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PETIJUMA AKTUALITATE

Rudzu maize ar plaucgjumu ir tradicionals produkts, kura raZzoSana nozimiga
ir procesu stabilitate un kvalitates prognozgjamiba. Lai to nodroSinatu,
nepiecieSsama padzilinata izpratne par plaucgjuma gatavosanas un raudzéSanas
procesu mijiedarbibu ar izejvielu Tpasibam, 1pasi pilngraudu rudzu miltiem un
nefermenteto iesalu. lesala enzimatiska aktivitate razoSana ir mainiga, kas
apgritina cukuru veidoS$anas un viskozitates kontroli. P&tijuma tiek izvertéta
iesp&ja izmantot diastatisko speku ka praktisku raditaju, lai pielagotu pievienota
iesala daudzumu un stabilizétu biokimiskos procesus plaucgjuma.

Otrs bitisks faktors ir plaucgjuma raudzesanas ilgums. Praks€ tas var butiski
atSkirties, bet trukst datu par ilgstoSas raudzeSanas (24-48 h) ietekmi uz
cukuriem, organiskajam skab&m, mikrobiotu un maizes kvalitati. P&tijums
analizé S§Is izmainas ar meérki uzlabot rudzu maizes sensoras IpaSibas un
uzturvertibu. Abu virzienu apvienojums lauj izstradat praktiski pielietojamu
pieeju stabilai un kvalitativai rudzu maizes razoSanai.

Promocijas darba hipotéze: tehnologiski stabilu ar plaucgjumu gatavotas
rudzu maizes razoSanas procesu nodroSina noteikta diastatiska speka
neferment@ta rudzu iesala pievienoSana un ilgstosa plaucgjuma raudzesana.

Pétijuma objekti: rudzu pilngraudu milti, neferment@tais rudzu iesals ar
atSkirigu diastatisko speku, rudzu pilngraudu miltu plaucjums (parcukurots un
raudzgts), pilngraudu rudzu maize.

Tezes.

1. Nefermentéta rudzu iesala pievienoSana ietekmé rudzu miltu tehnologiskas

TpasSibas maizes gatavosana atkariba no ta satura un diastatiska speka.

2. Ilgstosa plaucgjuma raudzg€Sana notick cukuru satura samazina$anas un
skabju sastava un satura izmainas.

3. Ilgstosa raudzESana samazina fruktanu un fitinskabes saturu raudzeta
plaucgjuma.

4. Tlgstosa plaucgjuma raudzéSana uzlabo rudzu maizes sensoras ipasibas un
samazina fruktanu un fitinskabes saturu maize.

Promocijas darba meérkis: izvertét nefermenteta rudzu iesala diastatiska
sptka un plauc€juma raudz€Sanas laika ieteckmi uz plaucgjuma
mikrobiologiskajiem un kimiskajiem raditajiem, miltu tehnologiskajam
Tpasibam un rudzu maizes sensorajam Ipasibam un kimiskajiem raditajiem.

Uzdevumi.

1. Analizét o-amilazes un P-amilazes aktivitati rudzu nefermentéta iesala
paraugos ar atskirigu diastatisko speku.

2. lIzvertet nefermentéta rudzu iesala ietekmi uz rudzu miltu enzimatisko
aktivitati un tehnologiskajam ipasibam.

3. Izstradat matematisko modeli rudzu miltu-iesala maisijjuma kriSanas skaitla
stabilizéSanai.



Analizet cukuru satura izmainas rudzu plaucg€juma p&c parcukurosanas un
pec 24 h raudzesanas.

Noteikt skabuma un mikrobiotas izmainu dinamiku rudzu plaucgjuma
ilgstosas raudzesanas laika.

Analizet kimiska sastava izmainas rudzu plaucgjuma ilgstoSas raudz€Sanas
laika.

Analizet rudzu maizes ar dazadi gatavotu plauc€jumu kimiskos raditajus un
sensoras pasibas.

Pétijuma novitate.

. Veikta padzilinata iesala aktivitates izp&te rudzu plaucgjuma parcukurosanas

procesa, ar mérki stabilizet rudzu maizes tehnologisko procesu un kvalitati.
Pirmo reizi Latvija veikta padzilinata pilngraudu rudzu plauc€juma ilgstoSas
raudzgS$anas izp&te, analizgjot tas ietekmi uz plaucgjuma tehnologiskajam
Tpasibam, ka arT uz pilngraudu rudzu maizes sensorajam TpasSibam un sastavu,
ar mérki stabiliz&ét maizes razo$anas tehnologisko procesu.

Pétijuma tautsaimnieciska nozime.

Izstradats matematiskais modelis iesala efektivakai izmantoSanai rudzu
plaucgjuma gatavosana un optimiz€sana, atbilstigas kvalitates rudzu maizes
razoSana.

Petijuma rezultati sniedz ieteikumus razotajiem par rudzu plaucgjuma
raudzeSanas posma kvalitates raditajiem un to ietekmi uz maizes 1paSibam,
dodot iesp&ju stabilizet, planot un vadit razoSanas procesus.
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MATERIALI UN METODES

Pétijuma laiks un vieta
Petijums veikts no 2020. gada septembra lidz 2025. gada martam Latvijas

Biozinatnu un tehnologiju universitaté Partikas institita laboratorijas,

Biotehnologiju zinatniskas laboratorijas Viedo tehnologiju nodala (VTN),

Partikas un fermentéSanas centra Igaunija (Center of Food and Fermentation

Technologies TFTAK), uznémuma Sopéna tehnologijas laboratorijas, (Chopin

Technologies) Francija. Paraugu gatavosana un cepSana veikta maizes ceptuve

“Kelméni” (Gulbenes novads, Rankas pagasts, Latvija).

Materialu raksturojums
P&tjjuma izmantoti:

e 3 dazadi rudzu graudu paraugi (Skirne 'Kaupo'), kas iegiiti no z/s "Kelméni",
Gulbene, Latvija, 2021. gada razas. Rudzu graudi samalti z/s "Kanepites",
Kocenos, Latvija 2022. gada;

e 5 dazadi rudzu nefermentetie iesali ar atSkirigiem diastatiska speka (DS)
raditajiem. lesali tika sanemti no SIA “LATMALT”, “Valmju iesalnica”,
Jaunsvirlaukas pagasts, Jelgavas novads, Latvija;

e plaucgjuma un miklas raudzgSanai izmantots ieraugs (attiecigi, Ieraugs P un
Ieraugs M), kas sanemta no maizes ceptuves “Kelméni”, Latvija.

Pétijuma struktiira

P&tijums veikts tr1s posms (1. tabula). P&ttjuma I posma tika analiz&ta rudzu
neferment@ta iesala enzimu aktivitate un izverteta ta kvantitattva un kvalitativa
sastava ietekme uz rudzu miltu tehnologiskajam ipasibam.

IT posma pétita rudzu plauc€juma parcukurosanas un ilgstoSas raudz€Sanas

(2448 h) procesa ietekme uz mikrobiotas dinamiku un metabolitu profilu.

IIT posma izverteta rudzu maizes kvalitate, kas gatavota, izmantojot dazada
ilguma raudzetu plaucgjumus.



1. tabula / Table 1
Pétijuma shéma / Research Design

I POSMS Rudzu nefermentéta iesala ietekmes izpéte uz rudzu miltu tehnologiskajam
ipasibam / STAGE I Investigation of the impact of unfermented rye malt on the
physicochemical properties of rye flour

1. Neferment&ta rudzu iesala a-amilazes un f-amilazes aktivitates noteiksana /
Determination of a-amylase un f-amylase activity of unfermented rye malt

2. Iesalu satura un aktivitates ietekmes izpéte uz rudzu miltu tehnologiskajam ipasibam /
Investigation of the impact of malt content and activity on the technological
properties of rye flour

3. Matematiska modela izveide miltu-iesala paraugiem KS stabilizéSanai / Development
of mathematical model for flour-malt samples to stabilize the falling number (FN)

4. Nefermentéta iesala satura un DS ietekmes izp&te uz cukuru veidoSanos plaucguma

péc parcukurosSanas un raudz&Sanas (24 h) / Investigation of the impact of rye malt
content and activity on the sugar composition during flour starch hydrolysis
(saccharification) and after 24 h of fermentation

11 POSMS Mikrobiotas un kimiska sastava izmainu izveértéjums péc plaucéjuma
parcukuroSanas un ilgstoSas raudzesanas (24—48 h) / STAGE 11 Evaluation of changes
in microbiota and chemical composition after scald saccharification and prolonged
fermentation (24—48 h)

L.

Mikrobiotas izp&te plaucgjuma raudz&Sanas laika / Investigation of microbiota during
scald fermentation

2. Cukuru satura izmainu izverté€Sana plaucgjuma ilgstosas raudzesanas laika /
Evaluation of changes in sugar content during the prolonged fermentation of rye
scald

3. Organisko skabju satura izmainu izv&rtéSana plaucgjuma ilgstosas raudzgSanas laika /
Determination of organic acid content during the prolonged fermentation of rye scald

4. Fitmskabes satura noteikSana plauc&juma / Determination of phytic acid content in
rye scald

5. Fruktanu satura noteikSana plauc&juma / Determination of fructan content in rye

scald

111 POSMS Rudzu maizes ar dazada ilguma raudzétu plaucéjumu kvalitates
novertéjums / STAGE III Quality assessment of rye bread with scald fermented for
different duration

L.

Cukuru satura noteikSana rudzu maizes paraugos / Determination of sugar content in
rye bread samples

2. Organisko skabju satura noteikSana rudzu maize / Determination of organic acid
content in rye bread samples

3. Rudzu maizes paraugu sensora novértésana, izmantojot dazadu ilgumu raudzgtu
rudzu plaucgjumu / Sensory evaluation of rye bread using rye flour scald of different
fermentation durations

4. Fitiskabes satura noteikSana rudzu maizes paraugos / Determination of phytic acid
content in rye bread samples

5. Fruktanu satura noteikSana rudzu maizes paraugos / Determination of fructan content

in rye bread samples




Pétijuma metodes

P&tjjuma I posma sagatavoti rudzu miltu un iesala paraugi (1.att.). Katru
rudzu miltu paraugu (M1; M2; M3) sajauc ar katru no 5 rudzu nefermenteta
iesala paraugiem (I1; 12; I3; I4; I5). Iesalu pievieno 3 dazados daudzumos —
0.5%, 1.0%, 1.5% no miltu masas. Miltu daudzums 3 kg.

Iesala paraugi / Malt samples

Miltu paraugi / Flour samples e I1 (DS/DP 170 °WK)
e M1 (KS/FN210s) e 12 (DS/DP 179 °WK)
e M2 (KS/FN262s) e I3 (DS/DP 261 °WK)
e M3 (KS/FN346s) e 14 (DS/DP 362 °WK)
e IS5 (DS/DP 408 °WK)
v v .
0.5% iesals / malt 1.0% iesals / malt 1.5% iesals / malt
15 paraugi / samples 15 paraugi / samples 15 paraugi / samples

1. att. Miltu-iesala paraugu sagatavoSanas shéma /
Fig. 1. Flour-Malt Samples Mixing Scheme

Plaucgjuma gatavoSana un raudz&Sana I posma notika saskana ar maizes
razoSana izmantotu tehnologiju, to pielagojot laboratorijas apstakliem. Lai
pagatavotu plauc€jumu, miltus un iesalu (2.tabula) sajauc ar karstu tideni (2.8 kg,
92 +2 °C), izmantojot miklas miciSanas iekartu Teddy (A/S Varimixer, Brendby,
Denmark), 10 min., 2. atrums, 150 apgr. min™'.

ParcukuroSanas laika plaucgjumu iztur termostata (klimata kamera)
Memmert ICH 110 (Memmert GmbH, Schwabach, Germany) 90 mintites
60+ 2 °C un relativaja mitruma 80%, tadgjadi nodroSinot 1&nu plauc€juma
dzesesanu no 75 Iidz 60 °C. P&c parcukurosanas, plaucgjumam pievieno leraugu
P (6% no miltu masas). Plaucgjuma raudzeSanu veic termostata 60% relativa
mitruma, nodrosinot pakapenisku temperatiiras samazinaSanos, izmantojot §adu
rezimu: 55 + 2 °C temperatiira 5 h, 50 + 2 °C temperatara 5 h, 45 + 2 °C
temperatiira 5 h, 35 + 2 °C temperatiira 5 h. Visbeidzot, raudzeto plaucgjumu
dzesg istabas temperatiira (22 + 2 °C), lai sasniegtu 30 °C (apméram 2 h).

P&tfjuma II posma rudzu plaucgjumu un miklas gatavoSana un raudzesana
veikta maizes ceptuves “Kelméni” razo$anas telpas. P&tijuma II posma pagatavo
un izmanto piecus plaucgjumus ar dazadu raudz€Sanas laiku: 0 h (neraudzgts),
12 h, 24 h, 36 h un 48 h. Detalizéta tehnologiska shéma plauc&uma un miklas
pagatavosanai ir att€lota 2. attela.

Plaucgjuma un maizes paraugi liofilizeéti, izmantojot liofilizatoru FT33
(Armfield Ltd., Hampshire, Apvienota Karaliste), ar kondensatora kameras
temperatiru —40 °C un spiedienu 6.4 Pa 72 h. Pec liofilizacijas paraugus
sasmalcina, izmantojot Foss Knifetec 295 Mill laboratorijas dzirnavas (Foss
Analytical Co., Ltd., Suzhou, Kina).
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Izejvielu sagatavoSana /
Preparation of Ingredients

Rudzu milti / Rye
flour, 24 kg

l:

Izejvielu sajaukSana / Mixing of Ingredients

Nefermentgts rudzu
iesals / Unfermented
Rye Malt, 0.24 kg

I

Plaucgsana — sajauksana / Scalding and Mixing,

Udens / Water, 181,

Dzesésana / Cooling, t =24 h, T=23+£2°C

. T=92+2°C
t=15min
v < Udens / Water, 18 1,
Plauc&$ana — sajauk3ana / Scalding and Mixing, T=92+2°C
t =15 min
v Teraugs P/
Parcukuro$ana / Saccharification, t= 90 min Sourdough S, 0.48
v < kg
Sajauksana (t = 5 min) un parlik§ana koka kubla / Plaucgjuma paraugi /
Mixing (t =5 min) and Transfer to Wooden Vat Scald Samples
3 RPO Oh
Raudzésana / Fermentation, t =0 h, 12 h, 24 h, g;i ;i E
36h,48h, T=30=+2°C RP36 36h
v RP43 48 h
Dzesésana / Cooling, t=3-6h, T=20+2°C
Ieraugs M /
v < Sourdough D, 1.60
Raudzesana / Fermentation,t =4h, T =27+2°C kg
v < Rudzu milti / Rye
MiciSana / Mixing, t = 60 min flour, 32 kg
v Sals / Salt , 0.44 kg
Veidosana / Shaping, 2 kg
v
RaudzéSana / Fermentationt=2h, T=32+2°C
3 Paraugi / Samples
. R — p—— RMO
Cepsana / Baking,t=5min, T =350+£2°C, t= RM12
80 min, T =200+ 2 °C RM24
v RM36
- RM48

2. att. Tehnologiska shéma rudzu plaucéjuma un rudzu maizes gatavoSanai /
Fig. 2. Technological Scheme for Rye Scald and Rye Bread Preparation



P&tjjuma izmantotas analitiskas metodes un standarti apkopoti 2. tabula.

2. tabula / Table 2

Pétijuma izmantotas analitiskas metodes un standarti /
Analysis methods and standards used in the study

Posms / Raditajs / Parameter Standarts vai metode /

Stage Standard or method

I a-amilaze / a-amylase, CU g™ AACC 22-02.01

I B-amilaze / f-amylase, BU g™! Murniece et al., 2024

/01 | pH AACC 02-52:1999

II/1I | Kopgjais titrgjamais skabums / Total | AACC 02-31.01
Titratable Acidity, ml 0.1 N NaOH

I KriSanas skaitlis / Falling Number, s AACC 56-81.03

I Maksimala viskozitate / Maximum | ICC —Nr.126/1
Viscosity, BU

I MixoLab tests / MixoLab test ISO 17718:2013

I / 11 /| Cukuri/ Sugars, g 100 g™' sausnas / dry | Murniece et al., 2024

I weight

II/II | Organiskas skabes / Organic acids, Murniece et al., 2025
g 100 g~! sausnas / dry weight

II/II | Fitinskabe / Phytic acid, g 100 g~' | Murniece et al., 2025
sausnas / dry weight

II/1I | Fruktani/ Fructans, g 100 g”' sausnas | AACC 32-32.01

II Pienskabes bakterijas, KVV g! /| 1SO 15214:1998
Lactic acid bacteria, CFU g™*

I Raugi, KVV g! / Yeasts, CFU g! ISO 21527-1:2008

II Mikroorganismu identifikacija ar rRNS | Reidzane et al., 2021

génu un ITS sckvencésanu /
Identification method rRNA gene and
ITS of microorganisms

REZULTATI UN DISKUSIJA

1. Rudzu nefermentéta iesala ietekme uz rudzu miltu un
plaucéjuma ipasibam

1.1.

Rudzu nefermentéto iesalu aktivitates raksturojums

Pieciem dazadas aktivitates rudzu nefermenttajiem iesaliem (diastatiska
speka (DS) diapazons no 170 Iidz 408 °WK) tika analizéta a-amilazes un
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B-amilazes aktivitate. a-amilazes aktivitate batiski (p<0.05) varigja starp
paraugiem —no 44.26 Iidz 183.34 CU g!. Savukart B-amilazes aktivitate dazados
iesala paraugos varigja no 10.81 Iidz 23.11 BU g™ (3. att.).

250

-2 23.11a

—:D\bo A _'-"0‘50 B
5D 200 183342 5520
00 A x
Ig ? 150 -‘E § 15 13.99 c14.25 ¢
23 23

3 Q
S 3 100 2510

S [PIRS
E ;E\ lﬁ .3\
g 3 50 = § 5
33 gi‘é.
B &

0 0
11 12 3 14 15 11 2 3 14 15
Iesala paraugs / Malt sample Iesala paraugs / Malt sample

3. att. a-Amilazes (A) and p-amilazes (B) aktivitate rudzu nefermentéta
iesala paraugos ar dazadu diastatisko speku / Fig. 3. a-Amylase (A) and -
Ampylase (B) Activity in Rye Unfermented Malt Samples with Different
Diastatic Power

Kopuma tika nov@rota ciesa korelacija starp a-amilazes aktivitati un iesala
diastatisko speku (r = 0.87), tacu starp I3 un I4 iesala paraugiem o-amilazes
aktivitate statistiski nozimigas atSkiribas netika konstatetas. Lidzigi B-amilazes
aktivitate paradija bitisku (p<0.05) korelaciju ar diastatisko speku (r = 0.88),
tacu starp 12 un I3 iesala paraugiem P-amilazes aktivitate butiski neatskiras.
Ciesa korelacija apstiprina DS ka raksturojoSu lielumu rudzu nefermentgta iesala
kombinétajai enzimatiskajai aktivitatei. Savukart, butiskas atSkiribas starp
paraugiem norada uz to, ka rudzu neferment@tais iesals var biit ar atSkirigu a-
amilazes un B-amilazes aktivitati, ko raksturo DS, un §im raditajam var biit
nozimiga loma, stabiliz€jot rudzu miltu reologiskas ipaSibas plauc€juma
gatavoSana.

1.2. Rudzu nefermentéta iesala ietekme uz rudzu miltu
tehnologiskajam ipasibam

Petjjuma tika analizéti rudzu miltu paraugi ar plasu KS amplitidu
(346-210 s), tiem pievienojot rudzu nefermenteto iesalu ar dazadu diastatisko
speku (DS 170408 °WK), varigjot ar pievienota iesala saturu (0.5, 1.0, 1.5%).
Analizgjot kriSanas skaitli, amilografa noteikto maksimalo viskozitati un
Mixolab likni rudzu miltu un iesala paraugos, tika pétitas reologiskas ipasibas
(Udens absorbcija, cietes klisterizacijas temperattira, viskozitate, amilolitiska
aktivitate), kas raksturo miltu uzvedibu plaucg€juma un miklas gatavosanas laika.
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KriSanas skaitlis

Rudzu miltu tehnologiskas ipasibas maizes gatavoSana ir ciesi saistitas ar to
krisanas skaitli (KS), kas kalpo ka enzimu aktivitates un cietes hidrolizes
indikators. Zemaks <200 s kriSanas skaitlis norada uz aktivu enzimu darbibu un
cietes hidrolizi. Optimals KS diapazons (125-200 s) nodroSina Iidzsvarotu
enzimu aktivitati, kas talak nosaka procesa stabilitati rudzu plaucgjuma
gatavosana un raudzeSana (Stgpniewska et al., 2021).

Rudzu miltu kriSanas skaitla (KS) izmainas, atkariba no dazada diastatiska
speka un satura rudzu neferment&ta iesala pievienoSanas, ir att€lotas 4. attela.
lesala pievienosana konsekventi samazindja rudzu miltu KS, un Sis
samazinajums bija izteiktaks, palielinoties iesala diastatiskajam spekam un
saturam. ST tendence norada uz saistibu starp pastiprinatu enzimu aktivitati, kas
paatrina cietes hidrolizes procesu. Jo lielaks ir pievienota iesala diastatiskais
speks un daudzums, jo intensivak darbojas amilolitiskie enzimi un intensivak
notiek cietes hidrolizes process. Rezultata samazinas cietes saturs, kas spgj
noturét viskozitati, un 11dz ar to arT samazinas kriSanas skaitla vertiba.

350 350 350
M3
325 Ml 325 Mz 325
300 300 300
w 275 275 ) 275
E“ 250 250 250
2 225 225 225
2 200 s 200 200
175 ° 175 175
150 150 150
125 125 125
00 05 1.0 15 00 05 10 15 00 05 10 15
Iesala saturs, % / Iesala saturs, % / Iesala saturs, % /
Malt concentration, % Malt concentration, % Malt concentration, %

4. att. Dazadu iesala saturu (0.5%, 1.0%, 1.5%) un diastatiska speka
ietekme uz KS rudzu miltu paraugiem M1, M2, M3 / Fig. 4. The Effect of
Different Malt Concentrations (0.5%, 1.0%, 1.5%) and Diastatic Power on

FN of Rye Flour Samples M1, M2, and M3

Vidgjas KS vertibas bitiski (p<0.05) atskiras starp rudzu miltu paraugiem.
Paraugam M1 bija visaugstakais sakotn&jais KS — 346 + 4 s, kam sekoja M2 ar
262 + 4 s, savukart, M3 parauga KS bija viszemakais — 210 + 4 s. Pievienojot
iesalu (no 0.5% lidz 1.5%), visiem miltu paraugiem tika nove@rots butisks
(p<0.05) KS samazinajums, un §1 ietekme kluva izteiktaka, palielinoties iesala
saturam. Pieméram, M1 parauga KS samazinajas no 346 + 4 s lidz 114 + 5 s, kad
iesala daudzums palielindjas no 0% lidz 1.5%, noradot uz tieSu saistibu starp
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iesala daudzumu un kriSanas skaitla samazinajumu. Lidzigas tendences tika
novérotas arTt M2 un M3 paraugos, kur KS, izmantojot 1.5% iesala, samazinajas
attiecigi [1dz 108 + 4 sun 111 £3's.

Visos gadijumos novérota tendence — KS samazinas, pieaugot iesala DS un
pievienotajam saturam — norada uz pastiprinatu cietes hidrolizi, ko galvenokart
izraisa paaugstinata amilolitisko enzimu aktivitate (Struyf et al., 2016).

Iesala diastatiskais speks (DS) un saturs butiski (p<0.05) ietekmé rudzu miltu
kriSanas skaitli (KS), ka redzams 5. att€la. Tomer, sasniedzot noteiktu DS ltmeni,
§T ietekme stabiliz&jas, noradot uz iespgjamu enzimu aktivitates funkcionalo
slieksni. M1 parauga novérots, ka iesalu I3 un 14 pievienoSana rada lidzigas KS
vertibas, kas nesniedz biitiskas (p>0.05) atskiribas, lai gan to DS atSkiras. Tas
liecina, ka DS pieaugums virs noteiktas robezvertibas vairs nenodroSina papildus
enzimu efektivitati. Lidzigu tendenci novero ar1 M2 parauga, kur I3 un 14 iesalu
ietekme uz KS nav bitiski atSkiriga. M3 parauga §1 robezvertiba ir vél izteiktaka
—1iesalu I3, I4 un IS ietekme uz KS ir lidzvertiga un statistiski biitiski neatskiras.

a 220 220
o M1 50 Mz o M3
200 200 200
L, 190 [LP 190 f 190
= 180 180 180 |
=170 170 |\c 170 |
v 160 de d 160 160
M 150 of 150 fe 150 [(def
140 140 hg 140 h Bk
130 130 130
120 20 L— @ 120 —"""—""
170 220 270 320 370 420 170 220 270 320 370 420 170 220 270 320 370 420
Iesala DS / Iesala DS/ Iesala DS /
Malt DP, °WK Malt DP, °WK Malt DP, °"WK

5. att. Nosacitas videjas vertibas dazada diastatiska speka (DS) iesalu
ietekmei uz rudzu miltu kriSanas skaitli (KS) / Fig. 5. Conditional Mean
Values of the Effect of Different Diastatic Power (DP) Malts on the Falling

Number (FN) of Rye Flour
KS / FN — kriSanas skaitlis / falling number, s. Rudzu miltu paraugi / Rye flour
samples: M1, M2, M3. Atskirigie burti (a-h) uz punktiem parada biutisku atSkirtbu
(p<0.05) starp rezultatiem. /Different letters (a—h) on points indicate significant
differences (p<0.05) between the values.

DS palielinasana virs 261 °WK nesniedz turpmaku KS samazinajumu, kas
apstiprina enzimatiskas aktivitates robezefektu. Sie rezultati uzsver iespgju
optimiz&t ne tikai pievienota iesala daudzumu, bet ar1 ta diastatisko
raksturojumu, lai sasniegtu maksimalu enzimu efektivitati bez parsatinajuma
riska, vienlaikus izvairoties no lieka iesala pat€rina un nepamatotiem izmaksu
pieaugumiem. Tadel ripiga DS un iesala satura lidzsvaroSana plaucguma
sagatavosana ir butiska tehnologiska procesa efektivitates uzlaboSanai.
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Rezultati paradija, ka nozime ir gan pievienota iesala daudzumam, gan iesala
DS. Rudzu miltu paraugi ar iesalu, kuram ir zemaks diastatiskais speks (DS),
pieméram, DS 170 °WK (0.5% un 1.0%) vai DS 179 °WK (0.5%), var
nenodrosinat pietickamu enzimu aktivitati, lai sasniegtu optimalo kriSanas skaitli
(KS). Tomeér, palielinot zemaka diastatiska speka iesala saturu lidz 1.5%
(pieméram, M2: DS 170 vai DS 179), iegiita enzimu aktivitate kluva lidzvertiga
tai, kas tika sasniegta, izmantojot 0.5% augstaka DS iesalus (pieméram, M2: DP
362 vai DP 408). Sis novérojums liecina, ka lielaks iesala saturs var kompensét
zemaka diastatiska spéka enzimu aktivitati, nodroSinot Iidzigu KS
samazinajumu.

Matematiskais modelis kriSanas skaitla stabilizeéSanai rudzu miltos

Lai paplasinatu pétijjuma praktisko pielietojumu un nodroSinatu iesp&ju
prognozet KS, tika izstradats matematiskais modelis kas atspogulo prognozétas
KS izmainas atkariba no pievienota iesala DS un ta pievienoSanas daudzuma.
Modelt izmantots rudzu iesals ar DS robezas no 170 Iidz 408 °WK. Aprékini
veikti trim rudzu miltu paraugiem (M1, M2, M3) ar atskirigu sakotngjo KS —
attiecigi 346, 262,210 s.

P&ttjuma noteikts un modelt apstiprinats, ka lielaks rudzu nefermentéta iesala
ar zemaku diastatisko speku (DS) saturs (piemeram, 1.5%), var nodroSinat
lidzvertigu enzimu aktivitates efektu un kriSanas skaitla samazinajumu ka
mazaks iesala ar augstiku DS saturu (pieméram, 0.5%). ST atzina ir nozimiga
rudzu plaucgjuma tehnologijas optimizacija, jo lauj raZzoSanas procesa elastigi
pielagot iesalu un ta daudzumu atkariba no pieejamajiem izejmaterialiem,
vienlaikus nodrosinot stabilu raudz&$anas vidi un kontrol&tu enzimu aktivitati.
Rezultati arT uzsver, ka parmérigi augsta DS iesala lietoSana, var radit nevélamu
parsatinajumu, kas var ietekmé&t miklas TpaSibas, tadel bitiska ir gan DS, gan
iesala satura lidzsvarota izvele.

Maksimala viskozitate

Maksimala viskozitate (MV) ir nozimigs raditajs, jo tas ir cie$i saistits ar
cietes sadaliSanas pakapi un enzimatisko aktivitati, Tpasi o- un B-amilazu
ietekmé. Augstaka MV (>600 BU) vertiba norada uz lielaku cietes uzbrieSanas
sp&ju un mazaku tas hidrolizi, savukart zemaka MV (<400 BU) vértiba liecina
par intensivaku cietes hidrolizi, ko veicina paaugstinata enzimu aktivitate
(Verwimp et al., 2006), piem@ram, neferment€ta iesala pievienosanas gadijuma.
Palielinoties iesala saturam, viskozitate visos rudzu miltu-iesala paraugos
statistiski nozimigi samazinas (6. att.), kas norada uz cieSu sakaribu starp
pievienota iesala daudzumu un maksimalas viskozitates samazinajumu.

Korelacijas koeficienti starp iesala saturu un maksimalo viskozitati miltu
paraugiem konstatéti $adi: M1 (r = —-0.74), M2 (r = —0.67), M3 (r = —-0.78). MV
samazinajums miltu-iesala paraugos atspogulo amilolitisko enzimu, Ipasi
a-amilazu un B-amilazu, nozimi polisaharidu, 1pasi cietes hidroliz€ klisterizacijas
laika (Autio et al., 1996; Peng & Jin, 2020). Enzimatiska hidrolize veicina cietes
sadaliSanos 1sakos kédes fragmentos (dekstrinos, maltozg), kas mazak spgj
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uzbriest un saistit tideni, ka rezultata samazinas kopgja viskozitate (Hruskova et
al., 2003).
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6. att. Rudzu nefermentéta iesala DS un satura ietekme uz rudzu miltu
(M1, M2, M3) maksimalo viskozitati (BU) / Fig. 6. Effect of Diastatic Power
(DP) and Content of Rye Unfermented Malt on the Maximum Viscosity (BU)

of Rye Flour M1, M2, M3
BU — Brabendera vienibas / Brabender units. Rudzu miltu paraugi / Rye flour samples :
M1, M2, M3. lesala paraugi / Malt samples 11, 12, 13, 14, 15.

Lai analiz&tu diastatiska speka (DS) ietekmi uz miltu-iesala paraugu MV, tika
izveidots statistiskais modelis (3. tabula). Lai gan, palielinoties iesala DS, MV
bitiski samazinajas, DS ietekme stabilizgjas péc noteikta limena, kas nozimg, ka
turpmaks DS pieaugums bitiski neietekméja viskozitates samazinajumu.

3. tabula / Table 3.
Rudzu nefermentéta iesala diastatiska spéka (DS) un satura ietekme uz
rudzu miltu (M1, M2, M3) maksimalo viskozitati (BU) / Marginally
Estimated Mean Values Showing the Effect of Malt with Different Diastatic
Power (DP) (°WK) on the Maximum Viscosity of Rye Flour (BU)

Iesala paraugs / Maksimala viskozitate / Maximum Viscosity, BU
Malt sample Ml M2 M3
I1 423 +95a 381 +38a 288 + 38a
12 328 £ 115b 301 +40b 237 + 46b
I3 253 £8lc¢ 299 £48b 228 + 50bc
14 261 +95¢ 278 + 63bc 228 + 36bc
15 231+ 120d 263 +49c¢ 210+ 50¢

BU — Brabendera vienibas / Brabender units. Rudzu miltu paraugi / Rye flour samples :
M1, M2, M3. lesala paraugi / Malt samples 11, 12, 13, 14, 15.

Vertibas, kuram kolonna ir viens un tas pats burts, butiski neatskiras (p>0.05). / Values
sharing the same letter within a column are not significantly different (p>0.05).
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Iesala DS un satura mijiedarbibas izp&te apstiprinaja, ka iesals ar augstu DS
(362 °WK un vairak) ne vienmér ir nepiecieSams, lai sasniegtu v€lamo
viskozitati rudzu plaucg€juma. Pieméram, lielaks iesala ar zemaku DS saturs (I1,
1.5%) samazinaja maksimalo viskozitati 1idz limenim, kas bija lidzvertigs,
izmantojot zemaku iesala ar augstaku DS (0.5%, I5) saturu. Sis rezultats uzsver
kompensgjoso attiecibu starp DS un iesala saturu, noradot uz iesalu izvéles
nozimi, lai optimiz&tu enzimu aktivitati un sasniegtu mérka viskozitati, ka ar lai
nodrosinatu stabilu razoSanas procesu un samazinatu izmaksas.

Plaucésanas tehnologija augsta viskozitate apgriitina apstrades procesu,
palénina raudzgsanu un ietekm& maizes kvalitati (Stgpniewska et al., 2018).
Viskozitates samazinasana ar enzimu palidzibu, pievienojot iesalu, uzlabo miklas
pliistamibu, veicina atraku raudzéSanu un uzlabo apstradi razo$anas procesa.
P&tfjumi liecina, ka viskozitates samazinasana klisterizetas cietes izmantoSana ir
nozimigs faktors, lai efektivizétu produktu razosanas procesu (Xie et al., 2024).

Janem vera, ka literatlira biezi minétas optimalas maksimalas viskozitates
vertibas rudzu miltiem (400-600 BU) (Verwimp et al., 2006) attiecas galvenokart
uz to piemérotibu tie$i miklas miciSanai, nevis uz plaucguma sagatavoSanu.
Rudzu plaucgjumam, kas kalpo ka substrats raudzE€Sanai, ir nepiecieSama
atSkiriga — parasti zemaka — viskozitate, lai nodroSinatu optimalus apstaklus
mikroorganismu darbibai. Skidraka plaucuma konsistence uzlabo enzimu
piekluvi polisaharidiem un veicina cietes hidrolizi, kas, savukart, nodroSina
vienkars$o cukuru veidosanos, biitisku raudzesana iesaistito pienskabes bakteriju
vielmainai. Turklat zemaka viskozitate atvieglo apstrades procesus un uzlabo
raudzéSanas  dinamiku, padarot plaucgjuma struktiiru = piemérotaku
mikroorganismu aktivitatei. Tadgjadi, lai gan dazos paraugos maksimala
viskozitate bija zemaka par klasiskajiem kvalitates krit€rijiem, So noveérojumu
nevar vertét ka negativu, bet gan ka tehnologiski pamatotu iezimi plauc&uma
konteksta.

Miltu reologisko ipasibu analize (Mixolab)

Lai novértétu rudzu miltu un nefermentéta iesala maisijumu reologiskas
1pasibas, tika veikta Mixolab analize, kas sniedza detaliz€tu ieskatu fidens
absorbcijas sp&ja, miklas stabilitaté un cietes klisterizacijas procesa dazados
temperatiiras posmos (7.att)

C3 punkts raksturo cietes klisterizacijas maksimumu. Visiem rudzu miltu
paraugiem iesala pievienoSana samazinaja C3 vertibu. Piem&ram, M1 kontroles
parauga C3 bija 2.45 Nm, bet pievienojot 1.5% I5 iesalu — 1.72 Nm. Lidzigas
tendences vérojamas arf M2 un M3 miltos. So samazinajumu izskaidro tas, ka
enzimatiskas aktivitates ietekm€ ciete jau dalgji sadalas pirms pilnigas
klisterizacijas, 11dz ar to neveidojas tik augsta viskozitate. Palielinoties iesala
saturam, C3 vértiba konsekventi samazinas, piem&ram, M1 miltos ar I5 iesalu
C3 samazinajas no 1.99 Nm (0.5%) Iidz 1.72 Nm (1.5%).
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7. att. Rudzu nefermentéta iesala ar dazadu diastatisko speku un 1.0%
satura ietekme uz rudzu miltu M2 Mixolab rezultatiem (likném) / Fig. 7.
The Effect of Rye Unfermented Malt with Various Diastatic Power and a
Concentration of 1.0% on the Mixolab Results (Curves) of Rye Flour M2
Rudzu miltu paraugs / Rye flour sample: M2 — 262 s; lesala paraugi ar dazadu diastatisko
speku / Malt samples with different diastatic power: 11 — 170 °WK; 12 — 179 °WK; 13 —

261 °WK; 14 — 362 °WK; I5 — 408 °WK.

Klisterizacijas intensitati raksturo C3-C2 koeficients, kura vertiba
samazinajas, pievienojot iesalu (8.att.).

Vislielakais samazinajums novérots ar I1 un 12 (1.53 un 1.40 Nm), bet iesali
ar augstaku DS (I3-15) uzradija lidzigas, nemainigas vertibas (1.22-1.29 Nm),
noradot uz enzimu darbibas piesatinajumu. Augstie determinacijas koeficienti
(R2=10.93-0.98) apliecina prognoz&jamu enzimu ietekmi uz viskozitati, kas ir
butiski tehnologiska procesa kontrolei.

Sasniedzot ~90 °C, miklas viskozitate samazinas (C4 punkts), atspogulojot
intenstvu enzimu darbibu. Iesala pievienoSana bitiski pazeminaja C4 vertibu
visos M1 paraugos, 1pasi ar augstaka DS iesaliem (I3-I5), kuru raditaji
stabiliz€jas (0.54-0.59 Nm), noradot uz piesatindjuma efektu. Viskozitates
starpiba starp C3 un C4 (C3-C4) raksturo cietes degradacijas intensitati. Ta
palielinajas, pievienojot iesalu, sasniedzot maksimumu ar 13 (1.331 Nm), bet 14
un IS5 uzradija lidzigas vertibas, kas apliecina lidzvertigu enzimu ietekmi.

Iesala satura palielinaSana no 0.5% Iidz 1.5% kopuma pastiprindja enzimu
darbibu, tacu pie augsta DS efekts vairs nebija linears, noradot uz iesp&jamu
substrata ierobezojumu. Tadel iesala devu ieteicams pielagot konkréto miltu
Tpasibam.

Pamatojoties uz iegiitajiem rezultatiem, turpmakajam pétijuma posmam, kur
tiek analiz&ti cukuru veidoSanas plauc€juma pec parcukurosanas fazes un pec 24
h raudzesanas, izvelets viens rudzu miltu paraugs un trTs rudzu iesala paraugi, tos
pievienojot 3 dazados saturos (0.5%, 1.0%, 1.5%).
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8. att. Rudzu nefermentéta iesala ar dazadu diastatisko speku (DS) un
satura ietekme uz rudzu miltu M2 klisterizacijas koeficientu (C3-C2) /
Fig. 8. Effect of Rye Unfermented Malt with Different Diastatic Power (DP)
and Concentration on the Gelatinization Index (C3-C2) of Rye Flour M2

1.3. Rudzu iesala satura un DS ietekme uz cukuru sastavu péc miltu
cietes hidrolizes (parcukurosSanas) un péc 24 h raudzésanas

Lai noveértetu parcukuro$anas un raudz€Sanas (24 h) ietekmi uz cukura
izmainam plaucgjuma, tika sagatavoti plaucgjuma paraugi RP1, RP2, RP3 ar
0.5%, 1.0% un 1.5% iesala saturu. Plauc€juma RP1 gatavoSana izmantots M2
(KS —262 s) miltu un iesala I1 (170 °WK) maistjums, RP2 — M2 miltu un iesala
I3 (261°WK), RP3 —I5 (408 °WK) maistjums. Ka kontrole tika izmantota rudzu
miltu M2 plaucgjuma paraugs bez pievienota iesala.

Kopeéjie cukuri

Kopgjo cukuru saturs péc parcukurosanas (9.A att.) plaucgjumos bitiski
(p<0.05) paliclinajas salidzinajuma ar kontroli bez iesala (RPO
13.90 = 0.06 g 100 g ! sausnas), tom&r cukuru satura picaugums netika noverots
visos gadijumos un nebija viennozimigi atkarigs no pievienota iesala proporcijas.
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9. att. Kopé€jo cukuru saturs plaucéjuma péc parcukuros$anas (A) un péc 24
h raudzeéSanas (B) / Fig. 9. Total Sugar Content in the Scald After
Saccharification (A) and After 24 Hours of Fermentation (B)

RPO — rudzu miltu M2 plaucgjums bez pievienota iesala / rye flour M2 scald sample

without malt,

RP1, RP2, RP3 — plaucgjuma paraugi pec parcukurosanas un p&c 24 h raudzeSanas.
Plaucgjuma paraugi gatavoti no rudzu miltu M2 un iesala I1 (RP1), no rudzu miltu M2 un
iesala I3 (RP2) un no rudzu miltu M2 un iesala I5 (RP3) maistjuma ar dazadu iesala saturu
(0.5%, 1.0%, 1.5%) / Samples of scald after saccharification and after 24 h fermentation
prepared from different flour-malt blend in different concentrations (0.5%, 1.0%, 1.5%):
rye flour F2 and malt 11 mixture (RP1), rye flour M2 and malt 13 mixture (RP2), rye flour
M2 and malt I5 mixture (RP3).

Atskirigie burti (att€la A: a—d, attéla B: a—e) uz kolonnam norada uz bitiskam atskirtbam
(p<0.05) starp paraugiem / Different letters (a—d in Figure A and a—e in Figure B) on bars
indicate significant differences (p<0.05) between the samples.

Saharoze

Rudzu plaucgjuma paraugos péc parcukuroSanas fazes saharozes saturs
svarstfjas no 0.43 Iidz 0.58 g 100 g' sausnas (10. att.). Augstakais saharozes
saturs konstatéts kontroles parauga (RP0 0.58 = 0.01 g 100 g' sausnas), kuram
netika pievienots iesals. Savukart, zemakie raditaji novéroti paraugos RP2 ar
1.5% iesala saturu (0.43 + 0.02 g 100 g') un RP3 ar 1.0% iesala saturu
(0.43+0.02 g 100 g'). So saharozes samazindjumu varétu skaidrot ar
intensivaku invertazes aktivitati no pievienota iesala enzimiem vai
mikroorganismiem, kas veicinaja saharozes hidrolizi par glikozi un fruktozi
parcukurosanas procesa. Ta ka saharoze ir disaharids, ko invertaze atri skel, tas
zemaks ITmenis var liecinat par aktivu enzimatisku noardiSanos nevis mazaku
veidoSanos.

Netika noverota skaidra saistiba starp pievienoto iesala daudzumu vai ta
diastatisko speku un saharozes saturu parcukurota plauc€juma paraugos, kas
liecina, ka saharozes saturs $aja posma ir relativi stabils un to batiski neietekme
izmantota iesala DS un daudzums.
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P&c raudzesanas neviena parauga saharoze netika konstatéta, kas norada uz
pienskabes bakteriju priekSrocibu saharozes izmantoSana raudzesanas laika. Ka
ar1 saharoze var sadalities glikoz€ un fruktoze, kas, savukart talak var izraistt So
cukuru satura izmainas pec 24 h raudzesanas.
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10. att. Saharozes saturs plaucéjuma péc parcukuro$anas /
Fig. 10. Content of Sucrose in the Scald After Saccharification

RPO — rudzu miltu M2 plaucgjums bez pievienota iesala / rye flour M2 scald sample
without malt,

RP1, RP2, RP3 — plaucgjuma paraugi pec parcukurosanas un p&c 24 h raudzeSanas.
Plaucgjuma paraugi gatavoti no rudzu miltu M2 un iesala I1 (RP1), no rudzu miltu M2 un
iesala I3 (RP2) un no rudzu miltu M2 un iesala I5 (RP3) maistjuma ar dazadu iesala saturu
(0.5%, 1.0%, 1.5%) / Samples of scald after saccharification and after 24 h fermentation
prepared from different flour-malt blend in different concentrations (0.5%, 1.0%, 1.5%):

rye flour M2 and malt 11 mixture (RP1), rye flour M2 and malt I3 mixture (RP2), rye flour
M2 and malt I5 mixture (RP3).

Atskirigie burti uz stabiniem norada uz bitiskam atSkirtbam (p<0.05) starp paraugiem /
Different letters on bars indicate significant differences (p<0.05) between the samples.

Maltoze

Parcukuros$anas rezultati (11.A att.) parada, ka plauc€juma paraugos maltozes
saturs bija butiski (p<0.05) augstaks, salidzinot ar kontroles paraugu bez iesala
(RPO 11.77 £ 0.01 g 100 g™' sausnas), un svarstijas no 13.32 Iidz 18.18 g 100 g™*
sausnas. Visaugstakais maltozes saturs tika konstatéts parauga RP3 ar 1.5%
iesala saturu — 18.18 = 1.39 g 100 g' sausnas, kas norada uz aktivu amilazu
darbibu, kuru nodrosina pievienotais iesals. Maltozes pieaugums liecina par
cietes hidrolizi enzimu a- un B-amilazu ietekmé parcukurosanas procesa, kura
efektivitati veicinaja kontroléta temperatiira (55-65°C), kas ir So enzimu
darbibas optimalais diapazons.

P&c 24 h raudzesanas (11.B att.) maltozes saturs visos paraugos saglabajas
salidzino$i augsts, un vairakos gadijumos pat pieauga, salidzinot ar
parcukurosanas fazi, ipasi paraugos RP2 un RP3. Sis pieaugums, visticamak, ir
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saistits ar turpinatu cietes sadaliSanos raudzeSanas laika, saglabajoties iesala
esoSo amilazu aktivitatei, Tpasi B-amilazei, kura demonstré relativi augstaku
stabilitati skabaka vidé (optimalais pH 4.5-5.5). Ta turpina noskelt maltozes
vienibas no nereducgjosiem cietes galiem arT pazeminata pH apstaklos. Papildus
tam, pienskabes bakterijas $aja raudz€Sanas posma var neizmantot maltozi tik
intensivi ka glikozi, kas arT var veicinat 1 disaharida uzkrasanos. Vienlaikus RP1
parauga ar 1.5% iesalu maltozes saturs saglabajas salidzino$i zems
(15.51 £0.25 g 100 g sausnas), kas atkartoti norada uz iesp&jamu enzimatiskas
aktivitates atSkiribu starp dazadiem iesala paraugiem un komplekso mijiedarbibu
starp procesiem (gan veidojas cukuri, gan tiek pateréti, parversti).
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11. att. Maltozes saturs plaucéjuma péc parcukurosanas (A) un péc 24 h
raudzeSanas (B) / Fig. 11. Maltose Content in the Scald After
Saccharification (A) and After 24 Hours Fermentation (B)

RPO — rudzu miltu M2 plaucgjums bez pievienota iesala / rye flour M2 scald sample

without malt,

RP1, RP2, RP3 — plaucgjuma paraugi pec parcukurosanas un p&c 24 h raudzeSanas.
Plaucgjuma paraugi gatavoti no rudzu miltu M2 un iesala I1 (RP1), no rudzu miltu M2 un
iesala I3 (RP2) un no rudzu miltu M2 un iesala I5 (RP3) maistjuma ar dazadu iesala saturu
(0.5%, 1.0%, 1.5%) / Samples of scald after saccharification and after 24 h fermentation
prepared from different flour-malt blend in different concentrations (0.5%, 1.0%, 1.5%):
rye flour M2 and malt 11 mixture (RP1), rye flour M2 and malt I3 mixture (RP2), rye flour
M2 and malt I5 mixture (RP3).

Atskirigie burti (attela A: a—e, att€la B (a—f) uz stabiniem norada uz butiskam atSkirtbam
(p=<0.05) starp paraugiem / Different letters (a—e in Figure A and a—'in Figure B) on bars
indicate significant differences (p<0.05) between the samples.

Maltozes daudzums péc 24 h raudz@Sanas nesamazinajas, dazos paraugos tika
noverota pat tas palielinaSanas, ka arT paraugos péc parcukuroSanas vai
raudzeSanas fazes netika noverota izteikta iesala DS vai daudzuma ietekme uz
maltozes saturu.
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Glikoze

Parcukurota plaucgjuma paraugiem ar pievienotu iesalu bija augstaks
glikozes saturs salidzinot ar kontroli, tomer butiskas atSkiribas tika noverotas
tikai daziem paraugiem. Paraugam ar 1.5% iesalu I3 (RP2), tika konstatéts
lielakais glikozes pieaugums — 52% salidzinajuma ar kontroles paraugu
(12.A att.). Sis glikozes pieaugums ir saistits ar pakapenisku cietes hidrolizi, ko
veicina amilazu enzimu darbiba, veidojot dekstrinus, glikozi un maltozi
(Akamine et al, 2023). Amilazes, 1paSi o-amilaze, saSkel cietes
a-1,4-glikozidiskas saites, parveidojot to Tsakas polisaharidu kédes un vienkarsos
cukuros, tostarp glikoze (Muralikrishna & Nirmala, 2005).

1.8 1.8 a
A B I a
~ 16 -~ 16
fi14 Egua| b op g
87 a 87 cdcd =bed
8§12 = 2 5512 de fl
S s
oS 1.0 be T hobe ab, . =S 1.0
8 w ¢ kXl I be IS £
S %08 [ ¢ s [ = %os
B0 » &0 »
§506| @ 335 3583538 ¢§06| § 3553 8335 53%
0-504 = S oo Sooo 0-5.04 = Soo oo SSo
=~ O U H HHH HHH HHH FOU + HHH HHH HHAH
O 02| 2@ 885 x3%Z 8% O 02| m HQER IR x8=
RPO RP1 RP2 RP3 RPO RP1 RP2 RP3

0.5% 1.0% = 1.5%

12. att. Glikozes saturs plaucéjuma péc parcukuro$anas (A) un péc 24 h
raudzeSanas (B) / Fig. 12. Glucose Content in the Scald After
Saccharification (A) and After 24 Hours of Fermentation (B)

RPO — rudzu miltu M2 plaucgjums bez pievienota iesala / rye flour M2 scald sample
without malt,

RP1, RP2, RP3 — plaucgjuma paraugi pec parcukurosanas un péc 24 h raudzesSanas.
Plaucgjuma paraugi gatavoti no rudzu miltu M2 un iesala I1 (RP1), no rudzu miltu M2 un
iesala I3 (RP2) un no rudzu miltu M2 un iesala I5 (RP3) maistjuma ar dazadu iesala saturu
(0.5%, 1.0%, 1.5%) / Samples of scald after saccharification and after 24 h fermentation
prepared from different flour-malt blend in different concentrations (0.5%, 1.0%, 1.5%):
rye flour M2 and malt 11 mixture (RP1), rye flour M2 and malt I3 mixture (RP2), rye flour
M?2 and malt I5 mixture (RP3).

Atskirigie burti (att€la A: a—c, att€la B (a—e) uz kolonnam norada uz bitiskam atskirtbam
(p<0.05) starp paraugiem / Different letters (a—c in Figure A and a—e in Figure B) on bars
indicate significant differences (p<0.05) between the samples.

P&c 24 h raudzesanas glikozes saturs visos paraugos palielinajas (12.B att.),
tatu joprojam netika noverota viennozimiga DS vai pievienota daudzuma
ietekme 3aja procesa. Sie rezultati saskan ar Klupsaite et al. (2023) pétfjumu,
kura péc 24 h raudzeéSanas rudzu plaucgjuma glikozes saturs picauga par 13.2%,
liecinot, ka raudze$ana var pastiprinat glikozes veidosanos. So pieaugumu
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iespgjams skaidrot ar f-amilazes un glikoamilazes saglabato aktivitati skabaka
vidg, kas turpina Skelt dekstrinus un oligosaharidus.

Fruktoze

ParcukuroSanas posma, kad ciete tiek intensivi hidrolizeta, amilazu (ipasi a-
un B-amilazes) ietekmé galvenokart veidojas maltoze, dekstrini un glikoze.
Fruktozes veidoSanas $aja posma notiek minimali, jo ciete pati par sevi nesatur
fruktozes vienibas. Tomer fruktoze var rasties netie$a cela. Ja rudzu miltos vai
iesala ir pieejama saharoze, to var Skelt invertaze — enzims, kas sadala saharozi
glikozé un fruktozé. Sis process visbiezak norit raudzésanas laika, kad
aktivizgjas raugi un pienskabes bakterijas (Génzle, 2014).

Péc  parcukuroSanas fruktozes saturs paraugos svarstljas no
0.38+0.02 g 100 g* (RP3,1.5%) 11dz 0.50+ 0.0 g 100 g' (RP2, 1.5%), savukart
kontroles parauga tas noveérots 0.40 + 0.01 g 100 g* (3.11.A att.).
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13. att. Fruktozes saturs plaucéjuma péc parcukuroSanas (A) un péc 24 h
raudzesanas (B) / Fig. 13. Fructose Content in Scald After Saccharification
(A) and After 24 Hours of Fermentation (B)

RPO — rudzu miltu M2 plaucgjums bez pievienota iesala / rye flour M2 scald sample

without malt,

RP1, RP2, RP3 — plaucgjuma paraugi pec parcukurosands un p&c 24 h raudzeSanas.
Plaucgjuma paraugi gatavoti no rudzu miltu M2 un iesala I1 (RP1), no rudzu miltu M2 un
iesala I3 (RP2) un no rudzu miltu M2 un iesala I5 (RP3) maistjuma ar dazadu iesala saturu
(0.5%, 1.0%, 1.5%) / Samples of scald after saccharification and after 24 h fermentation
prepared from different flour-malt blend in different concentrations (0.5%, 1.0%, 1.5%):
rye flour M2 and malt 11 mixture (RP1), rye flour M2 and malt I3 mixture (RP2), rye flour
M2 and malt I5 mixture (RP3).

Atskirigie burti (att€la A: a, b, att€la B (a—e) uz kolonnam norada uz bitiskam atskirtbam
(p=<0.05) starp paraugiem / Different letters (a, b in Figure A and a—e in Figure B) on bars
indicate significant differences (p<0.05) between the samples.
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Tomeér izteikta iesala aktivitates (DS) vai satura ietekme uz fruktozes saturu
parcukurota plaucgjuma netika noverota.

Pec 24 h raudzeSanas tika noverots biitisks (p<0.05) fruktozes satura
samazinajums visos paraugos (13.Batt.) salidzinot ar paraugiem pec
parcukuro$anas. Sis samazinajums ir saistits ar pienskabes bakteriju sp&ju
izmantot fruktozi ka substratu saviem vielmainas procesiem. PB fruktozes
metabolisma rezultata veidojas pienskabe, kas biitiski veicina miklas kopgja
titr€jama skabuma palielinaSanos.

Kopgjo cukuru saturs rudzu plaucgjuma bitiski (p<0.05) atSkiras starp
kontroles paraugu (bez pievienota iesala) un paraugiem ar atskirigu iesala saturu.
Plaucesana un iesala izmantosana ir efektivs veids, ka iegtit cukurus raudzesanas
procesam un baribas vides nodroSinasanai ieraugam bez papildu cukura
pievienoSanas. Augstaks cukuru saturs péc parcukuro$anas norada uz intensivu
cietes sadaliSanos, radot labvéligus apstaklus mikroorganismu attistibai. P&c 24
h raudzgSanas saharoze netika konstatéta, kas norada, ka ta pilniba tika
hidrolizéta par vienkarsajiem cukuriem — glikozi un fruktozi, kurus PB izmanto
ka primaros energijas avotus. Lai gan fruktozes saturs samazinajas, ta joprojam
saglabajas nozimigd daudzuma, nodroSinot mikroorganismiem baribas vidi
turpmakai vielmainai. Interesanti, ka maltozes un glikozes saturs péc 24 h
raudzeSanas nedaudz palielinajas, kas varétu but saistits ar cietes turpmaku
hidrolizi vai enzimu aktivitati plaucéjuma. ST cukuru pieejamiba liecina, ka
raudze$anas procesam nepiecieSamas baribas vielas Vel ir, un turpmakas
mikrobiologiskas aktivitates laika cukuru sadaliSanas un parveidoSanas var
turpinaties, ietekmejot gan maizes garSu, gan skabumu un struktiiru. Petjjuma
turpindjuma tiek pétita ilgstoSas raudzeSanas ietekme uz cukuru saturu,
mikroorganismu attistibu un to metabolitu veidoSanos.

Turpmaka petijuma veikSanai tika izvéleta optimala miltu-iesala kombinacija
— rudzu milti M2 (KS — 262 s) un 1% iesals 13 (DS — 261 °WK). Iesala
pievienoSana bitiski ietekm& cukuru veidoSanos parcukuroSanas laika, tacu
iesala aktivitatei un pievienotajam iesala daudzumam nebija biutiska nozime
cukuru daudzuma parcukurota plaucgjuma. lesala aktivitate $aja parauga bija
vidgja, tadu pietickosi intensiva, lai hidrolizétu cieti. Sada iesala aktivitate sakrit
ar pieejamo un rekomend&amo plauc€juma gatavosana. Tas nodroSina
pietickamu, bet ne parmérigu diastatisko aktivitati, kas varétu negativi ietekméet
miklas stabilitati un maizes struktiiru. Sim paraugam KS bija 139 + 3 s,
maksimala viskozitate 308 + 5 BU — norada uz vairak zemu viskozitati un labaku
Skidrumu dispersiju plauc€juma, kas var labi ietekmét talako raudzESanas
procesu, it Ipasi, ja tiek izmantoti pilngraudu un rupja maluma rudzu milti.
Paraugam, kuram pec parcukurosanas posma konstatets augstakais kop€jo
cukuru saturs (17.92+0.78 g uz 100 g sausnas), ir potencials nodroSinat
optimalu baribas vielu vidi raudzéSanai. Tas izveléts ka piemérotakais, jo
nodros$ina lidzsvarotu cietes hidrolizi, labu raudzésanas potencialu un atbilstigu
rudzu maizes kvalitati, saskana ar literatira aprakstitajiem kriterijiem.
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Nefermentéta rudzu iesala pievienoSana kopuma veicinaja cukuru satura
palielinasanos plaucgjuma, apstiprinot t€zi par iesala ietekmi uz rudzu miltu
tehnologiskajam ipasibam un cukuru veido$anas veicinaSanu, tacu netika
noverota konsekventa sakariba starp iesala diastatisko spéku vai pievienota
daudzuma palielinasanu un cukuru veido$anas intensitati.

2. Mikrobiotas un kimiska sastava izmainas plaucéjuma
parcukuroSanas un ilgstoSas raudzeSanas laika

Mikroorganismu vairoSanas raudze$anas laika ir ciesi saistita ar baribas vides
sastavu un raudz€Sanas apstakliem, galvenokart, temperatiiru un laiku. PB
raudzeSanas procesa pamata veido pienskabi, kas pazemina pH un ietekmé gan
miklas Tpasibas, maizes strukttiru, gan raudzésanas dinamiku.

P&tjjuma II posma plauc€juma gatavoSanai tika izmantots rudzu miltu M2
paraugs un iesals 13 (1%). IlgstoSas raudz€Sanas ietekmes analizei gatavoti
paraugi — neraudzgts plauc€jums (RPO) un 12, 24, 36, 48 h raudzets plaucgjums
(RP12, RP24, RP36, RP48).

2.1. Mikrobiotas raksturojums raudzeta plaucéjuma

Mikroorganismu identifikacijas rezultati uzradija, ka lerauga P un raudzeta
plaucgjuma (24 h) domingja Lactobacillus delbrueckii un saglabaja dominanci
ar1 p&c 48 h raudzesanas (14.A att.).

Ierauga P un 24 h raudzéta plauc€juma mikrobiotas lidziba ir skaidrojama ar
to, ka leraugs P ieglts no 24 h raudzeta plaucgjuma. Lidzigi ka raudzeta
plaucgjuma lerauga M starp biezak sastopamajam pienskabes bakterijam
konstateta Lactobacillus delbrueckii, tacu identificétas ari Lactobacillus
amylolyticus, Limosilactobacillus reuteri un Lactobacillus helveticus.

lerauga P un raudzéta plaucgjuma starp biezak sastopamajam raugveida
seném Kkonstatetas Candida sake un Candida kruisii, tau novérota ari
Saccharomyces spp. (14.B att.). lerauga M doming&ja Saccharomyces spp. un ar
retaku parstavniecibu konstateja Alternaria spp., Mycosphaerella tassiana
mikroskopiskas sénes.
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14. att. Pienskabes baktériju (A) un mikroskopisko sénu (B) daudzveidiba
ierauga un raudzeta plaucejuma / Fig. /4. Diversity of Lactic Acid Bacteria
(A) and Microscopic Fungi (B) in Sourdough and Fermented Scald
Teraugs M / Sourdough D; RP24 — 24 h raudzé&ts plaucgjums / 24 h fermented scald; RP48

— 48h raudzets plaucjums / 48 h fermented scald.

Teraugs M
RP24
RP4

Analizgjot mikroorganismu vairoSanos plaucgjuma raudzesanas laika, tika
noverots (p<0.05) pienskabes bakteriju skaita pieaugums (15. att.). PB skaits
ieverojami palielindjas pirmajas 12 raudz€Sanas stundas no 5.1 lidz
6.7 logio KVV g, No 24. lidz 48. raudzeSanas stundai netika konstattas
bitiskas izmainas, sasniedzot maksimalo vértibu 8.4 logio KVV g™ péc 24
stundam. Rezultati parada, ka raudzeta plaucgjuma pienskabes bakteérijas doming
un tam ir galvena loma plauc€juma raudzgSanas procesa. Raudzeta plaucgjuma
raugu KVV skaits palielinajas 11dz 2.9 logio KVV g™ péc 48 h raudzeSanas.
Raudzeta plaucgjuma noverots nepietickams raugu KVV skaits miklas
irdinaSanas nodro$inasanai, tapeéc miklas raudzesanai nepiecieSams papildus
rauga avots, ko nodro$ina ar Ieraugu M. Ierauga P raugu KVV g™ neparsniedza
2.6 logio KVV g!, kam@r leraugda M — 8.5 logio KVV g7!, kas liecina par
pietickamu miklas irdinasanas kapacitati.

Pienskabes bakteriju vairosanas dinamika liecina, ka Lactobacillus
delbrueckii sp€ augt vidés ar paaugstinatu temperatiru (40-55 °C).
Lactobacillus delbrueckii izmanto piena produktu raudzeSana un ka baribas
vielas tas var izmantot glikozi, fruktozi, mannozi un saharozi (Rizzello & De
Angelis, 2022). Parcukuro$anas fazg€ plaucgjuma veidojas cukuri (fruktoze,
glikoze un maltoze), kas kalpo ka baribas vide pienskabes bakterijam (Klupsaite
et al., 2023). Var secinat, ka plaucgjuma esoSie cukuri pozitivi ietekme
Lactobacillus delbrueckii vairoSanos.
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15. att. Pienskabes bakteriju KVV skaita izmainas neraudzeéta un raudzeta
plaucéjuma 48 h raudzesanas laika / Fig /5. Changes in Lactic Acid
Bacteria CFU During Fermentation in Unfermented and Fermented Scald
over 48 Hours
RPO — neraudzgts plaucgjums / unfermented scald; RP12 — 12 h, RP — 24 h, RP - 36 h,
RP — 48 h raudzgts plauc&jums / fermented scald; a—c norada uz biitiskam atskiribam starp

paraugiem (p<0.05); a—c indicate significant differences between the samples (p<0.05).

pH vértiba 48 h raudzeSanas perioda samazinajas no 6.40 + 0.04 Iidz
3.59+0.02, un visievérojamakais kritums tika noverots pirmajas 12 stundas
(16. att.). P&c 24 h raudzesanas pH un kopgjais titréjamais skabums saglabajas
stabils, un starp paraugiem netika konstatetas butiskas atskiribas — pH bija 3.5,
bet kopgjais titrjamais skabums sasniedza 15.6 ml NaOH.

pH diapazona no 3.5 11dz 4.3 tiek uzskatits par labi attistitu ierauga indikatoru.
Optimalas temperatiiras un pietickams cukuru saturs ir veicinajis strauju PB
vairo$anos, ko apliecina ievérojams pH samazindjums un kopgja titréjama
skabuma pieaugums raudz€Sanas laika. Atskiritba no pétfjuma rezultatiem,
Klupsait¢ et al. (2023) konstatéja, ka plaucjuma raudz€Sana ar
Lactiplantibacillus paracasei péc 24 h ierauga raudzeéSanas pH bija 4.57. Tas
norada uz Lactobacillus delbrueckii sp&ju produktivi razot pienskabi.
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16. att. Raudzeta plaucéjuma pH un kopéja titréjama skabuma ( ml 0.1 N
NaOH) vértibas, raudzéjot dazadu ilgumu / Fig 16. pH and TTA (ml 0.1 N
NaOH) Values of Fermented Scald at Different Duration
RPO — neraudzets plaucgjums / unfermented scald; RP12 — 12 hy RP — 24 h, RP — 36 h,

RP — 48 h raudzets plauc&jums / fermented scald.

Atskirigie burti (a—c) virs stabiniem/punktiem katra mérfjumu kopa norada uz butiskam
atSkirtbam (p<0.05) / Different letters (a—c) above the bars/points within each
measurement set indicate significant differences (p<0.05).

2.2. Cukuru satura izmainas plaucéjuma raudzesanas laika

Raudzesanas laika notieko$as cukuru satura izmainas atspogulo
mikroorganismu darbibu un baribas vides parveides dinamiku (5. tabula).
Kopgjo cukuru saturs neraudzeta plaucgjuma p&c parcukurosanas fazes bija
30.78 £ 0.09 g 100 g ! sausnas (0 h). Péc 12 h raudz&sanas tika novérots kopg&jo
cukuru satura palielinajums, sasniedzot 33.25 + 0.63 g 100 g™' sausnas, kas atbilst
4.8% pieaugumam no sakotn&jas vertibas. Tomér ilgaka raudzesana (24 h, 36 h,
48 h) kopgja cukuru satura bitiskas izmainas vairs netika noverotas, kas
apstiprina lidzsvara sasniegSanu raudz&Sanas procesa, [1dzigi ka pH un titrgjama
skabuma rezultatiem un iesp&jams, saistitu ar enzimatisko reakciju un
mikroorganismu metabolisma stabiliz€Sanos.

P&c plaucgjuma parcukuroSanas fruktozes saturs bija 0.40 + 0.01 g 100 g
sausnas. Savukart pec 12 h raudzeSanas fruktoze vairs netika konstatéta. Tas ir
skaidrojams ar to, ka raudzesanas sakuma posma Lactobacillus delbrueckii, kas
tika identificéts plauc€juma, metabolisma izmanto fruktozi, veicinot tas pilnigu
patérinu (Loponen & Génzle, 2018).

Glikozes saturs neraudzgta plauc€juma samazinajas no 0.99 £ 0.05 g 100 g™
sausnas (0 h) Iidz 0.72 + 0.08 g 100 g! sausnas peéc 12 stundam, tacu turpmak
raudzesanas laika palielinajas, sasniedzot maksimumu 1.08 + 0.01 g 100 g
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sausnas péc 48 stundam (5. tabula). Sakotngjais glikozes samazinajums var biit
saistits ar tas izmantoSanu mikroorganismu metabolisma procesos, savukart
velaks pieaugums iesp&jams raudz€Sanas laika notiekoSas cietes hidrolizes
rezultata.

Visaugstakais saharozes saturs novérots uzreiz pec parcukuroSanas fazes
(1.01 £0.09 g 100 g sausnas), tacu raudzeSanas gaita tas biitiski samazinajas,
sasniedzot 0.25 + 0.01 g 100 g sausnas p&c 48 stundam (5. tabula). Sis kritums
liecina par saharozes sadaliSanos, ko veicina mikroorganismu aktivitate,
parveidojot saharozi par vienkarSajiem cukuriem raudz&$anas procesa.

Savukart maltozes saturs raudzeSanas laika saglabajas stabils, ar nelielu
picaugumu no 2533 + 0.62 g 100 g*' sausnas sakotngji (0 h) Ilidz
27.56 £0.12 g 100 g! sausnas pec 12 stundam (4. tabula).

4. tabula / Table 4
Cukuru saturs (g 100 g™! sausnas) neraudzeta un raudzéta rudzu
plaucéjuma / Sugar Content (g 100 g dw) in Rye Scald Fermented for

Different Time Periods

Cukuri / Rudzu plaucgjuma paraugos / Rye scald sample

Sugars RPO RP12 RP24 RP36 RP48
KOPA

30.78 + 0.09b 33.25 + 0.63a [32.64 + 0.54ab{33.44 + 1.42abB33.53 + 0.39ab

TOTAL
Saharoze /511 0094 10.50+0.03b 031 +0.04bc [0.36 = 0.02bc 0.25 + 0.01¢
Sucrose
Maltoze /)5 33, 6 62b 27,56+ 0.12a [26.6 + 0.15ab [27.31 + 1.06ab26.99 + 0.03ab
\Maltose
Glikoze 7 59 4 0.0sab 072+ 0.08b [0.87 = 0.15ab [0.88 = 0.01ab [1.08 = 0.01a
Glucose
Fruktoze i 464 0,01 ND ND ND ND
\Fructose
gjf(j;e 3.05+0.13b W47+040a [4.86+021a K.89+032a W21+034a

RPO — neraudzets plaucgjums / unfermented scald; RP12 — 12 hy RP — 24 h, RP — 36 h,
RP — 48 h raudzets plaucjums / fermented scald,

dw — sausna / dry weight; ND — nav noteikts / not detected;. a—c norada uz biitiskam
atSkirtbam starp paraugiem viena rinda (p<0.05) / a—c indicate significant differences
between the samples (p<0.05) in a row.

Kopuma cukuru satura izmainas ilgstoSas raudzeSanas laika bija nelielas,
noverotas dazas svarstibas. P&c raudzE€Sanas saglabajas ieveérojams cukuru
atlikums, kas saskan ar iepriekS€jas pétijuma dalas rezultatiem — pec
parcukurosanas fazes un 24 h raudz€Sanas cukura satura samazinajums bija
neliels.
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Ravyts et al. (2011) konstatgja Iidzigu tendenci — pec 24 h rudzu ierauga
raudze$anas saharoze vairs netika konstatSta, savukart tika noverots augsts
glikozes, fruktozes un maltozes saturs. Saharozes satura samazinasanas norada,
ka ta ir biitisks substrats pienskabes bakteriju metabolisma, kura efektivitate ir
atkarTga no bakteriju celma, substrata pieejamibas, temperatiras, skabuma un
raudzesanas ilguma (Bartkiene et al., 2020). Augstais maltozes un glikozes
atlikums var bt saistits ar substrata sarezgito struktiru un ar to, ka pilngraudu
rudzu miltos esosie polisaharidi (pieméram, ciete) tiek pakapeniski enzimatiski
hidroliz&ti. ST procesa intensitati nosaka enzimu aktivitate, kas atkariga no
pieejama substrata, pH, temperatiiras un PB spgjas sintez&t amilolitiskos enzimus
(Klupsaite et al., 2023).

Raudzésanas laika konstateétas cukuru svarstibas norada uz aktiviem
metabolisma procesiem, kuros cukuri var tikt gan pateréti mikroorganismu
metabolisma, gan parveidoti dazadu enzimatisko reakciju ietekmé. Pienskabes
bakterijas, kas dominé plaucgjuma raudz€sanas laika, izmanto dazadus cukurus
ka substratu energijas iegfiSanai un metabolitu sintézei.

Papildus disaharidu SkelSanai raudzeéSanas laika turpina darboties art
amilolitiskie enzimi, pieméram, -amilaze un glukoamilaze, kas Skel cieti un
dekstrinus, veidojot glikozi un maltozi ar vélakas raudzesanas stadijas. So
enzimu aktivitate palielina brivo cukuru saturu raudzeSanas vid€, nodroSinot
papildu substratus mikroorganismu metabolismam. Tadgjadi, papildus sakotngji
pieejamajiem cukuriem, raudzgSanas gaita iesp&ama arl jaunu cukuru
veidodanas no polisaharidiem un oligosaharidiem. Sis vielmainas izmainas
izskaidro sakotn&jo cukuru satura samazinasanos mikroorganismu patérina del,
ka arT iespgamo cukuru satura stabilizaciju vai pat pieaugumu vélakos
raudzésanas posmos. Sie procesi ietekmé ne tikai substratu pieejamibu
mikroorganismiem, bet arT skabuma veidosanos, ka ar1 ietekm& gala produkta
garSu un aromatu.

Kopuma cukuru dinamika raudz&Sanas procesa ir komplekss, daudzfaktoru
process, kura vienlaikus notiek gan cukuru patéré$ana mikroorganismu energijas
iegfi¥anai, gan to parveidodanas enzimu darbibas ietekmé. So procesu lidzsvars
ir atkarigs no ierauga mikrobiotas sugu sastava, substrata sakotn&ja kimiska
sastava, raudzeSanas apstakliem, tostarp temperatiiras un pH, ka arT raudz&Sanas
ilguma. Sis izmainas tie§i ietekmé galaprodukta sensoras ipasibas un
uzturvertibu, nosakot skabuma pakapi, garSu un struktaru.

2.3. Organisko skabju saturs rudzu plaucéjuma
Organiskas skabes veidojas plaucgjuma un miklas raudzesanas laika, tacu ar1
rudzu milti satur dazadas organiskas skabes, kas var ietekmet garSas profilu.

Rudzu miltos konstatéts neliels organisko skabju saturs, galvenokart hinskabe
(0.64 £ 0.05 g 100 g! sausnas) un abolskabe (0.16 £ 0.06 g 100 g! sausnas), ka
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arT nelielos daudzumos pienskabe, etikskabe, skabenskabe un dzintarskabe.
Raudzeta plauc€juma organisko skabju profils paradits 5. tabula.

5. tabula / Table 5

Organisko skabju saturs neraudzeéta un raudzéta rudzu plaucéjuma /
Organic Acid Content in Unfermented and Fermented Scald

S Organisko skabju saturs (g 100 g™ sausnas) rudzu plaucgjuma
Organiskas skabes S - .
/ Organic acids paraugos / Organic acid content (g 100 g~ dw) in rye scald samples
RPO RP12 RP24 RP36 RP43
Pienskabe / 0.27 283+
[P 001e 007h  |374%0.16a]3.85£0.03a(3.72£0.32a
Etikskabe / 003+ 012+
el 001k 0.00a |0-01£0.00b|0.010.00b|0.01 0.00b
Propionskabe / ND ND {0.01+0.00a|0.01 +0.00a|0.01 + 0.00a
Propionic acid
Sviestskabe /1 49 1 .02 0.18 + 0.01a| 0.01 = 0.00¢ | 0.01 = 0.00¢ | 0.01 + 0.00¢c
Butyric acid
Succinicacid /15 5 4 ) 0140 0.16 + 0.01a | 0.14 + 0.00a | 0.14 + 0.02a| 0.13 = 0.01a
Dzintarskabe
Oxalicacid /) 53, 5 00al 0.03 + 0.00a| 0.03 + 0.01a | 0.03 = 0.01a | 0.04 + 0.02a
Skabenskabe
Hinskabe /1 55 4 0,034/ 0.76 = 0.07a| 0.72 = 0.16a | 0.78 = 0.13a | 0.74 + 0.21a
Quinic acid
Vinskabe /16 51 4 0,024 0.25 = 0.03a | 0.24 = 0.06a | 0.28 = 0.06a | 0.25 + 0.06a
Tartaric acid
Abolskabe 7\ 2, 601a]0.12 £ 0.01b|0.11 £ 0.00b | 0.10 £ 0.01b| 0.11 + 0.01b
Malic acid
KOPA / TOTAL |1.45 + 0.04b| 4.46 < 0.16a | 5.01 + 0.40a | 5.22 + 0.20a | 5.02 + 0.02a

dw — sausna / dry weight /; ND — nav noteikts / not detected,

RPO — neraudzets plaucgjums / unfermented scald; RP12 — 12 hy RP — 24 h, RP — 36 h,
RP — 48 h raudzets plaucjums / fermented rye scald.

Atskirigi burti (a—c) norada uz butiskam atSkiribam starp paraugiem rinda (p<0.05) /
Letters a—c indicate significant differences between the samples (p<0.05) within a row.

Raudzeta plaucgjuma organisko skabju profils, galvenokart, sastavéja no
pienskabes, kuras saturs strauji (18 reizes) pieauga pirmajas 12 stundas,
sasniedzot maksimumu péc 24 stundam.

Pec 24 h raudzeSanas pienskabes Iimenis saglabajas stabils, un 48 h
raudzesana biitiskas izmainas netika noverotas. Pargjas organiskas skabes bija
mazaka daudzuma. Hinskabes un vinskabes saturs raudzesanas laika nemainijas,
savukart abolskabes un sviestskabes saturs biitiski samazinajas pec 12 stundam.
Svarstibas etikskabes satura dazados raudzeSanas laikos skaidrojamas ar vides
izmainam un PB metabolisma norisi. Pienskabes veidosanas raudzeSanas laika
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izskaidro pH samazinasanos un kopgja titrg§jama skabuma pieaugumu raudzeta
plaucgjuma.

24. Raudzésanas laika ietekme uz fitinskabes saturu rudzu
plaucejuma

Fitinskabes klatbutne rudzu miltos ir nozimigs faktors to uzturvertibas
konteksta, jo ta sp&j veidot neskistosus kompleksus ar mineralvielam, samazinot
to biopieejamibu. Raudz&sanas process var veicinat fitinskabes degradaciju, ja
taja aktivi iesaistas fitazi producgjosi mikroorganismi vai fitdzes enzimi tiek
aktivizéti piemérotos apstaklos. Tomeér raudz@Sanas efektivitate fitinskabes
noardiSana ir atkariga no vairakiem faktoriem, tostarp raudzesanas vides pH,
temperatiiras un mikroorganismu daudzveidibas vai sugas.

Fitinskabes saturs rudzu plaucgjuma p&c parcukurosanas fazes bija
0.65+0.01 g 100 g! sausnas (17. att.). RaudzeSanas laika tika novérotas nelielas
svarstibas fitinskabes satura, tacu bitisks tas samazinajums netika konstatets.
Plaucgjuma raudzesanas laika strauja fitinskabes noardiSanas netika novérota,
kas liecina par fitazes aktivitates neesamibu.

Lai gan pienskabes bakterijas sp€j veicinat fitinskabes degradaciju noteiktos
apstaklos, pétfjuma apstaklos, kur raudzeta plaucgjuma domingja Lactobacillus
delbrueckii, netika noverota biitiska tas noardisanas. Fitaze ir enzims, kas sp€j
Skelt fitinskabi, un ta var biit lokalizeta bakteriju Stnas iekSiene (Siinu jeb
intracelulara vai S$iinas sieninai piesaistita forma) vai izdalita ar&ja vide
(arpussiinu jeb ekstracelulara forma). Arpussiinu fitaze darbojas tiesi vide, kur
atrodas substrats — fitinskabe —, un tadé] ir efektivaka $1s molekulas noardiSana.
Stinu fitaze, savukart, var darboties tikai tad, ja substrats nonak tiesa kontakta ar
Stinas virsmu vai tiek internaliz&ts, kas var ierobezot tas efektivitati. Nuobariene
et al. (2015) konstat&ja Limosilactobacillus panis, Limosilactobacillus reuteri un
Limosilactobacillus fermentum, kas izol€tas no kviesu un rudzu ieraugiem, $tinu
un arpusStnu fitazes aktivitati. Cizeikiene et al. (2020) atklaja arpussiinu fitazes
aktivitati ieraugd ar termofilam pienskabes bakterijam L.bulgaricus,
L.acidophylus un L.rossiae vide, kura pH<3.5 40 °C temperatiira.
iegitie rezultati liecina, ka fittnskabes saturs rudzu plaucgjuma raudzesanas laika
butiski nemainijas, noradot uz fitazes aktivitates ierobezotibu Sajos apstaklos.
Tas var biit saistits ar optimalu raudzéSanas apstaklu trikumu fitazes aktivitates
nodroSinasanai vai specifisku mikroorganismu, kas spgj efektivi hidrolizet
fitinskabi, neesamibu.

34



0.8

0.7

a
b ab
ab b
0.6
0.5
0.4
RPO RP12 RP24 RP36 RP48

17. att. Fitinskabes saturs neraudzéta un raudzéta plaucéjuma / Fig. 7.
Phytic Acid Content in Unfermented Scald and Scald Fermented for
Different Duration
RPO — neraudzets plaucgjums / unfermented scald; RP12 — 12 hy RP — 24 h, RP — 36 h,

RP — 48 h raudzets plaucgjums / fermented scald.
Atskirigi burti (a, b) norada uz bitiskam atskiribam (p<0.05) / Different letters (a, b)
indicate significant differences (p<0.05).

Fitinskabe g 100 g! sausnas /
Phytic acid, g 100 g dw

2.5. Raudzesanas laika ietekme uz fruktanu saturu rudzu plaucéjuma

Raudz@sanas laika fruktanu degradacija notiek mikroorganismu un enzimu
darbibas rezultata, un tas intensitate ir atkariga no raudz€Sanas apstakliem un
iesaistTto mikroorganismu metabolitiem.

Fruktanu saturs rudzu plaucgjuma péc parcukurosanas fazes noteikts
3.08+0.07 g 100 g sausnas (18.att). RaudzeSanas laika tika noverots
pakapenisks fruktanu satura samazinajums — pec 12 stundam tas samazinajas lidz
2.92 £ 0.12 g uz 100 g sausnas. ST tendence turpindjas, un pec 48 stundam
fruktanu saturs bija 2.66 = 0.02 g uz 100 g! sausnas. Lai gan fruktanu saturs visa
raudz@Sanas procesa samazinajas vienmeérigi, péc 24 stundam tas bitiski
neatskiras (p>0.05) ka p&c 36 h, kas noradija uz fruktanu hidrolizes tempa
samazinasanos.

Raudz@sanas laika darbojas enzimi un mikroorganismi, kas var veicinat
fruktanu hidrolizi, noardot tos Iidz monosaharidiem. Raudzesanas laika fruktanu
SkelSana iesaistitie enzimi ir inulinaze, fruktozidaze, levanaze un
B-fruktofuranozidaze, un to aktivitate ir atkariga no konkrétajiem pienskabo
bakteriju celmiem, kas iesaistiti raudzéSanas procesa. Fruktanu noardiSanas
rezultata veidojas fruktoze, kas var ietekmét cukuru kopgjo profilu (Pejcz et al.,
2024). Pejcz et al. (2024) pétijuma tika konstatets, ka fruktanu saturs rudzu miltu
ierauga butiski samazinds, un So samazindjumu ietekm@ gan izmantotas
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pienskabo bakteriju sugas, gan raudzgSanas ilgums. Pejcz et al. (2024)
konstatgja, ka péc 48 h ierauga raudzeSanas fruktanu saturs samazinajas no 3.7 g
100 g! sausnas Iidz 1.2 g, ja tika izmantota Lactiplantibacillus plantarum, un
lidz 1.06 g 100 g™! sausnas, ja raudze$ana notika ar Lacticaseibacillus casei.
legiitie rezultati norada, ka L.delbrueckii nepiemit izteiktas fruktanu degradacijas
Ipasibas, kas rudzu plaucgjuma raudz€sSanas laika var€tu nozimigi samazinat
fruktanu daudzumu.
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18. att. Fruktanu saturs neraudzeta un raudzeta plaucéjuma atkariba
no raudzesanas ilguma / Fig. /8. Fructan Content in Unfermented Scald and
Scald Fermented for Different Duration
RPO — neraudzgts plaucgjums / unfermented scald; RP12 — 12 h, RP — 24 h, RP — 36 h,
RP — 48 h raudzets plaucgjums / fermented scald. Atskirigi burti (a, b) norada uz biitiskam

atSkirtbam (p<0.05). / Different letters (a, b) indicate significant differences (p<0.05).

3. Rudzu maizes kvalitates novértejums

Rudzu maizes kvalitati nosaka virkne biokimisku un tehnologisku faktoru,
tostarp raudzesanas ilgums un izejvielu mijiedarbiba. Plaucgjums Saja konteksta
kalpo ka biitiska sastavdala — tas ne vien nodrosina noteiktu struktiiru un cukuru
saturu, bet ar1 veido vidi mikroorganismu attistibai un vielmainas procesiem.

3.1. Cukuru saturs rudzu maizes paraugos

Cukuru saturs rudzu maize ir komplekss parametrs, kuru nosaka izejvielu
sastavs, enzimatiskie un mikrobiologiskie procesi visa raZoSanas cikla.
Plaucgjuma un ierauga mikrobiota un to sintez&tie enzimi var butiski ietekméet
oglhidratu hidrolizi un turpmako cukuru profilu, nosakot galaprodukta sensoras
un tehnologiskas ipasibas. Cukuru izmainas maiz€ saistitas gan ar izmantota
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plaucgjuma raudze€sanas laiku, ieraugu, ko pievieno miklas raudzesanai, ka arT ar
miltu pievienoSanu miklai. Papildus cukuru (saharozi) miklai nepievieno.

Miklas pamatu veido plaucgjums, kura cukuru saturs tika apskatits ieprieks
(5. tabula). Gatavojot miklu, papildus tiek pievienoti rudzu pilngraudu milti —
tajos esosie cukuri (kopgjie cukuri 2.04 + 0.03 g 100 g™! sausnas) var papildinat
gala produkta cukuru saturu, ka arT miltu enzimu darbibas rezultata var notikt
cietes hidrolize un veidoties jauni cukuri. Papildus tam, miklas raudz&Sanai tiek
pievienots ieraugs, kura sastdva ir gan pienskabes baktérijas, gan raugi. To
metabolisma aktivitates rezultata dala cukuru var tikt patéréta rtigSanas procesos,
veidojot organiskas skabes un citus raudzesanas blakusproduktus. Cukuru satura
izmainas maizes paraugos apkopotas 6. tabula.

Fruktozes saturs maizes paraugos pieauga, palielinoties plaucgjuma
raudzesanas ilgumam, sakot no 0.37 £ 0.04 g 100 g! sausnas RBO un sasniedzot
maksimumu 0.89 +0.01 g 100 g sausnas RB24. Glikozes saturs uzradija
nebiitiskas (p = 0.076) svarstibas raudz€sanas gaita, ar visaugstako saturu RM36
(0.56 £0.01 g 100 g! sausnas) un zemako saturu RM48 (0.43 +£0.03 g 100 g
sausnas). STs izmainas var biit saistitas ar cukuru dinamiku raudzé$anas procesa,
kura mikroorganismi pateré un sintez€ dazadus monosaharidus atkariba no
substrata pieejamibas un metabolisma aktivitates.

6. tabula / Table 6
Cukuru saturs rudzu maizes paraugos, izmantojot plaucéjumu ar dazadu
raudzeSanas ilgumu / Content of Sugars in Rye Bread Prepared with Scald
Fermented for Different Durations

Cukuri/ Cukuru saturs (g 100 g™! sausnas) rudzu maizes paraugos /
Sugars Content of sugars (g 100 g”' dw) in rye bread samples
RMO RM12 RM24 RM36 RM48

KOPEJIE /| 16.58 +0.42a | 16.82 +0.37a| 16.56 +0.47a| 16.54 + 0.26a | 16.41 + 0.45a
TOTAL
Saharoze /| 0.50 £0.05a | 0.32+0.06ab| 0.31 +0.05b |0.37 = 0.06ab | 0.30 + 0.03b
Sucrose
Maltoze / | 13.32 £0.14a |12.62 + 0.15ab| 12.20 + 0.18b| 12.11 £ 0.12b | 12.12 +£ 0.27b
Maltose
Glikoze / | 0.49+0.06a | 0.45+0.03a | 0.46+0.01a | 0.56+0.01a | 0.43 +£0.03a
Glucose
Fruktoze /| 0.37+0.04d |0.63 +0.01bc| 0.89+0.01a | 0.57+0.02¢c | 0.67 £0.01b
Fructose
Pargjie/ | 1.33+0.01b | 2.13+0.10a | 2.03+0.22a | 2.27+0.05a | 2.23+0.10a
Other
dw — dry weight; Rudzu maize gatavota ar dazadu plaucgjuma raudzeSanas ilgumu: RMO
— neraudz&tu, RM12 — 12 h, RM24 — 24 h, RM36 — 36 h, RM48 — 48 h raudz&tu
plaucgjumu / Rye bread prepared with scald fermented for varying durations: RMO —
unfermented, RM12 — 12 h, RM24 — 24 h, RM36 — 36 h, RM48 — 48 h fermented scald
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used. Atskirigi burti (a—d) norada uz butiskam atSkirtbam (p<0.05) starp paraugiem rinda
/ a—d indicate significant differences between the samples (p<0.05) in a row.

Saharozes saturs pakapeniski samazinajas, palielinoties raudzeSanas
ilgumam, sakot no 0.50 = 0.05 g 100 g sausnas RMO un sasniedzot zemako
Itmeni 0.30 + 0.03 g 100 g' sausnas RM48. Saharozes samazinasanas ir saistita
ar tas hidrolizi par glikozi un fruktozi, procesu, ko veicina ne tikai pienskabes
bakteriju enzimatiska aktivitate, bet arT rauga darbiba miklas raudzeSanas laika.
Sads cukuru parveides mehanisms ir biitisks raudzeSanas gaita, jo nodrogina
substratu mikroorganismu metabolismam un ietekmé maizes sensoras Ipasibas
(Sahin et al., 2019).

Maltoze, kas bija domingjosais cukurs maizes paraugos, uzradija nelielu
samazinasanos, sakot no 13.32 = 0.14 g 100 g™! sausnas RMO un stabilizgjoties
12.11-12.12 g 100 g sausnas diapazona no RM24 Iidz RM48.

Kopgjais cukuru saturs saglabajas bez bitiskam izmainam visos maizes
paraugos (p = 0.694). Kopgjais cukuru saturs rudzu maiz€ nodrosina salduma
skabuma balansu maizes garsas profila.

Plaucgjuma raudzeSanas ilgums ietekm&ja maizes cukuru profilu, pasi
attieciba uz fruktozi un saharozi, savukart maltozes un glikozes saturs saglabajas
relativi stabils. Maizes cukuru saturs bija ievérojami zemaks neka plaucguma,
kas norada, ka cukuri bagatigi veidojas plaucgjuma parcukurosanas faze, tacu
tikai neliela dala tiek patéréta pienskabes bakteriju un raugu riigSanas procesa.
Turklat maizes pagatavoSana tiek pievienoti papildus milti, un miklas
raudzesanas laiks ir Tsaks neka plaucgjuma raudzesanas process, kas arT ietekme
cukuru saturu un veidu maizeg.

3.2, Organisko skabju saturs rudzu maize

Organisko skabju saturs un sastavs rudzu maiz€ ir nozimigs raditajs, kas
ietekmé gan tas garSu un aromatu, gan strukttiru un uzglabasanas pasibas. Gan
kopgjo skabju daudzums (kopgjais titréjamais skabums), gan skabuma intensitate
(pH), ka arT organisko skabju sastavu galvenokart nosaka vielmainas procesi, kas
norisinas raudzéSanas laika plaucgjuma un ierauga mikrobiotas darbibas
rezultata.

Maizes paraugiem tika noveérota lidziga skabuma izmainu tendence ka
plaucgjuma raudz€sanas laika. Maizes paraugs RMO, kura plaucgjums netika
raudzets, uzradija augstako pH 6.09 + 0.04 un zemako titr§jamo skabumu
2.7+ 0.12ml1 0.1 N NaOH (19. att.). Izmantojot 12 h raudz&tu plaucgjumu, rudzu
maizes paraugu pH bija 4.26 + 0.06, savukart paraugos ar 24—48 h raudzgSanas
procesu nebija butisku izmainu (p = 0.655) un pH vértiba bija vidgji 4.10. Lidzigi
bija kopgja titrgjama skabuma rezultati — izmantojot 12 h raudzetu plaucgjumu,
tas bija 8.20 + 0.20, savukart starp paraugiem ar plaucgjumu, kas raudzets 24, 36
un 48 h, bitiska atSkiriba nepastavéja (p = 0.644) un bija videji 9.03 ml 0.1 N
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NaOH. Iegiitie rezultati atbilst kvalitativas rudzu maizes prasibam un apstiprina
ieprieks konstatéto, ka, izmantojot plaucg€jumu, kas raudzets 24, 36 un 48 h,
iesp&jams nodrosinat vienmérigu rudzu maizes gatavosanas procesu un gala
rezultatu.
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19. att. Rudzu maizes pH un kopgja titréjama skabuma (ml 0.1 N
NaOH) vértibas, izmantojot dazadu ilgumu raudzétu plaucéjumu / Fig /9.
PH and TTA (ml 0.1 N NaOH) Values of Rye Bread Prepared with Scalds
Fermented for Different Durations
Rudzu maize gatavota ar dazadu plaucgjuma raudzesanas ilgumu: RMO — neraudzetu,
RMI12 — 12 h, RM24 — 24 h, RM36 — 36 h, RM48 — 48 h raudz&tu plaucgjumu / Rye bread
prepared with scald fermented for varying durations: RM0 — unfermented, RM12 — 12 h,

RM24 — 24 h, RM36 — 36 h, RM48 — 48 h fermented scald used.

Atskirigi burti (a—c) virs stabiniem / punktiem katra m&rfjumu kopa norada uz biitiskam
atSkirtbam (p<0.05) starp vertibam / Different letters (a—c) above the bars/points within
each measurement set indicate significant differences (p<0.05), analyzed separately for
each parameter separate for scald and bread.

Skabuma variacijas raudzgtaja plauc&juma un maizg ir saistitas ar pienskabes
bakteriju producétajam organiskajam skabém un veido skabju profilu, kam ir
bitiska nozime maizes sensoro IpasSibu veidosana. Skabumu rudzu maizes
paraugos ietekmé organisko skabju kvalitativais un kvantitativas sastavs.
Organisko skabju veidosanos ietekm& mikroorganismu metaboliti, savukart
organisko skabju saturs un sastavs ietekmé maizes sensoras Tpasibas.

Maizes paraugos domingjosa organiska skabe bija pienskabe, un tas saturs
palielinajas, palielinoties izmantota plauc€juma raudzesanas laikam (7. tabula).
Pienskabes saturs pieauga no 0.81 + 0.06 g 100 g™! sausnas maizg€ ar neraudzetu
plaucgjumu (RMO) Iidz 2.06 +£0.12 g 100 g' sausnas RM36, un turpmakas
butiskas (p<0.05) izmainas RM48 (2.00+0.13 g 100 g' sausnas) netika
noverotas. Tomer pienskabes saturs maiz€ bija zemaks neka plaucgjuma, jo
miklai tika pievienota jauna miltu porcija un ta tika raudzeta 1saku laiku.
Etikskabes, propionskabes un sviestskabes saturs biitiski neatskiras starp maizes
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paraugiem, kas liecina, ka So skabju saturs nebija atkarigs no plaucguma
raudzesanas ilguma. TaCu So skabju saturs maizg€ bija ievérojami augstaks neka
plaucéjuma paraugos. Sis pieaugums saistits ar metabolitu veidosanos miklas
raudzesanas laika ar Ieraugu M, kur papildus rauga rigSanas procesiem
organiskas skabes, tostarp etikskabe, veidojas ar1 citu mikla esoSo
mikroorganismu aktivitates rezultata.
7. tabula / Table 7
Organisko skabju saturs rudzu maizge, kas gatavota ar dazadu ilgumu
raudzétu plaucéjumu / Content of Organic Acids in Rye Bread Prepared
with Scald Fermented for Different Durations

Organiskas | Organisko skabju saturs ( g 100 ¢! sausnas) rudzu maizes paraugos /
skabes / Content of organic acids (g 100 g”' dw) in rye bread samples
Organic acids RMO RM12 RM 24 RM36 RM48

Pienskabe /1 o1+ 06c|1.54 = 0.04b| 1.91 + 0.13ab | 2.06 + 0.12a | 2.00 + 0.13ab
Lactic acid
Etikskabe /1) 03 1 0.032[0.17+0.03a| 0.19+0.01a |0.16 0.02a| 0.21 +0.03a
Acetic acid
Propionskabe /1 ¢ . 02a(0.01 + 0.00a] 0.07 = 0.03a |0.06 +0.02a| 0.04 +0.03a
Propionic acid
Sviestskabe /| 41 4 0.052]0.29 + 0.01a| 0.36 +0.03a [0.30+0.01a| 0.38 + 0.03a
Butyric acid
Dzintarskabe /1 031 0151013+ 0.01a| 0.16 +0.00a |0.15 = 0.00a| 0.17 + 0.03a
Succinic acid
Skabenskabe /| ) 53 1 .00a]0.03 + 0.01a| 0.03+0.01a [0.03 +0.01a| 0.03 +0.01a
Oxalic acid
Hinskabe / 1 ¢4 . 0.08a/0.77+0.23a] 0.82+0.16a |0.86+0.11a| 0.84 +0.17a
Quinic acid
Vinskabe /1 54 4 0.05a]0.19 + 0.05a] 0.20 = 0.04a [0.20+0.01a| 0.21 +0.03a
Tartaric acid
Abolskabe /1 07 1 6 021030 + 0.03ab) 0.34 + 0.03ab | 0.36 + 0.02a] 0.35 = 0.01ab
Malic acid
KOPA /
TOTAL | 294 0.106[3.43 £ 0.33ab 4.08 + 0.31ab|4.17 +0.20a| 4.23 % 0.40a

Rudzu maize gatavota ar dazadu plauc€juma raudzesanas ilgumu: RMO — neraudzetu,
RM12 - 12 h,RM24 —24 h, RM36 — 36 h, RM48 — 48 h raudz&tu plaucgjumu / Rye bread
prepared with scald fermented for varying durations: RM0 — unfermented, RM12 — 12 h,
RM24 — 24 h, RM36 — 36 h, RM48 — 48 h fermented scald used.

Atskirigi burti (a—c) norada uz bitiskam atSkirtbam (p<0.05) starp paraugiem rinda / a—c
indicate significant differences between the samples (p<0.05) in a row.

Rezultati liecina, ka plaucg€juma raudzeSanas laiks biitiski ietekmé organisko
skabju saturu maize. Tomer citas skabes, pieméram, etikskabe, propionskabe un
sviestskabe, liela méra paliek nemainigas, izmantojot plauc€jumus ar dazadu
raudzesanas ilgumu. Tas norada, ka to veidoSanas var biit vairak atkariga no
miklai pievienota ierauga un miklas raudz&Sanas procesiem. Organiskas skabes
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ir viens no faktoriem, kas nosaka maizes garSas un aromata 1pasibas. Pienskabes
un etikskabes saturs maizg butiski ietekmé tas skabumu un kopgjo garsas profilu.
Etikskabe veido asaku, izteiktaku aromatu (Limbad et al., 2020; Pérez-Alvarado
et al.,, 2022; Plessas et al., 2008), savukart pienskabei raksturigs maigaks
skabums. Pienskabe ka doming&josa skabe tika konstateta ar1 (Plessas et al., 2008)
petljuma, kur miklas raudz€sanai tika izmantotas L. bulgaricus un L. helveticus.

Maizes paraugos, kas gatavoti no 24 h un ilgak raudzeta plaucgjuma, skabju
satura netika noverotas biitiskas atskiribas, kas norada uz to, ka 24 h ir pietickams
raudzesanas laiks, lai ieglitu stabilu skabju saturu un to var€tu izmantot rudzu
maizes gatavosanai. Rezultati arT parada, ka raudz&Sanas ilguma palielinasana no
24 Iidz 48 stundam butiski nemaina organisko skabju sastavu, bet stabilizg to
proporcijas. ST tendence var tikt izmantota raZo$anas plano$ana, nodroinot
vienmérigu produktu kvalitati un tehnologisko procesu prognozgjamibu, ka ari
pielagojot raudz€Sanas ilgumu nepiecieSamajam razoSanas apjomam un
kapacitatei.

3.3. Rudzu maizes sensoras noveértésanas rezultati, maizes gatavoSana
izmantojot dazada ilguma raudzétu plaucéjumu

Maizes paraugu (RMO, RM12, RM24, RM36 un RM48) sensoraja vértésana
tika analizEtas izmainas aromata, skabas garSas, saldas garSas, lipiguma un
miltainas pecgarsas intensitate (20. att.).

Aromats / Aroma
10

8

Ctaitia pacan )
Milaina pécgarsa Skaba garsa / Sour taste

Floury aftertaste
Lipigums / Stickiness . Salda gar$a / Sweet taste
+~RMO RM12 RM24 RM36 ——RM48

20. att. Videjais sensoras intensitates novertéjums rudzu maizes paraugiem,
kas gatavoti, izmantojot dazada ilguma raudzétu plaucéjumu / Fig. 20.
Mean Sensory Intensity Scores for Rye Bread Prepared with Scalds
Fermented for Different Durations
Rudzu maize gatavota ar dazadu plauc€juma raudzesanas ilgumu: RMO — neraudzetu,
RM12 —12 h,RM24 —24 h, RM36 — 36 h, RM48 — 48 h raudz&tu plaucgjumu / Rye bread
prepared with scald fermented for varying durations: RM0 — unfermented, RM12 — 12 h,

RM24 — 24 h, RM36 — 36 h, RM48 — 48 h fermented scald used.
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Salidzinot ar maizi, kas tika cepta, izmantojot neraudz€tu plaucgumu,
raudz€ta plaucgjuma izmantoSana uzlaboja aromatu, samazinaja saldumu un
lipigumu, ka arT mazinaja miltaino p&cgarsu. Turklat, ja plaucgjums tika raudzets
24 h vai ilgak, maizes skaba garSa kluva stabilaka. Maizei ar ilgak raudzetu
plaucgjumu (RM12-RM48) aromata intensitate bija izteiktaka neka kontroles
paraugam (RMO), un visaugstako vertibu sasniedza RM36. Skabas garSas
intensitate picauga Iidz ar raudzesanas laiku, bet p&c 24 h biitiskas atskiribas vairs
netika konstattas, kas liecina par fermentacijas stabiliz€Sanos. Tas saskan ar
organisko skabju rezultatiem, kur domingja pienskabe.

Salduma intensitate samazinajas, palielinoties raudz&$anas ilgumam — no
augstakas RMO I1dz zemakajai RM48, ko ietekm&ja maltozes un saharozes satura
samazinasanas. Lipigums un miltaina p&cgarsa bija visizteiktakie RMO parauga,
bet samazinajas péc fermentacijas, uzlabojot maizes sensoros raditajus.

Kopuma 24 h plaucgjuma raudze$ana nodrosina lidzsvarotu saldas un skabas
garSas intensitati, ka arT stabilas sensoras Tpasibas, kas ir nozimigi vienmerigas
kvalitates rudzu maizes razoSana.

34. Fitinskabes saturs maizes paraugos

Maizes paraugos tika noverota bitiska (p<0.05) fitinskabes satura
samazinasanas (21. att.) atkariba no izmantota plauc€juma raudze$anas ilguma.
Augstakais fitinskabes saturs tika konstatéts maize, kas tika gatavota ar
neraudzetu plaucgjumu (RMO) — 0.64 £ 0.01 g uz 100 g™! sausnas. Jau péc 12 h
plaucgjuma raudzesanas (RM12) fitinskabes saturs ievérojami samazinajas lidz
0.50 + 0.03 g uz 100 g! sausnas (samazindjums par 22%), un $is ITmenis
saglabajas arT maizes paraugos ar ilgak raudz@tiem plauc€umiem
(RM24-RM48), bez statistiski nozimigam izmainam. Sie rezultati norada, ka
raudz€ta plaucgjuma pievienoSana maizei veicinaja efektivaku fitatu
noardisanos, salidzinot ar neraudz&tu plaucgjumu.

Fitinskabes hidrolizi galvenokart nodrosina enzims fitaze, kas sastopams
divos veidos — graudaugu (plant based, anglu val.) un mikrobialas izcelsmes. Lai
gan graudaugos sastopamajai fitazei optimalais pH ir augstaks, mikrobiala fitaze
(no ierauga raugiem) sp€j darboties arT zemaka pH (pH 4.5) (Nielsen et al., 2007).

Rezultati saskan ar citu pétnieku konstatéto, ka dazadu miltu maize
fitinskabes saturs var svarstities no 0.15 1idz 0.75 g 100 g™!, noradot uz grauda
argjo dalu ietekmi uz fitinskabes saturu maize (Garcia-Estepa et al., 1999). Fitatu
noardiSanas efektivitati butiski ietekmé raudzESanas apstakli, 1pasi pH un
temperatiira. Vides paskabinasanas veicina enzimu aktivitati, jo pH pietuvojas
fitazes optimalajam darbibas diapazonam (~5.5). Rezultata paatrinas fitatu
noardiSanas ierauga matrica (Leenhardt et al., 2005). Rodriguez-Ramiro et al.
(2017) petijumi liecina, ka maiz€, kas gatavota ar ieraugu fitazes aktivitate
konstat@ta par 25% augstaka ka maizg, kas gatavota bez ierauga.
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21. att. Fitinskabes saturs maizé ar dazadu plaucéjuma raudzésanas
ilgumu / Fig. 21. Phytic Acid Content in Bread with Different Fermentation
Times of Scald
Rudzu maize gatavota ar dazadu plaucgjuma raudzesanas ilgumu: RMO — neraudzetu,
RM12 - 12 h,RM24 —24 h, RM36 — 36 h, RM48 — 48 h raudz&tu plaucgjumu / Rye bread
prepared with scald fermented for varying durations: RM0 — unfermented, RM12 — 12 h,

RM24 — 24 h, RM36 — 36 h, RM48 — 48 h fermented scald used.
Atskirigi burti (a, b) norada uz bitiskam atskiribam (p<0.05) / Different letters (a, b)
indicate significant differences (p<0.05).

Sakotngja plaucgjuma raudzesanas laika, izmantojot Ieraugu P, fitinskabes
saturs butiski nemainijas, savukart miklas raudzesanas laika, pievienojot Ieraugu
M, tika noverota izteikta fitinskabes samazinasanas, kas norada uz ierauga M
mikrobiotas augstaku enzimatisko aktivitati un sp&ju veicinat fitatu hidrolizi.

3.5. Fruktanu saturs maizes paraugos

Fruktani ietekm& rudzu maizes uzturvértibu un potencialo ietekmi uz
gremosanas sisteému. P&tTjumi liecina, ka fruktanu degradaciju raudzeSanas laika
galvenokart ietekmé vides pH, raudz€Sanas ilgums un izmantoto
mikroorganismu Ipasibas, 1pasi to spgja izdalit specifiskus enzimus. Pienskabes
baktgrijas, raudzeSanas laika producgjot organiskas skabes, pazemina vides pH,
kas var veicinat noteiktu enzimu — tostarp fruktanazu — aktivaciju. Sie apstakli
veicina oglhidratu, tostarp fruktanu, hidrolizi. Turklat dazas pienskabes bakteriju
sugas sp¢j arT tiesi noardit fruktanus (Borowska et al., 2023), izmantojot enzimus
(fruktanazes), kas noarda fruktanu ke&des Iidz vienkarSakiem -cukuriem,
pieméram, fruktozei. Biitiska ieteikme ir vides pH, kas rodas raudzeSanas laika,
un tas var uzlabot invertazes aktivitati (Menezes et al., 2021). Petfjumi norada,
ka fruktanu satura samazinasanas iesp&jama ari Saccharomyces cerevisiae
invertazes ietekmé (Struyf et al., 2017).

Sakotngjais fruktanu saturs maiz€ (22. att.), kas tika gatavota no neraudzeta
rudzu plaucgjuma, bija 2.90 + 0.03 g 100 g! sausnas. Tika noverots biitisks
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(p<0.05) fruktanu satura samazinajums, un, izmantojot 12 h raudz&tu
plaucgjumu, tas samazinajas Iidz 2.00 = 0.01 g 100 g™! sausnas. Palielinoties
plaucgjuma raudzesanas ilgumam, fruktanu saturs maize turpinaja samazinaties,
sasniedzot 1.54 & 0.08 g uz 100 g! sausnas, izmantojot RP24, 1.87 £ 0.01 g uz
100 g! sausnas, izmantojot RP36, un 1.48 + 0.14 g uz 100 g! sausnas,
izmantojot RP48. Miklai pievienota raudz&ta plaucgjuma pH varétu biit viens no
faktoriem, kas ietekmgéja butisku (p<0.05) fruktanu satura samazinasanos maizes
parauga, kuram pievienots 12 h raudzets plaucgjums.

Rezultati liecina, ka fruktanu samazinajums plaucgjuma bija salidzinosi
neliels — vidgji 14% péc 48 h raudze€sanas, kas varétu bt skaidrojams ar
ierobezotu mikrobiologisko aktivitati, jo plaucguma raudz&$ana domingja
pienskabes bakterijas, bet raugam raksturigas invertazes aktivitates klatbtitne bija
nieciga vai nenozimiga. Savukart maizes paraugos fruktanu saturs ievérojami
samazinajas — videji par 49%, ko var saistit ar daudzveidigaku mikrobiotu mikla,
kuru bagatindja pievienota ierauga un rudzu miltu mikrobiota, turpmakos
tehnologiskos procesos. PB un raugu simbioze, ipa$i raugam raksturiga
invertazes aktivitate, veicinaja intensivaku fruktanu hidrolizi miklas raudz&Sanas
laika. Visiem maizes paraugiem (RM0-RM48) tika pievienots ieraugs M un
izmantots vienads raudzeSanas laiks, tom&r izmantotais plaucgjums atskiras pec
raudzesanas ilguma — no neraudzéta (RMO) 11dz 48 h raudzetam (RM48).
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22. att. Fruktanu saturs maizé ar dazadu plaucéjuma raudzésanas
ilgumu / Fig. 22. Fructan Content in Bread with Different Fermentation
Time of Scald
Rudzu maize gatavota ar dazadu plaucgjuma raudzesanas ilgumu: RMO — neraudzetu,
RM12 - 12 h,RM24 —24 h, RM36 — 36 h, RM48 — 48 h raudz&tu plaucgjumu / Rye bread
prepared with scald fermented for varying durations: RM0 — unfermented, RM12 — 12 h,

RM24 — 24 h, RM36 — 36 h, RM48 — 48 h fermented scald used.
Atskirigi burti (a—c) norada uz butiskam atskiribam (p<0.05) / Different letters (a—c)
indicate significant differences (p<0.05).

Veiktaja petijuma apstiprinajas, ka rudzu maizes razoSanas tehnologiskajiem
un ktmiskajiem raksturlielumiem ir baitiska nozime fruktanu satura samazinasana
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gatavaja produkta. Fruktanu saturs rudzu maizg var biit mainigs un ir ciesi saistits
ar izmantoto raudzeSanas veidu, ilgumu.

SECINAJUMI

1. Enzimu oa-amilazes un B-amilazes aktivitate ir butiski (p<0.05) atSkiriga
rudzu iesala paraugos ar dazadu diastatisko speku. Rudzu iesala a-amilazes
un B-amilazes aktivitatei ir pozitiva korelacija ar iesala diastatisko speku
(r=0.87 un r = 0.88, attiecigi), kas apstiprina diastatiska speka piemerotibu
iesala amilolttiskas aktivitates raksturo$anai maizes razosana.

2. Nefermentéta rudzu iesala satura un diastatiska speka palielinaSana bitiski
(p<0.05) iectekmgja rudzu miltu enzimatisko aktivitati un tehnologiskas
TpaSibas pétfjuma analizétajas koncentracijas. Tika noskaidrots, ka DS
261 °WK un lielaks biutiski nepalielinaja cietes hidrolizi, noradot uz enzimu
aktivitates plato $ada diastatiska speka.

3. Nosakot kopg&jo cukuru saturu p&c parcukurosanas posma rudzu plaucgjuma
paraugos ar dazadu iesala DS un saturu, netika noverota sakariba starp
pievienota —iesala daudzumu vai ta diastatisko speku un cukuru saturu.

4. Plaucgjuma raudzESanai nepiecieSamas vismaz 24 h, lai sasniegtu
mikrobiologisko raditaju maksimumu un pH. Plaucgjuma raudz&Sana lidz
48 h uzradija stabilus mikrobiologiskos un fizikali-kimiskos raditajus, kas
lauj to izmantot kvalitativas maizes razoSana.

5. Rudzu plaucgjuma raudzeSanas laika pienskabes saturs saglabajas stabils Iidz

6. Rudzu maizei gatavotai ar 24 h raudz€tu plauc&jumu ir noverota fitinskabes
samazinasanas par 20%, kas var uzlabot maizes sagremojamibu un maizes
uzturvielu biopieejamibu. Ilgstosa plauc€juma raudzeéSana (2448 h)
nesamazinaja fitinskabes saturu maizg.

7. Rudzu maizei gatavotai ar 24 h raudzetu plauc&jumu novérota fruktanu satura
samazinaSanas par 49%, kas var mazinat kunga-zarnu trakta diskomforta
risku jutigiem patérétajiem. IlgstoSa plaucgjuma raudzeSana (24-48 h)
nesamazingja fruktanu saturu maize.

8. 24 h plaucgjuma raudz€sana uzlabo rudzu maizes sensoras Ipasibas. P&tljuma
noverots, ka ilgstoSas raudzéSanas (24—48 h) perioda iegiitais plaucgjums
nodrosina stabilas kvalitates rudzu maizi.

9. legtie rezultati apstiprina hipotézi, ka tehnologiski stabilu ar plauc&umu
gatavotas rudzu maizes razoSanas procesu nodroSina noteikta diastatiska
speka nefermentéta rudzu iesala pievienoSana un ilgstoSa plaucg€juma
raudzesana.
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REKOMENDACIJAS

hidroliz&ét cieti, apstiprinot, ka ir praktiski pielietojams parametrs iesala
partiju novertésanai razosanas vajadzibam.

Pievienojamo iesala daudzumu iesp&ams precizet, ievertgjot miltu kriSanas
skaitli un iesala partijas diastatisko speku.

Zemakas aktivitates iesals pievienots lielaka daudzuma var nodroSinat
lidzvertigu efektu ka akfivaks iesals mazaka daudzuma. Sada pieeja var
stabiliz€t ar plaucjumu gatavotas rudzu maizes razoSanas procesu,
neatkarigi no piegadata iesala mainiga diastatiska speka.

Plaucgjuma raudzeSanai ieteicamas vismaz 24 h, lai sasniegtu stabilus
mikrobiologiskos un fizikali-kimiskos raditajus, un nodrosinatu gatavojamai
rudzu maizei raksturigas sensoras Ipasibas.

Raudzgjot plaucgjumu lidz 48 h, butiskas kimiskas un mikrobiologiskas
izmainas plaucgjuma nenotiek, nodrosinot lidzvertigu ta kvalitati maizes
razosanai.



TOPICALITY OF THE RESEARCH

Rye bread made with scald is a traditional product, where process stability
and quality predictability are of key importance. To ensure this, an in-depth
understanding of the interactions between scald preparation, fermentation, and
raw material properties — particularly whole grain rye flour and unfermented malt
—is essential. The enzymatic activity of malt can vary significantly in production,
making it difficult to control sugar formation and viscosity. This study evaluates
the potential of using diastatic power as a practical indicator to adjust the amount
of added malt and stabilize the biochemical processes in the scald.

Another important factor is the duration of scald fermentation. In practice,
fermentation time can vary considerably, but there is a lack of data on the impact
of prolonged fermentation (24-48 h) on sugar composition, organic acids,
microbiota development, and bread quality. The study analyzes these changes
with the aim of improving the sensory properties and nutritional value of rye
bread. The combination of both research directions enables the development of
a practically applicable approach for stable and high-quality rye bread
production.

The hypothesis of the doctoral thesis: a technologically stable and
predictable production process for rye bread prepared with scald can be achieved
by the precise addition of unfermented rye malt, considering its diastatic power,
and by prolonged scald fermentation.

Theses.

1. The addition of unfermented rye malt affects the technological properties of
rye flour depending on its content and diastatic power, promoting sugar
formation in the scald.

2. During prolonged scald fermentation, a reduction in sugar content and
changes in the composition and concentration of acids produced by lactic acid
bacteria occur.

3. Prolonged fermentation reduces the content of fructans and phytic acid in the
fermented scald.

4. Extended scald fermentation improves the sensory properties of rye bread and
reduces the content of fructans and phytic acid.

Aim of the doctoral thesis: to evaluate the effect of the diastatic power of
unfermented rye malt and the scald fermentation time on the microbiological and
chemical parameters of the scald, the technological properties of the flour, and
the sensory and chemical characteristics of rye bread.

Research tasks.

1. To analyze the activity of the enzymes o-amylase and B-amylase in
unfermented rye malt samples with different diastatic power.

2. To evaluate the effect of the content and activity (diastatic power) of
unfermented rye malt on the enzymatic activity and technological properties
of rye flour.
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3. To develop a mathematical model for stabilizing the falling number of rye
flour—malt mixtures.

4. To analyze changes in the sugar content of rye scald after saccharification and
after 24 hours of fermentation.

5. To evaluate the dynamics of microbiota changes and acidity development in
rye flour scald during prolonged fermentation.

6. To analyze changes in the chemical composition of rye flour scald during
prolonged fermentation.

7. To analyze the chemical composition and sensory properties of rye bread
prepared with differently processed scalds.

The study was conducted with the support of the Latvia University of Life
Sciences and Technologies (LLU) program “Strengthening Scientific Capacity
at LLU” within the project Z52 “Development of a Mathematical Model for
Predicting Rye Flour Quality Using Unfermented Rye Malt” and the LLU
program “Implementation of Fundamental Research at LLU” within the
scientific project G10 “Investigation of Exopolysaccharide Formation Dynamics
During the Long-Time Fermentation of Rye Scald”.

Research Period and Location.

The study was conducted from September 2020 to March 2025 at the
laboratories of the Institute of Food at the Latvia University of Life Sciences and
Technologies, in the Smart Technologies Department of the Scientific Laboratory
of Biotechnology, at the Center of Food and Fermentation Technologies
(TFTAK) in Estonia, and at the laboratories of Chopin Technologies in France.
Sample preparation and bread baking were carried out at the “Kelméni” bakery
(Rankas parish, Gulbene region, Latvia).

Materials description.

® Three different rye grain samples (variety ‘Kaupo’), harvested in 2021 from
the farm “Kelmeni” in Gulbene, Latvia. The grains were milled in 2022 at the
farm “Kanepites” in Kocéni, Latvia.

e Five different unfermented rye malts with varying diastatic power (DP),
provided by SIA “LATMALT”, “Valmju maltings”, Jaunsvirlauka parish,
Jelgava region, Latvia.

e Sourdough starters (designated as Starter P and Starter M) obtained from the
“Kelmeni” bakery, used for scald and dough fermentation.

Research structure.

The study was conducted in three stages (Table 1).

In Stage I, the enzymatic activity of unfermented rye malt was analyzed, and
the effect of its quantitative and qualitative composition on the technological
properties of rye flour was evaluated.
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Stage II focused on the saccharification of the rye scald and the impact of
prolonged fermentation (24—48 h) on microbiota dynamics and metabolite
profiles.

In Stage III, the quality of rye bread produced using scalds fermented for
different durations was assessed.

Research methods.

In Stage I of the study, rye flour and malt samples were prepared (Figure 1).
Each rye flour sample (M1, M2, M3) was mixed with each of the five
unfermented rye malt samples (11, 12, I3, 14, I5). Malt was added at three different
concentrations — 0.5%, 1.0%, and 1.5% of the flour weight.

Scald preparation and fermentation in Stage I were carried out according to a
bread production technology adapted for laboratory conditions. To prepare the
scald, flour and malt were mixed with hot water (2.8 kg, 92 + 2 °C) using a dough
kneading machine (Teddy, A/S Varimixer, Brendby, Denmark) for 10 minutes at
speed 2 (150 rpm).

During saccharification, the scald was held in a thermostat (climatic
chamber) Memmert ICH 110 (Memmert GmbH, Schwabach, Germany) for 90
minutes at 60 £ 2 °C and 80% relative humidity, allowing the scald to cool slowly
from 75 °C to 60 °C. After saccharification, Starter P (6% of the flour weight)
was added to the scald. Fermentation was carried out in the thermostat at 60%
relative humidity with gradual temperature reduction using the following regime:
55+2°C for 5 hours, 50 +2 °C for 5 hours, 45+ 2 °C for 5 hours, and 35+2°C
for 5 hours. Finally, the fermented scald was cooled at room temperature
(22 4+ 2 °C) until it reached 30 °C (approximately 2 hours).

In Stage II of the study, the preparation and fermentation of rye scald and
dough were carried out at the production facilities of the “Kelmeni” bakery. Five
scalds with different fermentation durations were prepared and used: 0 h
(unfermented), 12 h, 24 h, 36 h, and 48 h. A detailed technological scheme for
scald and dough preparation is shown in Figure 2.

Scald and bread samples were freeze-dried using a lyophilizer FT33
(Armfield Ltd., Hampshire, United Kingdom) at a condenser chamber
temperature of —40 °C and a pressure of 6.4 Pa for 72 hours. After lyophilization,
the samples were ground using a Foss Knifetec 295 Mill laboratory grinder (Foss
Analytical Co., Ltd., Suzhou, China).

The analytical methods and standards used in the study are summarized in
Table 2.
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RESULTS AND DISCUSSION

1. Effect of Unfermented Rye Malt on the Properties of Rye
Flour and Scald

1.1. Characterization of the Activity of Unfermented Rye Malt

The a-amylase and B-amylase activities were analyzed for five unfermented
rye malts with varying activity levels, with diastatic power (DP) ranging from
170 to 408 °WK. The a-amylase activity differed significantly (p<0.05) between
samples, ranging from 44.26 to 183.34 CU g'. In turn, B-amylase activity varied
from 10.81 to 23.11 BU g across the different malt samples (Figure 3).

A strong overall correlation was observed between a-amylase activity and
diastatic power (r = 0.87); however, no statistically significant differences in
a-amylase activity were found between malt samples 13 and I4. Similarly,
B-amylase activity showed a significant correlation with diastatic power
(r=0.88; p<0.05), though no significant differences were observed between
samples 12 and I3. The strong correlations confirm diastatic power as a
representative indicator of the combined enzymatic activity unfermented rye
malt. At the same time, the significant differences between samples indicate that
unfermented rye malt can vary in its a-amylase and f-amylase activity, which is
reflected by the diastatic power. This parameter may therefore play an important
role in stabilizing the rheological properties of rye flour during scald preparation.

1.2. Effect of Unfermented Rye Malt on the Technological Properties
of Rye Flour

In this study, rye flour samples with a wide range of falling number (FN)
values (346-210 s) were analyzed after the addition of unfermented rye malt with
varying diastatic power (DP 170408 °WK) at different concentrations (0.5%,
1.0%, and 1.5%). The rheological properties — such as water absorption, starch
gelatinization temperature, viscosity, and amylolytic activity — were evaluated by
analyzing the falling number, amylograph peak viscosity, and Mixolab curves for
the flour-malt combinations, to assess flour behaviour during scald and dough
preparation.

Falling Number

The technological properties of rye flour in breadmaking are closely related
to its falling number (FN), which serves as an indicator of enzymatic activity and
starch hydrolysis. A lower FN (<200 s) suggests high enzymatic activity and
intense starch breakdown. An optimal FN range (125-200 s) ensures balanced
enzyme activity, supporting process stability during scald and fermentation
stages (Stgpniewska et al., 2021).
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Changes in the falling number depending on the addition of unfermented rye
malt with different diastatic power and concentrations are shown in Figure 4. The
addition of malt consistently reduced the FN of rye flour, with a more pronounced
decrease observed as malt DP and dosage increased. This trend indicates a strong
relationship with increased enzymatic activity that accelerates starch hydrolysis.
The higher the diastatic power and the amount of added malt, the more intensive
the amylolytic activity, resulting in reduced starch content capable of maintaining
viscosity — and consequently, a lower FN value.

The average FN values differed significantly (p<0.05) between the rye flour
samples. Sample M1 had the highest initial FN — 346 + 4 s, followed by M2 with
262 +4 s, while M3 had the lowest value — 210 + 4 s. The addition of malt (from
0.5% to 1.5%) resulted in a significant (p<0.05) decrease in FN for all flour
samples, with the effect becoming more pronounced as the malt content
increased. For example, in sample M1, the FN dropped from 346+4s to
114+5s when malt content increased from 0% to 1.5%, indicating a direct
relationship between malt dosage and FN reduction. Similar trends were
observed in M2 and M3, where FN decreased to 108+4s and 111+£3s,
respectively, with 1.5% malt.

In all cases, a decrease in FN was observed with increasing malt diastatic
power (DP) and content, indicating intensified starch hydrolysis driven by
elevated amylolytic enzyme activity (Struyf et al., 2016).

Malt DP and content significantly (p<0.05) affected the FN of rye flour, as
shown in Figure 5. However, once a certain DP level was reached, this effect
stabilized, suggesting a possible threshold for enzymatic activity. In sample M1,
the addition of malts I3 and I4 resulted in similar FN values with no significant
differences (p>0.05), despite differences in their DP. This indicates that
increasing DP beyond a certain level does not further enhance enzymatic
effectiveness. A similar trend was observed in sample M2, where I3 and 14 had
comparable effects on FN. In M3, this threshold was even more apparent, as the
effects of 13, 14, and I5 on FN were equivalent and showed no statistically
significant differences.

Increasing diastatic power (DP) beyond 261 °WK did not result in further FN
reduction, confirming a threshold effect in enzymatic activity. These findings
highlight the possibility of optimizing not only the amount of added malt but also
its diastatic characteristics to achieve maximum enzymatic efficiency without the
risk of oversaturation — while avoiding excessive malt usage and unnecessary
cost increases. Therefore, carefully balancing malt DP and dosage in scald
preparation is essential for improving process efficiency.

The results showed that both malt quantity and DP are important. Rye flour
samples supplemented with malt of lower diastatic power — e.g., DP 170 °“WK
(0.5% and 1.0%) or DP 179 °WK (0.5%) — may not provide sufficient enzymatic
activity to reach the optimal falling number (FN). However, increasing the
dosage of low-DP malt to 1.5% (e.g., M2 with DP 170 or DP 179) achieved an
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enzymatic effect comparable to that obtained with 0.5% of higher-DP malt (e.g.,
M2 with DP 362 or DP 408). This suggests that a higher malt content can
compensate for lower diastatic power, resulting in a similar FN reduction.

Mathematical Model for Stabilizing the Falling Number in Rye Flour.

To expand the practical application of the study and enable prediction of FN
values, a mathematical model was developed to reflect projected FN changes
depending on the added malt’s diastatic power (DP) and dosage. The model
incorporates rye malt with DP ranging from 170 to 408 °WK. Calculations were
performed for three rye flour samples (M1, M2, M3) with different initial FN
values — 346, 262, and 210 seconds, respectively.

The study confirmed, and the model supported, that a higher dosage (e.g.,
1.5%) unfermented rye malt with lower diastatic power can produce an
enzymatic activity effect and FN reduction comparable to a lower dosage (e.g.,
0.5%) of malt with higher DP. This finding is significant for optimizing rye scald
technology, as it allows flexible adjustment of malt type and dosage based on
available raw materials, while ensuring a stable fermentation environment and
controlled enzymatic activity. The results also highlight that excessive use of
high-DP malt can lead to unwanted oversaturation, potentially affecting dough
properties. Therefore, a balanced selection of both malt DP and dosage is crucial.

Maximum Viscosity

Maximum viscosity (MV) is an important parameter, as it is closely related
to the degree of starch breakdown and enzymatic activity, particularly the action
of a- and B-amylases. A higher MV (>600 BU) indicates greater starch swelling
capacity and lower hydrolysis, while a lower MV (<400 BU) suggests more
intensive starch hydrolysis, promoted by increased enzymatic activity (Verwimp
et al., 2006), such as in the case of unfermented malt addition. As malt content
increases, viscosity significantly decreases in all rye flour-malt samples (Figure
6), indicating a strong relationship between the amount of added malt and the
reduction in maximum viscosity.

Correlation and Modeling of Maximum Viscosity

The correlation coefficients between malt content and maximum viscosity
(MV) in flour samples were as follows: M1 (r =—-0.74), M2 (r = —0.67), and M3
(r = —0.78). The reduction in MV in the flour—malt samples reflects the role of
amylolytic enzymes, particularly o- and B-amylases, in the hydrolysis of
polysaccharides — mainly starch — during gelatinization (Autio et al., 1996; Peng
& Jin, 2020). Enzymatic hydrolysis breaks starch into shorter-chain fragments
(dextrins, maltose), which have reduced swelling and water-binding capacity,
resulting in decreased overall viscosity (Hruskova et al., 2003).

To analyze the effect of diastatic power (DP) on the MV of flour-malt
samples, a statistical model was developed (Table 2). Although MV significantly
decreased with increasing malt DP, the effect plateaued beyond a certain
threshold, indicating that further increases in DP did not lead to additional
viscosity reduction.
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The interaction between malt DP and dosage confirmed that high-DP malt
(=362 °WK) is not always necessary to achieve the desired viscosity in rye scald.
For instance, a higher dosage of low-DP malt (1.5%, I1) reduced MV to a level
comparable to that achieved using a lower dosage (0.5%) of high-DP malt (I5).
This result highlights the compensatory relationship between DP and malt
content, emphasizing the importance of malt selection for optimizing enzymatic
activity, achieving target viscosity, ensuring process stability, and reducing
production costs.

In scald preparation technology, high viscosity complicates processing, slows
fermentation, and affects bread quality (Stgpniewska et al., 2018). Reducing
viscosity through enzymatic action — by adding malt — improves dough flow
properties, accelerates fermentation, and facilitates handling during production.
Research shows that reducing the viscosity of gelatinized starch is an important
factor for improving the efficiency of the production process (Xie et al., 2024).

It should be noted that the commonly cited optimal maximum viscosity
values for rye flour (400-600 BU) (Verwimp et al., 2006) primarily refer to
suitability for dough kneading and not for scald preparation. In rye scald, which
serves as a substrate for fermentation, a different — typically lower — viscosity is
needed to provide optimal conditions for microbial activity. A more fluid scald
consistency improves enzyme access to polysaccharides and promotes starch
hydrolysis, resulting in the formation of simple sugars essential for the
metabolism of lactic acid bacteria involved in fermentation. Moreover, lower
viscosity facilitates processing and enhances fermentation dynamics, making the
scald structure more favorable for microbial activity.

Therefore, although maximum viscosity in some samples was lower than
traditional quality benchmarks, this should not be viewed negatively, but rather
as a technologically justified characteristic in the context of scald preparation.

Analysis of Flour Rheological Properties (Mixolab).

The C3 point represents the peak of starch gelatinization. In all rye flour
samples, the addition of malt reduced the C3 value. For example, in the M1
control sample, the C3 value was 2.45 Nm, whereas with the addition of 1.5% I5
malt, it decreased to 1.72 Nm. Similar trends were observed in M2 and M3 flour
samples. This reduction can be explained by partial starch degradation caused by
enzymatic activity before full gelatinization occurs, resulting in a lower peak
viscosity. As malt content increased, the C3 value consistently decreased — for
instance, in M1 flour with IS5 malt, C3 dropped from 1.99 Nm (0.5%) to 1.72 Nm
(1.5%).

The intensity of gelatinization is characterized by the C3-C2 coefficient,
which decreased with the addition of malt (Figure 8). The greatest reduction was
observed with I1 and 12 (1.53 and 1.40 Nm), while malts with higher diastatic
power (I3-I5) showed similar, stabilized values (1.22—1.29 Nm), indicating a
saturation point in enzymatic activity. The high determination coefficients
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(R2=0.93-0.98) confirm the predictability of enzyme influence on viscosity,
which is essential for process control.

At approximately 90 °C, dough viscosity decreases (C4 point), reflecting
intense enzymatic activity. The addition of malt significantly reduced the C4
value in all M1 samples, particularly with higher-DP malts (I3-15), whose values
stabilized between 0.54 and 0.59 Nm — again indicating a saturation effect. The
viscosity difference between C3 and C4 (C3-C4) represents the intensity of
starch degradation. This difference increased with malt addition, peaking with I3
(1.331 Nm), while 14 and I5 showed similar values, confirming a comparable
enzymatic effect.

Increasing the malt content from 0.5% to 1.5% generally enhanced enzymatic
activity; however, at high diastatic power (DP), the effect was no longer linear,
indicating a potential substrate limitation. Therefore, the malt dosage should be
adjusted according to the specific properties of the flour.

Based on the obtained results, one rye flour sample and three rye malt
samples were selected for the next stage of the study, which analyzes sugar
formation in the scald after the saccharification phase and after 24 hours of
fermentation. Each malt was added at three different concentrations (0.5%, 1.0%,
and 1.5%).

1.3. Effect of Rye Malt Content and Activity on the Sugar Composition
after Flour Starch Hydrolysis (Saccharification) and after 24 Hours of
Fermentation

To evaluate the effect of saccharification and fermentation (24 h) on sugar
changes in the scald, scald samples RP1, RP2, and RP3 were prepared with malt
concentrations of 0.5%, 1.0%, and 1.5%, respectively. For the preparation of
RP1, a mixture of M2 rye flour (FN — 262 s) and malt I1 (170 °WK) was used;
RP2 consisted of M2 flour and malt 13 (261 °WK); RP3 — of M2 flour and malt
I5 (408 °WK). The control sample consisted of rye flour M2 scald without added
malt.

Total sugars

The total sugar content after saccharification (Fig. 9.A) increased
significantly (p<0.05) in the scald samples compared to the control without malt
(RPO 13.90 £ 0.06 g 100 g dry weight). However, the increase in sugar content
was not observed in all cases and was not clearly dependent on the proportion of
added malt.

Sucrose

In the rye scald samples after the saccharification phase, the sucrose content
ranged from 0.43 to 0.58 g 100 g dry weight (Fig. 10). The highest sucrose
content was observed in the control sample (RP0O 0.58 + 0.01 g 100 g! dry
weight), which did not contain any added malt. In contrast, the lowest levels were
found in RP2 with 1.5% malt (0.43 + 0.02 g 100 g!, dry weight) and RP3 with
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1.0% malt (0.43 £0.02 g 100 g!, dry weight). This reduction in sucrose may be
explained by more intense invertase activity from malt-derived enzymes or
microorganisms, which promoted the hydrolysis of sucrose into glucose and
fructose during saccharification. Since sucrose is a disaccharide rapidly broken
down by invertase, its lower level likely reflects active enzymatic degradation
rather than reduced formation.

No clear relationship was observed between the amount of added malt or its
diastatic power and the sucrose content in the saccharified scald samples,
indicating that sucrose levels at this stage are relatively stable and not
significantly affected by the malt’s DP or concentration.

After fermentation, sucrose was not detected in any sample, suggesting that
lactic acid bacteria preferentially utilized sucrose during fermentation.
Additionally, sucrose may have broken down into glucose and fructose, which in
turn could lead to changes in the levels of these sugars after 24 h of fermentation.

Maltose

The saccharification results (Fig. 11.A) show that the maltose content in the
scald samples was significantly higher (p<0.05) compared to the control sample
without malt (RPO 11.77 £ 0.01 g 100 g™ dry weight), ranging from 13.32 to
18.18 g 100 g ! dry weight. The highest maltose content was observed in sample
RP3 with 1.5% malt (18.18 = 1.39 g 100 g' dry weight), indicating active
amylase activity provided by the added malt. The increase in maltose reflects
starch hydrolysis by a- and f-amylase during the saccharification process, which
was enhanced by the controlled temperature (55-65 °C), the optimal range for
these enzymes.

After 24 h of fermentation (Fig. 11.B), the maltose content remained
relatively high in all samples and even increased in several cases compared to
the saccharification phase, particularly in samples RP2 and RP3. This increase is
most likely due to continued starch degradation during fermentation, with
residual amylase activity from the malt, especially -amylase, which is relatively
stable in acidic environments (optimal pH 4.5-5.5). It continues to cleave
maltose units from the non-reducing ends of starch chains even under lowered
pH conditions. Additionally, lactic acid bacteria may not utilize maltose as
readily as glucose during this stage, contributing to its accumulation.

At the same time, in sample RP1 with 1.5% malt, the maltose content
remained relatively low (15.51 £ 0.25 g 100 g! dw), further indicating possible
differences in enzymatic activity between malt samples and the complex
interplay of concurrent processes — sugar formation, consumption, and
transformation.

The amount of maltose did not decrease after 24 h of fermentation; in some
samples, an increase was even observed. Moreover, neither the diastatic power
(DP) nor the concentration of malt showed a clear effect on maltose content after
saccharification or fermentation.
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Glucose

The saccharified scald samples with added malt showed higher glucose
content compared to the control; however, significant differences were observed
only in some samples. The highest increase in glucose — by 52% compared to the
control—was recorded in the sample with 1.5% malt I3 (RP2) (Fig. 12.A). This
glucose increase is associated with the gradual hydrolysis of starch promoted by
amylase enzyme activity, resulting in the formation of dextrins, glucose, and
maltose (Akamine et al., 2023). Amylases, particularly a-amylase, cleave the a-
1,4-glycosidic bonds in starch, breaking it down into shorter polysaccharide
chains and simple sugars, including glucose (Muralikrishna & Nirmala, 2005).

After 24 h of fermentation, glucose content increased in all samples (Fig.
12.B), although no clear effect of diastatic power (DP) or added malt
concentration was observed during this phase. These results are in line with the
study by Klupsaite et al. (2023), which reported a 13.2% increase in glucose
content in rye scald after 24 h of fermentation, indicating that fermentation can
enhance glucose formation. This increase can be explained by the retained
activity of PB-amylase and glucoamylase in the acidic environment, which
continue to break down dextrins and oligosaccharides.

Fructose

During the saccharification phase, when starch is intensively hydrolyzed
under the action of amylases (particularly a- and B-amylases), the main products
are maltose, dextrins, and glucose. Fructose formation at this stage is minimal,
as starch itself does not contain fructose units. However, fructose can be formed
indirectly. If sucrose is present in rye flour or malt, it can be cleaved by invertase
—an enzyme that splits sucrose into glucose and fructose. This process most often
occurs during fermentation, when yeasts and lactic acid bacteria become active
(Génzle, 2014).

After saccharification, fructose content in the samples ranged from
0.38+£0.02 g 100 g (RP3, 1.5%) to 0.50 = 0.0 g 100 g (RP2, 1.5%), while the
control sample showed 0.40 £ 0.01 g 100 g (Fig. 3.11.A).

However, no clear effect of malt activity (diastatic power, DP) or
concentration on fructose content in the saccharified scald was observed.

After 24 hours of fermentation, a significant decrease (p<0.05) in fructose
content was observed in all samples (Fig. 13.B) compared to those after the
saccharification phase. This reduction is associated with the ability of lactic acid
bacteria (LAB) to utilize fructose as a substrate in their metabolic processes. As
a result of fructose metabolism by LAB, lactic acid is produced, which
significantly contributes to the increase in total titratable acidity of the dough.

The total sugar content in rye scald differed significantly (p<0.05) between
the control sample (without added malt) and those with varying levels of malt
addition. Scalding and malt application proved to be effective methods for
generating fermentable sugars and providing a nutrient-rich environment for
sourdough starters without the need for additional sugar supplementation. Higher
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sugar levels after saccharification indicate intensive starch breakdown, creating
favorable conditions for microbial development.

After 24 h of fermentation, sucrose was no longer detected, indicating its
complete hydrolysis into simple sugars — glucose and fructose — which are the
primary energy sources for LAB. Although fructose levels decreased, it remained
present in substantial amounts, continuing to support microbial metabolism.
Interestingly, both maltose and glucose contents increased slightly after 24 h of
fermentation, possibly due to ongoing starch hydrolysis or residual enzymatic
activity in the scald. This availability of sugars suggests that essential nutrients
for fermentation remain accessible, and further microbial activity may continue
to transform and utilize these sugars, potentially affecting the flavor, acidity, and
structure of the bread.

For the continuation of the study, the optimal rye flour—malt combination was
selected: rye flour M2 (FN — 262 s) and 1% malt I3 (DP — 261 °WK). The
addition of malt significantly influenced sugar formation during saccharification;
however, neither the malt's diastatic activity nor its concentration had a decisive
effect on the sugar levels in the saccharified scald. The selected malt showed
medium enzymatic activity, which was sufficiently intense to hydrolyze starch
effectively. This level of activity aligns with practical and recommended levels
for scald preparation—providing adequate, but not excessive, diastatic activity
that could otherwise negatively affect dough stability and bread structure.

This sample showed a falling number of 139 + 3 s and a maximum viscosity
of 308 + 5 BU, indicating relatively low viscosity and good dispersion of the
liquid phase in the scald, which can favor the subsequent fermentation process —
especially when using wholegrain or coarsely ground rye flour. The sample that
exhibited the highest total sugar content after saccharification
(17.92£0.78 g 100 g' dry weight) has the potential to provide an optimal
nutrient environment for fermentation. It was selected as the most suitable due
to its balanced starch hydrolysis, strong fermentation potential, and ability to
support desirable rye bread quality in accordance with criteria described in the
literature.

Overall, the addition of unfermented rye malt promoted an increase in sugar
content in the scald, confirming the role of malt in enhancing the technological
properties of rye flour and sugar formation. However, no consistent correlation
was observed between the malt's diastatic power or added quantity and the
intensity of sugar formation.

2. Microbial and Chemical Composition Changes After Scald
Saccharification and Prolonged Fermentation

The growth of microorganisms during fermentation is closely related to the
composition of the nutrient medium and fermentation conditions, primarily
temperature and time.
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During lactic acid bacteria (LAB) fermentation, lactic acid is mainly
produced, which lowers the pH and affects not only dough properties and bread
structure but also the dynamics of fermentation itself.

In the second phase of the study, rye flour sample M2 and malt I3 (1%) were
used for scald preparation. To analyze the effect of prolonged fermentation,
samples were prepared as follows: unfermented scald (RPO), and scalds
fermented for 12, 24, 36, and 48 hours (RP12, RP24, RP36, RP48).

2.1. Microbial Characterization of Fermented Scald

Microbial identification results showed that Lactobacillus delbrueckii
dominated in both Starter P and the fermented scald (24 h), and it remained
dominant even after 48 h of fermentation (Fig. 14.A).

The similarity between the microbiota of Starter P and the 24 h fermented
scald can be explained by the fact that Starter P was derived from the 24 h
fermented scald. Similarly, in Starter M, Lactobacillus delbrueckii was among
the most prevalent lactic acid bacteria, but Lactobacillus amylolyticus,
Limosilactobacillus reuteri, and Lactobacillus helveticus were also identified.

Among the most frequently detected yeasts in both Starter P and the
fermented scald were Candida sake and Candida krusei, while Saccharomyces
spp. were also observed (Fig. 14.B). In contrast, Saccharomyces spp. dominated
in Starter M, with lower occurrence of filamentous fungi such as Alternaria spp.
and Mycosphaerella tassiana also being detected.

Analysis of microbial growth during scald fermentation revealed a significant
increase (p<0.05) in the number of lactic acid bacteria (LAB) (Fig. 15).

LAB counts increased markedly during the first 12 hours of fermentation,
rising from 5.1 to 6.7 logioe CFU g™'. From 24 to 48 hours, no significant changes
were observed, with the maximum value of 8.4 logio CFU g reached after 24
hours. These results indicate that LAB dominate the microbial population in
fermented scald and play a key role in the fermentation process.

Yeast counts in the fermented scald increased to 2.9 logio CFU g after 48
hours of fermentation. However, this level was insufficient to ensure proper
dough leavening, indicating the need for an additional yeast source, which is
provided by Starter M. In Starter P, yeast counts did not exceed 2.6 logio CFU g™,
while in Starter M, they reached 8.5 logio CFU g, confirming its adequate
leavening capacity.

The growth dynamics of LAB suggest that Lactobacillus delbrueckii is
capable of thriving in environments with elevated temperatures (4055 °C). This
species is commonly used in the fermentation of dairy products and can utilize
glucose, fructose, mannose, and sucrose as substrates (Rizzello & De Angelis,
2022). During the saccharification phase, sugars such as fructose, glucose, and
maltose are formed in the scald, providing a nutrient-rich environment for LAB
growth (Klupsaite et al., 2023). It can be concluded that the presence of these
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sugars in the scald positively supports the proliferation of Lactobacillus
delbrueckii.

During the 48-hour fermentation period, the pH value decreased from
6.40 = 0.04 to 3.59 + 0.02, with the most pronounced drop observed within the
first 12 hours (Fig. 16).

After 24 hours of fermentation, both pH and total titratable acidity (TTA)
remained stable, and no significant differences were detected between the
samples — pH stabilized at around 3.5, while TTA reached 15.6 ml NaOH.

A pH range of 3.5 to 4.3 is considered indicative of a well-developed
sourdough. Optimal temperature and sufficient sugar availability promoted rapid
LAB proliferation, as evidenced by the significant pH drop and increase in TTA
during fermentation. In contrast to the present findings, Klupsaité et al. (2023)
reported a pH of 4.57 after 24 h of sourdough fermentation using
Lactiplantibacillus paracasei, highlighting the efficient lactic acid production
capacity of Lactobacillus delbrueckii.

2.2, Changes in Sugar Content During Scald Fermentation

Changes in sugar content during fermentation reflect the activity of
microorganisms and the dynamics of nutrient medium transformation (Table 4).

The total sugar content in the unfermented scald after the saccharification
phase was 30.78 £0.09 g 100 g! dry weight (0 h). After 12 hours of fermentation,
an increase in total sugar content was observed, reaching 33.25 +0.63 g 100 g!
dry weight, corresponding to a 4.8% rise from the initial value. However, during
longer fermentation (24 h, 36 h, 48 h), no significant changes in total sugar
content were observed, indicating that a balance had been reached in the
fermentation process — similar to the stabilization seen in pH and titratable acidity
values — and likely related to the stabilization of enzymatic reactions and
microbial metabolism.

After saccharification, the fructose content was 0.40 = 0.01 g 100 g! dry
weight. However, after 12 hours of fermentation, fructose was no longer
detected. This can be explained by the fact that Lactobacillus delbrueckii, which
was identified in the scald, utilizes fructose during the initial stages of
fermentation, resulting in its complete depletion (Loponen & Génzle, 2018).

Glucose content in the unfermented scald decreased from
0.99 £0.05 g 100 g ! dry weight (0 h) to 0.72 + 0.08 g 100 g! dry weight after
12 hours but then increased during the course of fermentation, reaching a
maximum of 1.08 + 0.01 g 100 g™! dry weight after 48 hours (Table 4). The initial
drop in glucose may be attributed to its utilization by microorganisms for
metabolic processes, while the later increase is likely due to ongoing starch
hydrolysis during fermentation.

The highest sucrose content was recorded immediately after the
saccharification phase (1.01 + 0.09 g 100 g™ dry weight), but it significantly
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decreased during fermentation, reaching 0.25 + 0.01 g 100 g dry weight after
48 hours (Table 4). This decline indicates the breakdown of sucrose, facilitated
by microbial activity that converts sucrose into simple sugars during
fermentation.

In contrast, maltose content remained stable during fermentation, with a
slight increase from 25.33 + 0.62 g 100 g dry weight at the beginning (0 h) to
27.56 £0.12 g 100 g' dry weight after 12 hours (Table 4).

Opverall, changes in sugar content during prolonged fermentation were minor,
with some fluctuations observed.

A considerable amount of residual sugars remained after fermentation, which
is consistent with the previous part of the study — only a slight reduction in sugar
content was observed after the saccharification phase and 24 hours of
fermentation.

Ravyts et al. (2011) reported a similar trend: after 24 hours of rye sourdough
fermentation, sucrose was no longer detected, while high levels of glucose,
fructose, and maltose were observed. The decrease in sucrose content indicates
that it serves as a key substrate for lactic acid bacteria metabolism, the efficiency
of which depends on the bacterial strain, substrate availability, temperature,
acidity, and fermentation duration (Bartkiene et al., 2020).

The high residual levels of maltose and glucose may be related to the complex
structure of the substrate and the fact that polysaccharides (e.g., starch) present
in wholegrain rye flour are enzymatically hydrolyzed gradually. The intensity of
this process depends on enzyme activity, which is influenced by substrate
availability, pH, temperature, and the ability of lactic acid bacteria to synthesize
amylolytic enzymes (Klupsaite et al., 2023).

The fluctuations in sugar content observed during fermentation indicate
active metabolic processes in which sugars may be both consumed by
microorganisms and transformed through various enzymatic reactions. Lactic
acid bacteria, which dominate during scald fermentation, utilize different sugars
as substrates for energy production and metabolite synthesis.

In addition to disaccharide hydrolysis, amylolytic enzymes such as f-amylase
and glucoamylase remain active during fermentation, continuing to break down
starch and dextrins into glucose and maltose in later stages. This enzymatic
activity increases the concentration of free sugars in the fermentation medium,
providing additional substrates for microbial metabolism. Therefore, beyond the
initially available sugars, new sugars may also be generated from
polysaccharides and oligosaccharides during fermentation.

These metabolic changes explain the initial decrease in sugar content due to
microbial consumption, as well as the stabilization or even increase in sugar
levels at later fermentation stages. These processes influence not only substrate
availability for microorganisms but also acid formation, and ultimately affect the
taste and structure of the final product.
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In summary, sugar dynamics during fermentation represent a complex,
multifactorial process, involving both the consumption of sugars for microbial
energy production and their transformation via enzymatic activity. The balance
of these processes depends on the composition of the sourdough microbiota, the
initial chemical composition of the substrate, fermentation conditions — including
temperature and pH — and the duration of fermentation. These changes have a
direct impact on the sensory properties and nutritional value of the final product,
determining its acidity, flavor, and texture.

2.3. Organic Acid Content in Rye Scald

Organic acids are formed during the fermentation of scald and dough, but rye
flour also naturally contains various organic acids that can influence the flavor
profile.

Rye flour has been found to contain small amounts of organic acids, primarily
phytic acid (0.64 = 0.05 g 100 g*' dry weight) and malic acid
(0.16 £0.06 g 100 g' dry weight), as well as minor amounts of lactic, acetic,
oxalic, and succinic acids. The organic acid profile of the fermented scald is
presented in Table 5.

The organic acid profile of the fermented scald consisted primarily of lactic
acid, the content of which increased rapidly (18-fold) during the first 12 hours
and reached its maximum after 24 hours.

After 24 hours of fermentation, the lactic acid level remained stable, with no
significant changes observed at 48 hours. Other organic acids were present in
smaller amounts. The levels of phytic acid and tartaric acid remained unchanged
throughout fermentation, while the content of malic acid and butyric acid
decreased significantly after 12 hours. Variations in acetic acid content at
different fermentation times can be attributed to changes in environmental
conditions and the ongoing metabolism of lactic acid bacteria (LAB). The
formation of lactic acid during fermentation explains the observed pH decrease
and the increase in total titratable acidity in the fermented scald.

24. Effect of Fermentation Time on Phytic Acid Content in Rye Flour
Scald

The presence of phytic acid in rye flour is a significant factor in terms of
nutritional value, as it can form insoluble complexes with minerals, thereby
reducing their bioavailability.

Fermentation may promote the degradation of phytic acid if phytase-
producing microorganisms are active or if phytase enzymes are activated under
suitable conditions. However, the effectiveness of fermentation in degrading
phytic acid depends on several factors, including pH, temperature, and the
diversity or species of the involved microorganisms.
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The phytic acid content in rye scald after the saccharification phase was
0.65+ 0.01 g 100 g dry weight (Fig. 17). During fermentation, slight
fluctuations in phytic acid levels were observed, but no significant decrease was
detected. No rapid degradation of phytic acid occurred during scald fermentation,
suggesting the absence of active phytase.

Although lactic acid bacteria are capable of contributing to phytic acid
degradation under specific conditions, no significant breakdown was observed in
this study, where Lactobacillus delbrueckii dominated the microbial population
of the fermented scald. Phytase is the enzyme responsible for phytic acid
hydrolysis, and it may be located intracellularly (within the bacterial cell or
associated with the cell wall) or secreted into the extracellular environment.
Extracellular phytase acts directly in the medium where the substrate — phytic
acid — is located, and is therefore more effective at degrading it. In contrast, cell-
associated phytase functions only when the substrate comes into direct contact
with the cell surface or is internalized, which may limit its efficiency.

Nuobariene et al. (2015) identified both cell-bound and extracellular phytase
activity in Limosilactobacillus panis, Limosilactobacillus reuteri, and
Limosilactobacillus fermentum strains isolated from wheat and rye sourdoughs.
Cizeikiene et al. (2020) reported extracellular phytase activity in sourdoughs
fermented with thermophilic lactic acid bacteria, including Lactobacillus
bulgaricus, L. acidophilus, and L. rossiae, in conditions with pH<3.5 at 40 °C.

Phytase activity is also influenced by fermentation conditions, such as
temperature and pH.

However, the obtained results indicate that the phytic acid content in rye scald
did not change significantly during fermentation, suggesting limited phytase
activity under these conditions. This may be due to the absence of optimal
fermentation conditions required for phytase activation or the lack of specific
microorganisms capable of effectively hydrolyzing phytic acid.

2.5. Effect of Fermentation Time on Fructan Content in Rye Scald

During fermentation, fructan degradation occurs as a result of microbial and
enzymatic activity, and its intensity depends on fermentation conditions and the
metabolites of the involved microorganisms.

The fructan content in rye scald after the saccharification phase was
determined to be 3.08 + 0.07 g 100 g! dry weight (Fig. 18). A gradual decrease
in fructan content was observed during fermentation — after 12 hours it had
decreased t0 2.92 £ 0.12 g 100 g' dry weight. This trend continued, and after 48
hours the fructan content had dropped to 2.66 £ 0.02 g 100 g dry weight.
Although fructan levels steadily declined throughout the fermentation process,
no significant difference (p > 0.05) was observed between the values at 24 and
36 hours, indicating a slowdown in the rate of fructan hydrolysis.
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During fermentation, enzymes and microorganisms act to promote the
hydrolysis of fructans, breaking them down into monosaccharides.

Enzymes involved in fructan degradation during fermentation include
inulinase, fructosidase, levanase, and B-fructofuranosidase, and their activity
depends on the specific lactic acid bacteria (LAB) strains present in the
fermentation process. As a result of fructan breakdown, fructose is released,
which may affect the overall sugar profile (Pejcz et al., 2024).

In the study by Pejcz et al. (2024), a significant decrease in fructan content
was observed in rye flour sourdough, influenced by both the LAB species used
and the fermentation duration. They reported that after 48 hours of sourdough
fermentation, fructan content decreased from 3.7 g 100 g dry weight to 1.2 g
when Lactiplantibacillus plantarum was used, and to 1.06 g 100 g™! dry weight
with Lacticaseibacillus casei.

The results of the present study suggest that Lactobacillus delbrueckii does
not possess strong fructan-degrading capabilities, which may explain the limited
reduction in fructan content during rye scald fermentation.

3. Evaluation of Rye Bread Quality

The quality of rye bread is determined by a range of biochemical and
technological factors, including fermentation duration and the interaction of raw
materials.

In this context, the scald serves as a key component — not only providing
specific structure and sugar content, but also creating an environment that
supports microbial growth and metabolic activity.

3.1. Sugar Content in Rye Bread Samples

The sugar content in rye bread is a complex parameter determined by the
composition of raw materials, as well as enzymatic and microbiological
processes throughout the production cycle.

The microbiota of the scald and sourdough, along with their synthesized
enzymes, can significantly affect carbohydrate hydrolysis and the resulting sugar
profile, thus influencing the sensory and technological properties of the final
product. Changes in sugar content in bread are related to the fermentation
duration of the scald used, the type of sourdough added to the dough, and the
flour incorporated into the dough. No additional sugars (such as sucrose) are
added during dough preparation.

The dough is primarily based on scald, the sugar content of which was
discussed previously (Table 4). In addition, wholegrain rye flour is added when
preparing the dough — the sugars present in the flour (total sugars
2.04 £0.03 g 100 g dry weight) may contribute to the final sugar content of the
bread, and flour enzymes may further hydrolyze starch to generate new sugars.
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Moreover, the sourdough added to the dough contains both lactic acid bacteria
and yeasts. As a result of their metabolic activity, part of the sugars may be
consumed during fermentation, forming organic acids and other byproducts.

Changes in sugar content in bread samples are summarized in Table 6.

Fructose content in the bread samples increased with longer scald
fermentation time, rising from 0.37 + 0.04 g 100 g™ dry weight in RBO to a
maximum of 0.89 + 0.01 g 100 g! dry weight in RB24. Glucose content showed
minor (p = 0.076) fluctuations during fermentation, with the highest level
observed in RM36 (0.56 + 0.01 g 100 g™! dry weight) and the lowest in RM48
(0.43 £ 0.03 g 100 g dry weight). These variations may be linked to the
dynamics of sugar transformation during fermentation, where microorganisms
consume and produce various monosaccharides depending on substrate
availability and metabolic activity.

Sucrose content gradually decreased with increasing fermentation time,
starting from 0.50 + 0.05 g 100 g™' dry weight in RMO and reaching the lowest
level 0f 0.30 +0.03 g 100 g! dry weight in RM48.

This decrease in sucrose is attributed to its hydrolysis into glucose and
fructose, a process driven not only by the enzymatic activity of lactic acid
bacteria but also by yeast during dough fermentation. This sugar transformation
mechanism is essential in fermentation, as it provides substrates for microbial
metabolism and influences the sensory characteristics of the bread (Sahin et al.,
2019).

Maltose, the predominant sugar in the bread samples, showed a slight
decrease, starting from 13.32 £ 0.14 g 100 g™! dry weight in RMO and stabilizing
within the range of 12.11-12.12 g 100 g dry weight from RM24 to RM48.

Total sugar content remained unchanged across all bread samples (p = 0.694).
The total sugar content in rye bread contributes to the balance between sweetness
and acidity in the bread’s flavor profile.

The fermentation duration of the scald influenced the sugar profile in the
bread, particularly with respect to fructose and sucrose, while maltose and
glucose levels remained relatively stable. Sugar content in the final bread was
considerably lower than in the scald, indicating that sugars are abundantly
formed during the saccharification phase of the scald, but only a fraction is
utilized by lactic acid bacteria and yeasts during fermentation.

Furthermore, additional flour is incorporated during dough preparation, and
the fermentation time for dough is shorter than for the scald, both of which also
affect the sugar content and composition in the bread.

3.2 Organic Acid Content in Rye Bread

The content and composition of organic acids in rye bread are important
indicators that affect not only its taste and aroma but also its structure and shelf-
life properties.
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Both the total amount of acids (total titratable acidity), the intensity of acidity
(pH), and the specific composition of organic acids are primarily determined by
metabolic processes occurring during fermentation, driven by the activity of the
microbiota in the scald and sourdough.

The bread samples exhibited a similar trend in acidity changes to that
observed during scald fermentation. The bread sample RMO, in which the scald
had not been fermented, showed the highest pH (6.09 + 0.04) and the lowest
titratable acidity (2.7 £ 0.12 ml 0.1 N NaOH) (Fig. 19). Using a 12-hour
fermented scald, the pH of the rye bread dropped to 4.26 + 0.06. In samples
prepared with scalds fermented for 24—48 hours, no significant pH changes were
observed (p = 0.655), with an average pH of approximately 4.10.

A similar pattern was observed for total titratable acidity: with a 12-hour
scald, it reached 8.20 = 0.20 ml 0.1 N NaOH, while no significant differences
(p = 0.644) were found among samples using scalds fermented for 24, 36, and
48 hours, where the acidity averaged 9.03 ml 0.1 N NaOH.

The results meet the quality requirements for rye bread and confirm previous
findings that scalds fermented for 2448 hours can ensure a consistent rye bread
production process and final product quality.

Variations in acidity in the fermented scald and bread are related to the
organic acids produced by lactic acid bacteria and form an acid profile that plays
a key role in shaping the sensory characteristics of the bread.

The acidity of rye bread samples is influenced by both the qualitative and
quantitative composition of organic acids. The formation of organic acids is
affected by microbial metabolites, while the content and composition of these
acids influence the sensory properties of the bread.

In the bread samples, lactic acid was the dominant organic acid, and its
content increased with longer fermentation time of the scald used (Table 7).
Lactic acid content rose from 0.81 + 0.06 g 100 g™' dry weight in bread with
unfermented scald (RMO) to 2.06 + 0.12 g 100 g™! dry weight in RM36, with no
further significant changes (p<0.05) observed in RM48 (2.00 + 0.13 g 100 g™
dry weight). However, the lactic acid content in bread was lower than in the scald,
as an additional portion of flour was added during dough preparation and the
dough was fermented for a shorter time.

The contents of acetic, propionic, and butyric acids did not differ significantly
between bread samples, indicating that their levels were not affected by the
fermentation duration of the scald. However, the levels of these acids in the bread
were significantly higher than in the scald samples. This increase is associated
with the formation of additional metabolites during dough fermentation with
Starter M, where, alongside yeast fermentation processes, organic acids —
including acetic acid — are also produced by other microorganisms present in the
dough.

The results indicate that the fermentation time of the scald significantly
affects the organic acid content in the bread.
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However, other acids such as acetic, propionic, and butyric acids remained
largely unchanged when scalds fermented for different durations were used. This
suggests that their formation may be more dependent on the added sourdough
and the dough fermentation process. Organic acids are one of the key factors
influencing the flavor and aroma characteristics of bread. The content of lactic
and acetic acids in bread has a strong impact on its acidity and overall flavor
profile. Acetic acid contributes to a sharper, more pronounced aroma (Limbad et
al., 2020; Pérez-Alvarado et al., 2022; Plessas et al., 2008), while lactic acid is
associated with a milder sourness. Lactic acid was also identified as the dominant
acid in the study by Plessas et al. (2008), in which L. bulgaricus and L. helveticus
were used for dough fermentation.

In bread samples made with scalds fermented for 24 hours or more, no
significant differences were observed in acid content, indicating that 24 hours is
a sufficient fermentation time to achieve a stable acid profile suitable for rye
bread production. The results also show that extending the fermentation from 24
to 48 hours does not significantly alter the composition of organic acids but helps
to stabilize their proportions. This trend can be applied in production planning to
ensure consistent product quality and process predictability, as well as to adjust
fermentation time based on production volume and capacity requirements.

3.3. Sensory Evaluation Results of Rye Bread Prepared with Scalds
Fermented for Different Durations

In the sensory evaluation of bread samples (RM0, RM12, RM24, RM36, and
RM48), changes in aroma, sour taste, sweet taste, stickiness, and floury aftertaste
intensity were analyzed.

Compared to bread made with unfermented scald, the use of fermented scald
improved the aroma, reduced sweetness and stickiness, and diminished the floury
aftertaste. Furthermore, when the scald was fermented for 24 hours or longer, the
sour taste of the bread became more consistent (Fig. 20).

Bread made with longer-fermented scald (RM12-RM48) showed more
pronounced aroma intensity compared to the control sample (RMO), with the
highest score observed in RM36.

Sour taste intensity increased with fermentation time, but no significant
differences were observed beyond 24 hours, indicating stabilization of the
fermentation process. This aligns with the organic acid results, where lactic acid
was dominant.

Sweetness intensity decreased with longer fermentation — from the highest in
RMO to the lowest in RM48 — corresponding to reductions in maltose and sucrose
content. Stickiness and floury aftertaste were most pronounced in the RMO
sample but diminished after fermentation, improving the bread’s overall sensory
characteristics.

66



Overall, 24-hour scald fermentation provides a balanced sweet-sour flavor
profile and stable sensory properties, which are essential for producing rye bread
with consistent quality.

3.4. Phytic Acid Content in Bread Samples

A significant decrease (p<0.05) in phytic acid content was observed in bread
samples (Fig. 21), depending on the fermentation duration of the scald used.

The highest phytic acid content was found in bread made with unfermented
scald (RMO) — 0.64 £ 0.01 g 100 g' dry weight. After just 12 hours of scald
fermentation (RM12), the phytic acid content dropped significantly to
0.50+£0.03 g 100 g dry weight (a 22% reduction), and this level remained
stable in bread samples made with longer-fermented scalds (RM24-RM48), with
no statistically significant changes. These results suggest that the inclusion of
fermented scald in bread production promotes more efficient phytate degradation
compared to unfermented scald.

Phytic acid hydrolysis is primarily driven by the enzyme phytase, which
exists in two forms — plant-based (from cereals) and microbial. While cereal-
derived phytase has a higher optimal pH, microbial phytase (e.g., from
sourdough yeasts) can remain active at lower pH levels (around pH 4.5) (Nielsen
et al., 2007).

The findings align with previous research indicating that phytic acid content
in various flour-based breads may range from 0.15 to 0.75 g 100 g!, reflecting
the influence of the grain’s outer layers (Garcia-Estepa et al., 1999). The
efficiency of phytate degradation is strongly influenced by fermentation
conditions, particularly pH and temperature. A decrease in environmental pH
enhances enzymatic activity by approaching the phytase optimal pH (~5.5),
thereby accelerating phytate breakdown within the sourdough matrix (Leenhardt
et al., 2005). Rodriguez-Ramiro et al. (2017) also reported that bread made with
sourdough exhibited 25% higher phytase activity compared to bread made
without sourdough.

During the initial fermentation of the scald using Starter P, no significant
changes in phytic acid content were observed.

However, during dough fermentation with the addition of Starter M, a
pronounced reduction in phytic acid was detected, indicating the higher
enzymatic activity of the Starter M microbiota and its greater capacity to promote
phytate hydrolysis.

3.5. Fructan Content in Bread Samples

Fructans affect the nutritional value of rye bread and its potential impact on
the digestive system.
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Studies show that fructan degradation during fermentation is primarily
influenced by environmental pH, fermentation duration, and the properties of the
microorganisms used — particularly their ability to secrete specific enzymes.
During fermentation, lactic acid bacteria produce organic acids that lower the
pH, which can enhance the activity of certain enzymes, including fructanases.
These conditions promote the hydrolysis of carbohydrates, including fructans.
Additionally, some lactic acid bacteria species can directly degrade fructans
(Borowska et al., 2023) using enzymes (fructanases) that break down fructan
chains into simpler sugars such as fructose. A key factor is the pH shift during
fermentation, which may also enhance invertase activity (Menezes et al., 2021).
Research also suggests that fructan degradation can occur due to invertase
activity from Saccharomyces cerevisiae (Struyf et al., 2017).

The initial fructan content in bread made from unfermented rye scald was
2.90 £ 0.03 g 100 g dry weight (Fig. 22). A significant decrease (p<0.05) in
fructan content was observed after using a 12-hour fermented scald, where it
dropped to 2.00 + 0.01 g 100 g! dry weight. With increasing scald fermentation
time, the fructan content in bread continued to decrease, reaching
1.54+£0.08g100 g' (RP24), 1.87 + 0.01 g 100 g' (RP36), and
1.48 £0.14 g 100 g ' (RP48). The pH of the fermented scald added to the dough
may have been one of the factors contributing to the significant (p<0.05)
reduction in fructan content in the bread sample made with the 12-hour fermented
scald.

The results show that fructan reduction in the scald was relatively small — on
average 14% after 48 hours of fermentation — which may be explained by limited
microbial activity, as lactic acid bacteria dominated the scald fermentation, and
yeast-associated invertase activity was likely minimal or absent. In contrast, a
much greater reduction in fructan content was observed in the bread samples —
an average of 49% — which can be attributed to the more diverse microbiota in
the dough, enriched by the added sourdough and rye flour microbiota throughout
subsequent technological steps. The symbiosis between LAB and yeasts,
particularly the invertase activity typical of yeasts, promoted more intensive
fructan hydrolysis during dough fermentation.

All bread samples (RM0-RM48) were prepared with the same sourdough
(Starter M) and underwent the same fermentation time, but the scalds used
differed in fermentation duration — from unfermented (RMO) to 48-hour
fermented (RM48).

The study confirmed that the technological and chemical parameters of rye
bread production play a crucial role in reducing fructan content in the final
product.

Fructan levels in rye bread can vary and are closely linked to the type and
duration of fermentation used.
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CONCLUSIONS

. The activities of the enzymes a-amylase and B-amylase differed significantly
(p<0.05) among rye malt samples with varying diastatic power. A strong
positive correlation was found between rye malt diastatic power and the
activities of a-amylase and B-amylase (r = 0.87 and r = 0.88, respectively),
confirming the suitability of diastatic power as an indicator of amylolytic
activity in malt for bread production.

. Increasing the content and diastatic power of unfermented rye malt
significantly (p<0.05) affected the enzymatic activity and technological
properties of rye flour within the concentrations studied. It was determined
that a diastatic power of 261 °WK or higher did not significantly enhance
starch hydrolysis, indicating a plateau in enzymatic activity at this level.

. No relationship was observed between the amount of added malt or its
diastatic power and total sugar content in scald samples after the
saccharification step, regardless of the malt DS and concentration.

. At least 24 hours of scald fermentation is required to reach the peak in
microbiological activity and pH. Fermentation for up to 48 hours resulted in
stable microbiological and physicochemical parameters, making the scald
suitable for high-quality bread production.

. During rye scald fermentation, lactic acid content remained stable up to
48 hours, indicating the overall quality stability of the scald during prolonged
fermentation.

. Rye bread prepared with 24-hour fermented scald showed a 20% reduction
in phytic acid content, which may improve digestibility and increase nutrient
bioavailability. However, prolonged scald fermentation (24-48h) did not
further reduce phytic acid levels in the bread.

. Rye bread made with 24-hour fermented scald showed a 49% reduction in
fructan content, which may help reduce gastrointestinal discomfort for
sensitive consumers. Extended scald fermentation (24-48 h) did not further
reduce fructan content in the bread.

. Scald fermentation for 24 hours improved the sensory properties of rye bread.
The study showed that scald fermented for 24—48 hours yielded rye bread
with consistently high quality.

. The results confirm the hypothesis that the addition of unfermented rye malt
with a specific diastatic power, combined with prolonged scald fermentation,
ensures a technologically stable rye bread production process.

RECOMMENDATIONS

. Diastatic power correlates with amylase activity in malt and reflects the
malt’s ability to hydrolyze starch, confirming its practical applicability as a
parameter for evaluating malt batches for production purposes.
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The amount of malt to be added can be optimized by taking into account the
falling number of the flour and the diastatic power of the malt batch.

Malt with lower enzymatic activity, when used in higher amounts, can
produce an effect equivalent to that of a more active malt used in smaller
quantities. This approach can help stabilize the rye bread production process
involving scald, regardless of variability in the diastatic power of supplied
malt.

A scald fermentation time of at least 24 hours is recommended to achieve
stable microbiological and physicochemical parameters, as well as the
sensory properties characteristic of high-quality rye bread.

Extending scald fermentation up to 48 hours does not cause significant
chemical or microbiological changes, ensuring consistent scald quality for
bread production.
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