirred until the number of bacteria was about 3-5x108 cfu/100g per 100 g of dough for sourdough. After
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covering the dough with aluminum foil, the dough was incubated at 30°C for 20 hours. Four types of sourdough
S1 (sourdough prepared from flour, water, yeast, and selected lactic acid bacteria), S2 (sourdough prepared from
flour, water, and selected lactic acid bacteria), S3(sourdough prepared from flour, water, yeast) and S4(sourdough
prepared from flour, water) The titratable acidity of sourdough was calculated in terms of milliliters of soda
consumed. Four types of bread B1 (bread prepared from sourdough S1), B2 (bread prepared from sourdough S2),
B3 (bread prepared from sourdough S3), and B4 (bread prepared from sourdough S4) were prepared with different
aforementioned formula, t. The amount of folate produced was determined by HPLC, Chromatographic analyses
were performed on an analytical HPLC system (1260 HPLC system Infinity 1l LC), Phenomenex Luna C18
column (particle size 5 pum, pore size 100 angstroms, 250 x 4.6 mm), with a flow rate of 0.30 mL/min. For
comprehensive data analysis, in addition to classical statistical tests, principal component analysis (PCA) and
partial least squares regression (PLSR) were also used to investigate multivariate relationships between
physicochemical parameters and folate levels.

Results and Discussion

The results showed that the highest folate levels were observed in sourdough S1 (14.04 ug/100 g) and bread
B1 (13.32 ug/100 g), while the lowest levels were observed in control samples S4 and B4.The overall trend of the
results showed that the simultaneous presence of yeast and selected lactic acid bacteria increased folate production
during fermentation and improved folate levels in the final product, although some of the folate was reduced during
the baking stage. PCA results showed that the variables related to acidity, pH, and folate were strongly correlated,
and the two principal components explained more than 94% of the variance in the data. PLSR also showed that
both the final fermentation characteristics and the intensity of metabolic changes during fermentation were able to
predict the final folate content of bread, with the difference that the model based on dynamic changes provided
higher predictive power. Overall, the findings showed that using mixed cultures of yeast and folate-producing
lactic acid bacteria considered as an effective strategy for the production of functional breads enriched with folate,
and chemometric analyses play an important role in understanding the complex behavior of this fermentation
system.
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Al Seo YO o Jlisas g 0d S Gy (59 4RBD O Cidody s
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O g BAD U3 Zu (69 Ambd Vo dedy (Al odilign addy
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ol dssSee Voo 5 oglasr Jols oud i Jbowo ol
Jobe g 4d Jite bt gladlgd 4 Y5 pulitenn el gl
Riaz et al., 2019;) 1 (5)qS —A- °C clod ;> ouilagdly
.(Zheng et al., 2022
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1- 5- Methyltetrahydrofolate
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Table 2- Results of pH and titratable acidity of sourdough samples

PH J5 &tz WopH W
Titratable acidity pHA & do]
(ml NaOH 0.1 N/10 g dough) oo
acidity
A
5 6.45+0.052 3.87+0.07¢ - -
Flour
) 5 osd g by mes)S1 oSS E gy i i
sl g 5Sb 5 posko o Start of 6.070.07 4.6:0.1
(e SuSY fermentation
: | 212 8.8
S1(Sourdough made from e . 3.95+0.5P 13.4+0.32
flour, water, yeast, and After fermentation ===+ T
selected lactic acid
bacteria)
)] 5l ods ang by mes)S2 o3 Eo .y i i
(oo fermentation
S2 (Sourdough made o35 Any . . 2.03 7.15
from flour, water, and After fermentation ~ 4-07+0.12 11.720.3
selected lactic acid
bacteria)
)l jlord ang by pes)S3 oSS B9
(yoseo Start of 6.3+0.052 4.15+0.05P
S3 (Sourdough made fermehtation
from flour, water, yeast) 2T A 2.02 6.3
After fermentation ~ 4-28%0-3° 10.45+0.15°
93 jlord as by e )S4 o35 £yl
(o Start of 6.35+0.052 4.05+0.05
S4 (Sourdough made fermentation
from flour and water) oS Aoy 1.98 45
4.37+0.1° 8.55+0.35°¢

After fermentation

5L e (P-value<0.05) L %5=0 paw )3 b, Sile (135 I ixe 22imd LS (gt o 40 dilie e g y>
Unsimilar letters in each column indicate that the means are significant at the a=5% level (p-value <0.05).
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Fig. 2. 5-MTHF standard diagram obtained by high-performance liquid chromatography method
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Table 3- Results of 5-MTHF measurement levels by HPLC method for sourdough samples

g8 90015 a0

DUy yued Total 5-MTHF
Sourdough (micrograms per 100
grams)
> 2.6£0.4°
Flour
o o35 90 5+0.2°
(i SSY sl slo (581 g yostacld] 5l osd ags 55 mes)S1 Start of
S1(Sourdough made from flour, water, yeast, and selected lactic acid fermentation
bacteria) JUCS v 14.04+0.022
After fermentation
Jeo5S Egpd
. T Start of 4.740.2%
(oo SY sl gl 658y 5 Cleoyl 3l 00 ags (b5 1003)S2 fermentation
S2 (Sourdough made from flour, water, and selected lactic acid bacteria) o 13.44+0.07"
After fermentation
Ws t"’"t@f’ 4.65:0.15%
S T IO art o
e ol 2,1 ] 03 208 5 5202)S3 fermentation
S3 (Sourdough made from flour, water, yeast) W 13.0540.1¢
After fermentation
)“"~S t"’"t@f’ 4.11+0.13°
T e art o
(1 5 0 03 g5 55 a4 fermentation
S4 (Sourdough made from flour and water O 103140.02¢
After fermentation

b e (p-Value<0.05) L %5=0 gdaw ) oSk (139 53 sime oaimd ) Lis (gt b )d dldie b Bg>
Unsimilar letters in each column indicate that the means are significant at the 0=5% level (p-value <0.05).
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Y58 i 5l eSS e g SSY sl sla g S lyly iy
ol & Vst yol ol sl o & yoe 3] ol (55 e 3
D5 s 5 ok ady S5Vl sl syl o cal U

A8 B s |y b jases lawgs 0w Y68 WileS o
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Alids slah b jaad b saal g5 b sladh gad )y
HPLC uP9) L 5-MTHF O])'.,,o d):§°}l'\5| C’L’ ¥ J9.\? 5
s b g (b g oy S8 (olod pe59) s gladiges gl
b5 ol 0ad (355 )15 93 (1SSle O g0y alisee (sl 5
Blob g yed dges 4y 3leio S-MTHF 50 oy ol LS
5 B3 (b wges ol an g wblioo (ST by el jl odd 4 1)
5-MTHF (Jl5e opyieS g cuily |y 5-MTHF Jlsde oy i B2

el Caody B4 b diges ]

Iy MTHF=0 lads oy yids «ecio LAB 5 oot (gol> o

POS-MTHF (l5se oy it D L ol oy o (sl jlod oyl o
Sl L a5 a5 8l by jped LAB 5 (g peste slajpess
Lopez et al., 2001; Osseyi, Wehling, & ) s> céalls L3
OSee b LAB &S cunl oyl slazel yioxen (Albrecht, 2001
2l 3 1y gl oo g a8 sl s yasio (glp (ilabloe ol 1 ]
Viesser et al., ) sxs (ol 38l Y sl aile e gla yiis
a8 oy a0 opl 4 laise LS Glidss ) yiseed (2021
Y58 Gl 4 e jeed (g ¥ 908 9 S 5 5D yeSe (13,5 3
Sy 4 ulply A5 mls e ol I Jols b ) 5L
adsl 3] 5 s 6 iy s ol ol 0 5 Y58 e
Tie w2 g Vgeyd ) 4id) )5 4 jesie | sl 29 Job
e gols b @l odd ooy i Yed l5ae i3l 05,5 o
(Gujska, & Majewska, 2005) Kwgrlo 5 KuasS lawss ol
Sl SlagySl 5 yoss dgty Vg Mg Gl |y of e
ClidS s cpizmed 25 plyis oS alp (b Sy
Patring, Jastrebova, Hjortmo, Andlid, ) ,Ke2 ¢ S5l
A 50 odlaiwl dyge yese 395 &S 2y L (& Jagerstad, 2005
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Table 4- Results of 5-MTHF measurement levels by HPLC method for Proofed dough and produced bread samples

o b 031> vl sl i (05 V0 53 0,55, 5u0) S5 5 p0ed 1,5 o0
Bread (cul ok sosco jpis ,0) Proofed dough Total 5-MTHF

(SLoas el o a5 GUBL 13.55£0.12% 13.3240.19°
B1 (Bread made from sourdough S1)

(S8 o0 ot s9 2 2 5 e J 20 8 (B2 12.95+0.09° 10.19+0,04¢
B2 (Bread made from sourdough S2)

(53 2 e o e 1)B3 12.61£0.76° 12.0240.17)
B3 (Bread made from sourdough S3)

(54 2y e J o1 3 B4 11.22+0.39° 8.51+0.08¢

B4 (Bread made from sourdough S4)

3L e (P-value<0.05) L %5=0 pmaw )3 b, Sle (35 I ixe o2imd LS (gt b )0 dilie pé g y>
Unsimilar letters in each column indicate that the means are significant at the 0=5% level (p-value <0.05).
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Calloway, 1972; Keagy et al., 1975; Osseyi et al., 2001;
.(Arcot, Wootton, Alury, Chan, & Shrestha, 2002

P11 Y wilgi o Y8 coriSuly sla S 5l (B
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Table 5- Results of 5-MTHF measurement levels stages produced bread samples. Total folate (micrograms per 100 grams)

. - 3,0 S
U b wiges g 705 Eg g
Bread samples fermentation

P ]
Flour Start of After
fermentation

5- 0316 Cuwd jl oo

Sl ol ppod b
PRSI Bread CSy Job 3 MTHF
Proofed dough % Loss of 5-MTHF

during baking

o> 5lodd A QU)B].

(lo2s 26+ . i
B1 (Bread made 0.4¢ 5£02 14.04+0.02
from sourdough S1)
o jl o3 ang )6)B2
(52 5y 26+
B2 (Bread made 0.4¢ 4.740.2%
from sourdough S2)
oS> )’l ol And L‘)U)B3
(83 by 26+
B3 (Bread made 0.4¢ 4.65+0.15%
from sourdough S3)
a0 A L‘)U)B4
(54 o 26+
B4 (Bread made 0.4¢ 4.11+0.13°

from sourdough S4)

13.44+0.07°

13.05+0.1°

10.31+0.024

13.55+0.12% 13.32+0.192 5.13
12.95+0.092 10.19+0.04¢ 24.18
12.61+0.76° 12.02+0.17° 7.89
11.22+0.39° 8.51+0.08¢ 17.45

ol (p < 0.05) Jlade (0=5%) g ) by Slio (1390 I ixe 0aimd LS gty 40 dilie s by >
Unsimilar letters in each column indicate that the means are significant at the 0=5% level (p-value <0.05).
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Table 6- Loadings of the variables on the principal components obtained from principal component analysis

Variable PC1 PC2 PC3
Acidity — Start 0.304 0.322 —0.167
E95 — Al
Acidity — End 0.333 0.028 -0.122
okl — aul
%A Acidity 0.331 —0.116 —-0.037
EIR W WE WS
pH — Start —0.305 —0.315 0.179
PH — g4,5
pH - End —0.319 —0.183 0.263
pH - oLk
%A pH 0.323 0.052 —-0.348
5 Ao y> PH
Sourdough Folate — Start 0.330 -0.102 0.136
E9y8 = b e Y
Sourdough Folate — End 0.321 -0.032 0.373
e
%A Sourdough Folate 0.282 0.064 0.711
PPt OV i hoy>
Bread Folate 0.283 —-0.433 0.075
ob eYed
% Loss of Folate during Baking —-0.125 0.737 0.255
Coy b Y ed AW sy
Eigenvalue 8.9166 1.5179 0.5655
ohg i
Explained variance (%) 81.1 13.8 51

0lb03dzd i il lg Joyd
Cumulative variance (%) 81.1 94.9 100.0

(5225 il lg doyd
Olgieds g Blosd o3> L5 Ky iygeody 00K Glao ;08 b pdlie sitad Lol sladdlie )3 pize y» (EIgENVECTOrS) Lole clo)l osins i polie tngs
i3 o gedgs |y aodly IS uiljly 517N+ vie ggeome 55 Lol ailhe du il B 8 a3 1 o9 b ol gl
Note: Values represent the loadings (eigenvectors) of each variable on the principal components. Loadings with an

absolute value >0.50 are presented in bold and were considered relatively strong loadings. The three principal
components collectively explained 100.0% of the total variance.
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Fig. 3. PCA biplot showing the distribution of the four sourdough starter formulations (scores) based on physicochemical and

folate-related variables and the corresponding variable vectors (loadings)
Each point represents the mean values of one treatment (S1-S4), while the arrows indicate the contribution and direction of the

measured variables to sample discrimination. Treatments were as follows: S1, flour, water, yeast, and selected lactic acid bacteria;
S2, flour, water, and selected lactic acid bacteria; S3, flour, water, and yeast; and S4, flour and water.
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