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PETIJUMA AKTUALITATE

Arvien aktualaka kliist jaunu metozu un tehnologiju izmantos$ana partikas
blakusproduktu parstradei funkcionalos produktos. Ir divu veidu stikalas - siera
un biezpiena, kuras zinatnieki pastavigi péta, lai ieglitu jaunu informaciju un
atzinas. Viena no stikalu apstrades tehnologijam ir biotehnologija, kura ar B-
galaktozidazi ir iespgjams hidroliz&t laktozi monosaharidos. Sis ir pirmais solis
glikozes-galaktozes sirupa ieguvei. Praksé glikozes-galaktozes sirupu ar sausnu
70% razo no siera sikalam.

Laktozes hidrolize iegiita glikoze un galaktoze tiek uzskatitas par lielisku
alternativu saharozei, jo radusies cukuri ir saldaki, tos var izmantot partikas un
lauksaimniecibas produktu razosanai. Pedgjo divdesmit gadu laika §is process ir
motivEjis zinatniekus veikt petjjumus un analizét laktozes hidrolizes
prieksrocibas (Das et al., 2015).

Pastav arT citas iesp€jas sirupa salduma palielinaSanai, pievienojot
glikozes izomerazi, kas parvers§ glikozi fruktoze. Ir svarigi uzsvert, ka hidrolizes
laika veidojas ar1 galakto-oligosaharidi, kas ir vertigas prebiotikas. Turklat
hidroliz€jamam substratam pievienojot noteiktu fruktozes daudzumu, var
palielinat arT laktulozes saturu produkta. Laktuloze uzlabo galaprodukta vertibu,
ir prebiotika un var labvéligi ietekm&t gremosSanas procesus organisma.

Pétijuma iegiistamais sirups biis lieliska alternativa saldvielam un
saldinatajiem, raksturosies ar funkcionalam ipas§ibam un mazaku energétisko
vertibu.

Promocijas darba meérkis: pilnveidot laktozes hidrolizes procesu
glikozes-galaktozes un oligosaharidu sirupa iegts$anai.

Promocijas darba hipotéze: divpakapju fermentacija palielina glikozes-
galaktozes strupa salduma pakapi.

Promocijas darba hipotezi pierada ar $adam t€zém:

1. Katjonu klatbiitne ietekm& [B-galaktozidazes aktivitati siera un biezpiena
sukalu ultrafiltrata.

2. Sikalu kimiskais sastavs un kvalitates raditaji ietekmé& laktozes fizikalas
Tpasibas.

3. Enzimatiskas reakcijas bitiski ietekm& sirupu funkcionalas un sensoras
Tpasibas.

Pétijuma objekti — biezpiena un siera sukalu ultrafiltrats, glikozes izomeraze,

komercialas -galaktozidazes un glikozes-galaktozes sirups.

Promocijas darba mérka sasniegSanai izvirziti §adi uzdevumi:

1. Novertet katjonu ietekmi uz [-galaktozidazes aktivitati fermentgjama
substrata.

2. Izpetit laktozes fizikalas 1pasibas, tas sekmigai hidrolizei.

3. Analizét monosaharidu satura izmainas laktozes hidroliz€, varigjot ar
substratu sausnu un pievienota enzima aktivitates vienibam.

4. Izvertet glikozes izomerazes izmantoSanas iesp&jas glikozes-galaktozes
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strupa salduma palielinasanai.
5. Novertet izstradato sirupu sensoras Ipasibas.

Darba novitate:

1. Laktozes hidrolizes procesa likumsakaribu izpéte galakto-oligosaharidu,
tostarp laktulozes veidoSana.

2. B-Galaktozidazes un glikozes izomerazes kombinacija glikozes-galaktozes
sirupa salduma palielinasanai.

Tautsaimnieciska nozime:

1. Tstenotie p&tijumi Jauj iegiit strupu, kuru var izmantot saldvielu un saldinataju
aizstaSanai partikas riipnieciba un funkcionalo produktu ieguvei.

2. Piedavats tehnologiskais risinajums laktozes hidrolizei, vispusigi izvertgjot
laktozes fizikalas ipaSibas, fermentacijas parametrus un siikalu sastavu.
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MATERIALI UN METODES

Pétijuma laiks un vieta

Zinatniskais darbs izstradats laika posma no 2016. gada novembrim Iidz
2021. gada maijam Latvijas Lauksaimniecibas universitates Partikas
tehnologijas fakultates Studiju un zinatnes centra laboratorijas; Latvijas
Universitates Mikrobiologijas un biotehnologijas institiita, Kimijas fakultaté un
Cietvielu fizikas institata;, Kalifornijas Politehniskas universitates Piena
Inovaciju institita, “J.S. Hamilton Poland Sp. z o.0. testing laboratory”
laboratorija.



Materialu raksturojums
Eksperimentos izmantotas siera un biezpiena siikalas tika ieglitas no AS
“Smiltenes piens” un AS “Tukuma piens”. 1. tabula apkopots p&tjjuma lietoto
stkalu ultrafiltratu sastavs un pH.

1. tabula/ Table 1

Biezpiena un siera siikalu ultrafiltrata sastavs un pH /
Composition and pH of sweet and acid whey permeates

Ultrafiltrats / Permeate Siera stikalu / Biezpi?na stkalu /
Sweet whey Acid whey
Tauki, / Fat, % 0
Olbaltumvielas / Proteins, % 0.2+0.1 0.5+0.1
Laktoze / Lactose, % 3.840.1 4.2+0.2
Sausna/ Total solids, % 4.6+0.1 5.2+0.2
pH 6.1£0.1 4.6+0.1

Eksperimentu uzsakot, ultrafiltrata sastavu analiz&ja ar MilkoScan™
Mars (Foss Analytical, Danija) un pH ar inoLab pH 7110 (WTW, Vacija).

Citi materiali:

» imobilizéta glikozes izomeraze (iegiita no Streptomyces murinus) iegadata no
Sigma — Aldrich (Vacija). Enzimam ir cilindriska forma (diametrs ir ap 0.6—
0.8 mm un garums 1.4—-1.8 mm). P&c razotaja noradém, glikozes izomerazes
aktivitate ir lielaka par 350 U g, optimalais vides pH 7.5 un optimala

temperattra 70 °C;

» fruktoze (Sigma-Aldrich, Vacija);
» glikoze - galaktozes sirups (AS “Smiltenes piens”).

Laktozes hidrolizei izmantoto komercialo -galaktozidazu raksturojums

apkopots 2. tabula.

2. tabula / Table 2

Pétijuma lietotas komercialas pf-galaktozidazes/
Commercial ff-galactosidases used in the study

Enzims / Enzyme NOLATMFit5500 Ha-Lactase 5200 GODO-YNL2
Aktivitate /Activity 5500 BLU g* 5200 NLU g? 5000 NLU gt
Avots / Source _ Bac_lllus _ Kluyvero_myces Kluyvero_myces
licheniformis lactis lactis
Piegadatajs Chr.HANSEN Chr.HANSEN Danisco
/Supplier Danija | Denmark Danija / Denmark |Danija | Denmark
Optimalais pH / 54-7.0 6.5-8.0 75-8.0
Optimal pH ' ' ' ' ' '




2. tabulas turpinajums / Continuation of Table 2

Enzims / Enzyme NOLAT™Fit5500 Ha-Lactase 5200 GODO-YNL2

Optimala

temperatira, / 35-50 35-45 40 - 45

Optimal

temperature, °C

Literatiiras avots / NOLAT™Fit5500 Ha-Lactase 5200 GODO-YNL2
Produkta Produkta Produkta

Reference . .. . _ .. . _ ..

informacija informacija informacija

Pétfjuma laikd enzimi un produkti uzglabati +4° C temperatiira, lai
saglabatu aktivitati un kvalitati.

Petijuma struktiira
Pétnieciskais darbs strukturéts piecos posmos (apkopoti 3. tabula), kura
katrs posms dod ieguldijumu sirupa salduma palielinasanai.

3. tabula / Table 3
Petijuma posmi / The stages of the research

Posms / Stage Raksturojums / Desription
I posms / Komercialo B-galaktozidazu stabilitates izpéte / Research on
Stage | the stability of commercial f-galactosidases
Il posms/ Laktozes fizikalo ipa§ibu izpéte ultrafiltratos / The study of
Stage 11 physical properties of lactose in whey permeates
111 posms / Laktozes hidrolizes dinamika dazada ultrafiltrata sausnas
P satura / Dynamics of the hydrolysis of lactose in the various
Stage 111 . -
permeates solids concentrations
Glikozes-galaktozes sirupa salduma paaugstinasanas izpéte
1V posms / . . .
Stage IV divpakapju fermentacija / The study of glucose-galactose syrup
9 sweetness in two-stage fermentation
V posms / Sirupu sensora novértésana / The sensory evaluation of syrups
Stage V

Petjuma I posma detalizétak analizétas komercialo B-galaktozidazu
fizikalas un kimiskas pasibas:

» metala jonu ietekme uz enzimu aktivitati (kalcijs, natrijs, kalijs un magnijs);

» laktozes hidrolizes izp&te ar kunga-zarnu trakta modelvidé apstradatu
B-galaktozidazi,

» dazadu metozu izvért€jums enzimu aktivitates un laktozes hidrolizes
noteikSanai.




P&tijuma II posma izmantotas siera un biezpiena stikalas, lai izvertétu
ultrafiltrata:
» kristalografiskas Ipasibas;
» termiskas 1pasibas;
» laktozes kristalu morfologiju.

No zinatniskiem rakstiem izvel&tas analizu metodes, lai pétitu ultrafiltrata
sastava ietekmi uz laktozes kristalu fizikalo stavokli, to kristalisko fazu pareju
un uzvedibu.

Pirmais un otrais posms tika Tstenots, lai vispusigi analizeétu pétijuma
objektus, to rezultati satur nozimigu informaciju III posma planotajas
aktivitates.

Saja posma analizéti un Vertéti visi hidrolizes parametri: pH, sausna,
enzimu aktivitates vienibas, lai modelétu efektivako glikozes-galaktozes sirupa
ar lielako salduma pakapi ieguvi (1. att.).

Ultrafiltrati hidrolizéti ar komercialo glikozes - galaktozes sirupa
razoSanai pieméroto tehnologiju.

Eksperimentam izvéléti ultrafiltrati ar dazadu sausnu (20, 30 un 40%) un
komercialo enzimu vienibam 0.5, 2.5 un 5 U ml?. Ultrafiltrata sausnas
palielinasanai izmantots rotacijas vakuuma ietvaic€tajs. Variacija ar sausnu un
enzima vienibam ir nepiecieSama, lai novertétu hidrolize iegiito cukuru saturu,
iegiitu labakas zinasanas par komercialo enzimu ipasibam, ar1 izprastu, kura
kombinacija atbilst augstakajai laktozes hidrolizes pakapei. Turklat §is petjjums
sniedz vertigu informaciju par monosaharidu profilu, tostarp glikozes-galaktozes
strupa uzturvertibu.
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Apstrade /
Processing

Biezpiena un siera stikalu
ultrafiltrats /
Acid and sweet whey
permeate

Ietvaic€Sana lidz
/  Evaporation
till: 20, 30 40 %

Kimiskas un

fizikalas analizes /

Chemical and
physical analyses

-laktoze /
lactose, %
-olbaltumvielas /
proteins, %
-tauki / fats, %
-sausna /

solids, %

-pH /pH

A4

Sausnas sagatavoSana
hidrolizei / Preparation of
solids for hydrolysis

Pievienotas
enzima vienibas /
Added  enzyme
units: 0.5, 2.5 un
5UmL?

Komercialo enzimu
pievienosana / f-
Galactosidases addition

-temperatira  /
temperature,
42+]1 °C

-laiks / time , 4 h
-10% KOH

A

N

Ultrafiltrata hidrolize /
Permeate hydrolysis

Sausnas / Solids,
Brix %

-sverSana /
weighing , mg
-enzima
aktivitate /
enzyme activity
-pH/pH

\4

pH/pH

Hidrolizéts ultrafiltrats /
Hydrolysed permeate

| Al

\‘_

cukuru
noteikSana, /
determination of
sugars, g Lt

1. att. Biezpiena un siera stikalu ultrafiltrata hidrolizes shéma /
Fig. 1. Schema of acid and sweet whey permeate hydrolysis
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IV posma pétita pievienotas fruktozes ietekme uz laktulozes sintézi. Saja
posma analiz&ta:
1) laktulozes sint€zes iespgja, pievienojot fruktozi no 1 lidz 20 g 100 mL
ultrafiltrata (2. att.);
2) divpakapju fermentacija, pievienojot 1 g glikozes izomerazes 100 mL
ultrafiltrata (3. att.).

Sis petijums deva vértigas atzinas par iegito cukuru profilu, kas ir biitisks
strupa saldumam.

Siera un biezpiena ultrafiltrats, sausna
20% / Sweet and acid whey permeate,
solids 20%

2.5 U mL! galaktozidazes vienibas /
2.5 U mL? g-galactosidase units ————»

HKOH — e
. 1
Hidrolize /Hydrolysis < 2 5gg
42+1°C,4h 5 9
¢ 109
209

Laktuloze /Lactulose

2. att. Laktulozes sinteze, pievienojot fruktozi /
Fig. 2. Lactulose synthesis by adding fructose

Siera un biezpiena ultrafiltrats,
sausna 20% / Sweet and acid whey
permeate, solids 20%

4—10% KOH
2.5 U mL™ galaktozidazes vienibas /
Fruktoze / 8 a )
Fructose 25U mL™ p-galactosidase units Hidrolize /Hydrolysis
42+1°C,4h
Glikozes izomeraze/
Glucose isomerase
s
Izomerizacija v D-glikoze, D-
/Isomerisation galaktoze, Laktoze
42+1°C,12h T /D-Glucose, D-

pH 7.5 10% KOH Galactose, Lactose
3. att. Divpakapju enzimatiska hidrolize ar B-galaktozidazi un glikozes
izomerazi /Fig. 3. TWo-stage enzymatic hydrolysis by B-galactosidase and

glucose isomerase
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1)

2)

V posma veikta paraugu sensora novértésana divos etapos:
hidroliz&to siera un biezpiena stikalu ultrafiltratu sensorais novertéjums, ka
kontrole izmantots komercialais glikozes-galaktozes sirups, kuram sausna
samazinata lidz 20%, izmantojot destiléto tideni. Hidrolizétos paraugus
verteja 36 apmaciti vertetaji, izmantojot 12-punktu nestrukturétu linijskalu
(Latvijas Lauksaimniecibas universitates Partikas tehnologijas fakultates
studenti un darbinieki).
divpakapju fermentacija ieglitajiem sirupu paraugiem veikts sensorais
novértgjums, izmantojot 12-punktu nestrukturdtu linijskalu. Siem
paraugiem sausna bija 70% un komercialais glikozes-galaktozes sirups
lietots ka kontrole. Strupus novértgja 30 apmaciti vertetaji (Latvijas
Lauksaimniecibas universitates Partikas tehnologijas fakultates studenti un
darbinieki).

Pétijumos izmantoto analiZu metoZu raksturojums

Darba veik$anai izmantotas analiZzu metodes, lietotas iekartas un standarti

apkopoti 4. tabula

4. tabula / Table 4

Pielietotie standarti, ickartas un metodes / Applied standards, equipment and

methods

Nr./ Standarts, iekarta un metode/ Standard,

Raditaji / Indicators equipment and methods

Fizikalie raditaji / Physical parameters

Noteiksana ar glikozimetru /
Glucose strip test
(Pandalaneni & Amamcharla, 2018)
Hromatografijas metode /
Chromatography method
(Zolnere et al., 2018)
Spektrofotometriska metode /
Spectrophotometric method
(AOAC 998.04)

[-galaktozidazes aktivitate /
f-galactosidase activity

Sasal$anas punkts /

Freezing point, °C SO 5764:2009

Ogﬁg;}“:;{;ﬁgﬂ? (/0) Polarimetrija / Polarimetry
Rentgendifraktogramma / Rentgendifraktometrija /
X-ray diffractogram X-ray diffractometry
Skengjosa elektronmikroskopija /
Morfologija / Morphology Scanning electron microscopy

(Kougoulos et al., 2010)

Kristalisko formu kusanas un
fazu parejas temperatiiras /
Melting and phase transition
temperatures of crystalline forms

Diferenciali skengjosa
kalorimetrija / Differential scanning
calorimetry
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4. tabulas turpinajums / Continuation of Table 4

Nr./ Raditaii / Indicators Standarts, iekarta un metode/ Standard,
No J equipment and methods
Masas izmaigu atkariba Termogravimetriska analize /
7. | no temperattras / Change in mass - -
denending on the temperature Thermogravimetric analyses
p g p
8. pH/pH 1SO 5546:2010
Kimiskie raditaji / Chemical parameters
10 Makroelementi / Macroelements: Atomabsorbcijas spektrofotometrija /
' Mg, Ca, Na, K, Atomic Absorption Spectrophotometry

11. PO4 Spektrofotometrija / Spectrophotometry

12. Sausna / Solids 1SO 2173:2003
Cukuru saturs / Amount of sugars:
laktoze, fruktoze, galaktoze, Hromatografijas metode /

13. | glikoze, laktuloze / lactose, Chromatography method
fructose, glucose, galactose, (Zolnere et al., 2018)
lactulose
GOS (galakto-oligosaharidi) Hromatografijas metode /

14. | saturs /  GOS (galacto- Chromatography method
oligosaccharides) content (Lee et al., 2014)

Tauku saturs / Fat content
Olbaltumvielu saturs / Protein .

15. content MilkoScanTM Mars
Laktozes saturs / Lactose content

16. Kopgjo olbgltumvielu saturs / 1SO 8968-1:2002
Total proteins concentration

Sagremojamibas izvérteSana / Evaluatioon of digestability
In vitro sagremojamiba kupga
zarnu trakta modelvidé / In vitro .
17. digestion at gastric intestinal tract Minekus et al. 2014)
model
Sensora noveértéSana / Sensory evaluation
_ _ 12-punktu nestrukturéta Iinijskala /12-
18. Sensora novertesa_ma/ point unstructured line scale
Sensory evaluation (IS0 4121:2003)

Datu statistiska analize

Rezultati izteikti ka vidgja aritméetiska vértiba + standartnovirze (SD).
Petfjuma rezultati iegiti trijos atkartojumos. Statistiskas analizes veiktas,
izmantojot divfaktoru un vienfaktora dispersijas analizi ANOVA un Tjukija
testu. Iegiito datu butiskuma limeni raksturo p veértiba (ja p>0.05, rezultati butiski
neatskiras, ja p<0.05, rezultati biitiski atSkiras). Visi dati tika aprékinati MS
Excel 2019 programmatiira.

Sensoras novertésanas rezultati analizgti, izmantojot galveno komponentu
analizi (PCA), kura mainigie bija sensoro Ipasibu noveértejums un lietotie enzimi.
Sie rezultati analizéti ar divfaktoru dispersijas analizi ANOVA. Statistiska
analizes veikta, izmantojot programmu IBM SPSS 22.0 (SPSS Inc.).
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PETIJUMA REZULTATI UN DISKUSIJA

1. Kalcija, natrija, kalija un magnija jonu ietekme uz
B-galaktozidazes aktivitati

Jonu ietekme uz NOLA™Fit5500 B-galaktozidazes aktivitati ir paradita
4. att€la. Enzima aktivitate bija stabila metala jonu koncentracija lidz 10 mM.
Sakot ar 15 mM, tika nov&rotas izmainas enzima aktivitat€. Enzims kliit mazak
aktivs natrija (Na*) koncentracijas diapazona no 15 Iidz 50 mM un magnija
(Mg?*) koncentracijas diapazona no 15 lidz 30 mM. Kalijs (K*) un kalcijs (Ca?*)
koncentracijas diapazona no 0 Iidz 50 mM bitiski neietekm&ja enzima aktivitati.
Lidzigus pétijumus veica Juajun et al. (2011), konstatgjot, ka monovalentie joni,
pieméram, Na* un K*, uzrada aktivatora ipasibas, hidrolizei izmantojot ONPG
un Bacillus licheniformis B-galaktozidazi. Turpreti Ca?* jonu pievieno$ana
koncentracijas diapazona no 1 lidz 10 mM enzimu tikai nedaudz aktiviz&ja, un §1
atzina var bt noderiga laktozes hidrolizei piena un siikalas.

Metala jonu konc. /Metal ions conc., mM

0 5 10 15 30 50
5
=
3 E
S 63 {
X C Q JO (
(o] Q
go of r P
5 2 r ) > ' 4
52 P {
"E §'l »jj f‘_/,) ‘9] / t)
&E / 7 a < -
&0

OHINNM OLHOANNM OLHIANM OHIANNM OWHONM O —HLONLOM
[SEREEEN [SEE RN S - [SE N [SERE N [SEE RN

Substrata konec./Substrate conc., mM
—0O—Na K Ca Mg
4. att. Metala jonu ietekme uz NOLAT™Fit5500 B-galaktozidazes aktivitati /
Fig.4. The impact of metal ions on NOLA™Fit5500 B-galactosidase activity

Savukart metala joni dazadi ietekm&a GODO-YNL2 B-galaktozidazes
(iegita no Kluyveromyces lactis) aktivitati, skatit 5. attélu. Kalija koncentracijas
diapazona no 5 Iidz 50 mM enzims uzradija visaugstakos rezultatus, apliecinot
to ka enzima aktivatoru. Savukart Na* jonu ietekme uz enzima aktivitati bija
pakapeniska, pieaugot Na* koncentracijai, enzima aktivitatei palielinajas. Visos
mérfjumos Ca?* joni uzradija viszemakos rezultatus, un tiek uzskatiti par
inaktivatoru. Mg?* joni ari darbojas ka enzima inaktivators koncentracijas
diapazona no 30 lidz 50 mM.
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Metala jonu konc. /Metal ions conc., mM
0 5 10 15 30 50

OWHOAINM OWHNNM OWHIONINM  OWHOALNM OWHONNM  O—HLONLM
o — o « o o « o « o « o o «

B (&)

w

[EEN

o-nitrofenola konc./
o-nitrophenol conc.. mM
N

o

Substrata konc./Substrate conc., mM
—O— Na K Ca Mg
5. att. Metala jonu ietekme uz GODO-YNL2 B-galaktozidazes aktivitati /
Fig. 5. The impact of metal ions on GODO-YNL2 (-galactosidase activity

Ha-Lactase 5200 B-galaktozidazes (iegiita no Kluyveromyces lactis)
aktivitati katrs metala jons ietekmé@ at3kirigi. 6. attgla ir paradits, ka K*, Mg?* un
Na* joni koncentracijas diapazona no 5 lidz 50 mM palielinaja enzima aktivitati,
visi joni tiek uzskatiti par aktivatoriem, turpreti Ca?* koncentracija sakot ar 10
mM enzima aktivitati samazinaja.

Metala jonu konc. / Metal ion conc. , mM

0 5 10 15 30 50

o-nitrofenola konc /
o-nitrophenol conc

OLHLONNM  OLOHLONLOM  OIONLOM  OW—ILONOM  OW—IONOM  OW—IONLOM
o = o o «— o — « o — « o — « o = «

Substrata konc. / Substrate conc. , mM
=0O—Na K Ca Ma

6 att. Metala jonu ietekme uz Ha-Lactase 5200 B-galaktozidazes aktivitati/
Fig. 6 The impact of metal ions on Ha-Lactase 5200 p-galactosidase activity

Vairaki pétfjumi apliecina, ka K* un Na* joni ir B-galaktozidazes
aktivatori, kas palielina Kluyveromyces lactis izcelsmes [-galaktozidazes
aktivitati (Adalberto et al., 2010; Jurado et al., 2004; Wojciechowska et al.,
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2018). Turpretl ir maz informacija, kura biitu daudz detalizeétak apskatita un
izklastita o jonu ietekme uz p-galaktozidazes aktivitati (Rico-Rodriguez et al.,
2020).
5. tabula / Table 5
Makroelementu un fosfatu saturs (mg kg') dazada sausnas satura
ultrafiltratos / Content (mg kg*) of macroelements and phosphates in
different solids permeates

Makroelementi un fosfati/Macroelements and phosphates,

Ultrafiltrats / mg kgL

Permeates 2 Na v M PO

Siera / Sweet, 5% 349+14 429+11 1480+100 579 275+61s

Biezpiena / Acid,

50 1322+83 469+67 1636189 123£16 736+34

Siera / Sweet, 20% 10714£99 660+57 2710455 260+13 1265450

Biezpiena / Acid,

20% 3400+86 1100£55 5600140 340+18 | 2200+56

Makroelementu saturs ultrafiltratos dod labaku izpratni par to ietekmi uz
enzima aktivitati. Kalijs domingé visos paraugos, kas dod parliecibu, ka citu
elementu klatbiitne (kas varétu darboties ka inaktivatori) neietekmétu p-
galaktozidazes aktivitati un hidrolizes pakape saglabatos augsta. Viena no garsas
manam, kuru var izmantot siikalu aprakstam, ir sala. Makroelementu saturs, kas
dots 5. tabula, parada, ka natrija un kalija saturs ir atSkirigs. Abi elementi
kombinacija veido sali riigto garSu, kas aprakstita ari Chandrapala et al., (2015)
un Frankowski et al., (2014) pétijumos.

2. Komercialas p-galaktozidazes stabilitates izpéte kunga-
zarnu trakta modelvidé

Eksperiments tika veikts in vitro apstaklos, lai analizétu komercialas [3-
galaktozidazes relativo stabilitati.

ST pétijuma nozimigums ir saistits ar literatiira ierobeZoti pieejamo
informaciju par B-galaktozidazes in vitro pétijjumiem, tapéc ir svarigi novertet §is
pasibas.
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GODO-YNL2 * NOLAT™Fi{t5500 ** Ha-Lactase 5200 *

7 att. KZT paklautas p-galaktozidazes laktozes hidrolizes (%) pakape /
Fig. 7. Lactose hydrolysis (%) after GIT withstand p-galactosidase

Vértibas apzimétas ar vienadu burtu katram enzimam dazadas koncentracijas bitiski neatSkiras
(p>0.05) / The values marked with the same letter for each enzyme at different concentrations do not
differ significantly (p>0.05)

Tika novérota biitiska atSkiriba hidrolizes iznakuma gan starp enzimiem
(p<0.05), gan starp viena enzima dazadam koncentracijam (p<0.05).

Ka paradits 7. attela, Ha-Lactase 5200 (62.5+£3.9%) un NOLA™Fit5500
(57.3+4.3%) B-galaktozidazes koncentracija 1 ml L™ uzrada augstaku laktozes
hidrolizes pakapi. Savukart GODO-YNL2 -galaktozidaze demonstrgja nelielu
hidrolizes pakapi enzima koncentracija 1 un 5 ml L’ Sos rezultatus var
izskaidrot ar temperatiiras un pH izmainam kunga-zarnu trakta modelvide.
Eksperimenta laika vides temperatiira bija 37 °C, kas ir mazak efekttva GODO-
YNL2 B-galaktozidazei (40 °C), bet NOLA™Fit5500 (35-50 °C) un Ha-Lactase
5200 (35-45 °C) B-galaktozidazes icklavas optimala intervala robezas. Kunga
modelvidé pH ir 2, bet tievo zarnu modelvidé pH 7. Kluyveromyces lactis enzimi
(GODO-YNL2 un Ha-Lactase 5200) darbojas pH diapazona no 6.5 lidz 8.0,
savukart Bacillus licheniformis p-galaktozidaze (NOLAT™Fit5500) darbojas
nedaudz skabakos apstaklos diapazona no 5 lidz 7 pH. Vairaku pétjjumu
(Dagbagli & Goksungur, 2008; Vidya et al., 2014) rezultati ir pieradijusi, ka
apstakli (temperattira, pH, aeracija, maisiSana, inkubacijas laiks) un komponenti,
kas atrodas substrata. Turklat Vrese et al. (2001) secinaja, ka komerciala
B-galaktozidaze kopa ar probiotiku B-galaktozidazi spgj izdzivot kunga vide, un
arT zarnas. Pamatojoties uz eksperimenta rezultatiem, ir noskaidrots, ka enzimi
sp&j saglabat savu aktivitati in vitro testos.
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imLL s5mL [ imLL 5mL [ imLL 5mL L

Cukuru konc., / Sugar conc., g L1

Laktoze / Lactose Glikoze / Glucose Galaktoze / Galactose

mGODO-YNL2  ®mNOLATMFit5500 Ha-Lactase 5200

8 att. KZT paklautas B-galaktozidazes laktozes hidrolizes produktu noveértéjums
/ Fig. 8. Evaluation of lactose hydrolysis products subjected by GIT

[-galactosidase
Vertibas apzimétas ar vienadu burtu katra enzima un cukura ietvaros butiski neatskiras (p>0.05) /
The values marked with the same letter within each enzyme and sugar concentration do not differ
significantly (p>0.05)

Laktozes hidrolizes rezultati, izmantojot Bacillus licheniformis un
Kluyveromyces lactis B-galaktozidazes, butiski ats$kiras (p<0.05). Salidzinosi
augsta laktozes hidrolizes pakape tika sasniegta ar NOLAT™Fit5500 un Ha-
Lactase 5200 B-galaktozidazém koncentracija 1 mL L.

Ka paradija 8. att€la rezultati, augstaka hidrolizes pakape tika sasniegta,
izmantojot 1 mL L. Jaatzimg, ka pétfjuma metodes pamata bija attieciba starp
partiku, gremoSanas enzimiem un pamatskiduma devu. Rezultati demonstrgja, ka
mazas enzima koncentracijas, visticamak, saglaba aktivitati KZT vidg. Jaatzimg,
ka in vitro eksperimentos tika pievienoti dazadi enzimi un nodro§inati dazadi
vides parametri un vielu koncentracija, kas arT visvairak ietekmé
B-galaktozidazes aktivitati.

Kotz et al. (1994) salidzindja B-galaktozidazes aktivitati komerciala
nearomatiz&ta jogurta un jogurta ar augstu P-galaktozidazes saturu, kuru 60
miniites hidrolizéja 37 °C temperatira un pH 3.5. Jogurta ar augstu
B-galaktozidazes saturu enzims uzradija zemaku aktivitati skaba vidé neka
B-galaktozidaze komercialaja jogurta, kas biitu pamatojums iesp&jamai
B-galaktozidazes inaktivacijai KZT. Autori secinaja, ka augstai enzima
koncentracijai un zemam substrata pH ir bitiska ietekme uz B-galaktozidazes
aktivitati un denaturaciju KZT.
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3. Dehidrateta sukalu ultrafiltrata fizikalas 1pasibas

Dehidratéto paraugu, kas iegiiti no 5% a-laktozes monohidrata skiduma,
siera un biezpiena stikalu ultrafiltrata, ka arT a-laktozes monohidrata kristalu
virsmas morfologija tika analizéta, izmantojot skengjoso elektronmikroskopu,
skatit 9. att..

SEM MAG: 5.00 kx Det: BSE
View fiold: 6.4 ym  SEMHV; 120KV 10 pm

N
SEM MAG: 5.00 kx

L
View fleld: 5.4 um | SEM HV: 120KV 10 um

: e
Dot BSE SEM MAG: 5.00 kx Det: BSE 1

View ficld: 66.4 pm | SEMHV: 120KV 10 pm

9. att. Laktozes kristalu virsmas morfologija /

9. att. Surface morphology of lactose crystals
a-Laktozes monohidrata kristali (A) un izsmidzinaSanas kalté iegiitas laktozes kristali
(iegiiti no 5% o-laktozes monohidrata Skiduma (B)); sausa siera sikalu ultrafiltrata (C);
sausa biezpiena stukalu ultrafiltrata (D) virsmas morfologija. Visi attéli doti
5000xpalielinajuma / Fig. 9. Surface morphology of a-lactose monohydrate crystals (A)
and spray dried lactose obtained from 5% of a-lactose monohydrate solution (B); from
sweet whey permeate (C); from acid whey permeate (D). All micrographs are shown at
5000% magnification
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9. att. ir redzams, ka B, C un D paraugos laktoze ir ieguvusi amorfo formu.
Ginzle et al. (2008) zinoja, ka izsmidzinasanas laika tidens iztvaiko$ana notiek
loti atri, palielinas Skiduma viskozitate, tap&c art kristali neizveidojas un laktoze
saglaba amorfo formu. a-Laktozes monohidrata kristaliska forma ir Tomahawk
kristalu veida (9. A att.), kuriem ir slip&ta struktiira (Wong & Hartel, 2014). Tika
noverotas laktozes virsmas atSkiribas starp ultrafiltratu paraugiem. Paraugiem,
kas iegiiti no 5% a-laktozes monohidrata skiduma (9. B att.) un siera siikalu
ultrafiltrata (9. C att.), laktozes virsma bija gluda, bez izteiktam atSkiribam,
kamer biezpiena siikalu ultrafiltrata laktozei (9. D att.) virsma ir gan gluda, gan
krokota, noverojamas plaisas un lizumi. Biezpienu stikalu pH ir zem 6 (skat. 1.
tab.), kas var€tu biit par galveno iemeslu atskirigai laktozes virsmas morfologijai.

4. Glikozes izomerizacija sirupa salduma palielinasanai

Lai iegutu saldaku strupu, tika veikta ta hidrolize, ar talaku glikozes
izomerizaciju fruktoze.

Eksperiments veikts, izmantojot siera un biezpiena stikalu ultrafiltratus ar
sakotngjo sausnu, attiecigi, 205+3 g LY un 180+10 g L.

Nola ™FIT 5500 Ha-Lactase 5200 GODO-YNL2

gL g L* g L*

- Fruktoze / . Galaktoze / . Glikoze / Laktoze /
Fructose Galactose Glucose Lactose

8+

29+1

10. att. Cukuru saturs siera siikalu ultrafiltrata, izmantojot glikozes izomerazi /
Fig. 10 Sugar concentration in sweet whey permeate using glucose isomerase

10. attela dati parada, ka divpakapju fermentacija iegitie siera sukalu
ultrafiltrata paraugi satur fruktozi intervala no 43+10 lidz 48+1 g L.
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Nola™FIT 5500 Ha-Lactase 5200 GODO-YNL2

00

13+2

"

Fruktoze / Galaktoze / .GIikoze / Laktoze /
Fructose Galactose Glucose Lactose

11. att. Cukuru saturs biezpiena stikalu ultrafiltrata, izmantojot glikozes
izomerazi / Fig. 11 Sugar concentration in acid whey permeate using glucose
isomerase

11. attela dati parada, ka divpakapju fermentacija iegiita biezpiena siikalu
ultrafiltrata paraugi satur fruktozi intervala no 1943 Iidz 24+1 g L1, Laktozes
saturs paraugos norada, ka [-galaktozidazes darbibu ierobezoja glikozes
izomeraze (Andrade et al., 2020). Salidzinot fruktozes saturu, siera stkalu
ultrafiltrata paraugos fruktozes veido$anas ir intensivaka neka biezpiena sukalu
ultrafiltrata paraugos. Augstakais fruktozes saturs 48+1 g L (10. att.) un
24+1 g Lt (11. att.) tika iegiits paraugos, kuros izmantoja Ha-Lactase 5200
B-galaktozidazi, un 44+2 g L1 (10. att.) un 23+6 g L' (11. att) ar
NOLA™Fit5500 B-galaktozidazi. Savukart ultrafiltrata paraugi ar GODO-YNL2
uzradija mazako monosaharidu saturu, attiecigi, saglabajusos laktozes saturu.

Paraugiem tika analiz8ts ar1 galakto-oligosaharidu (GOS) saturs, tas
atspogulots 12. attela.

80 a
60 b
2 I
¥, 40 a :E
17+1
0
Nola - FIT 5500 Ha-Lactase 5200 GODO-YNL2
m Siera stikalu ultrafiltrats/ Biezpiena stikalu ultrafiltrats/
Sweet whey permeate Acid whey permeate

12. att. Kopgjais galakto-oligosaharidu saturs (g L) paraugos / Fig. 12

Concentration of total galacto-oligosaccharides (g L) in samples
Vértibas apzimétas ar vienadu burtu katra enzima ietvaros biitiski neatskiras (p>0.05) / The values
marked with the same letter within each enzyme do not differ significantly (p>0.05)
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Kopuma iegititais galakto-oligosaharidu saturs (12. att.) hidrolizéta
biezpiena siikalu ultrafiltrata svarstijas intervala no 17+1 lidz 5144 g L2, bet siera
sikalu ultrafiltrata no 2742 lidz 6642 g L. Eksperiments paradija, ka
GODO-YNL2 [-galaktozidazei ir augstaka GOS producEsanas aktivitate, bet
NOLA™Fit5500 B-galaktozidazei ir vismazaka. GOS iznakums ir atkarigs no
temperatiiras, pH, reakcijas laika, B-galaktozidazes avota un sakotngjas laktozes
koncentracijas. Turklat transgalaktozidéSanas reakciju var veicinat arl maza
tdens aktivitate (Botvynko et al., 2019). Luzzi et al. (2020) laktozes hidrolizei
un GOS sintézei izmantoja Cetrus komercialos p-galaktozidazes enzimus,
rezultatd mazakais GOS saturs 71 g L! tika iegiits, izmantojot NOLA™Fit5500
f-galaktozidazi, kas ir ieglits arT misu pétijjuma. Savukart Andrade et al. (2020)
secinaja, ka, izmantojot GODO-YNL2 [-galaktozidazi GOS sintézei kazas
piena, tika iegiiti 5.9+1.0 % GOS, kas ir tuvu miisu rezultatiem. Sie rezultati
apstiprina katras -galaktozidazes GOS veidoSanas sp&ju un ir iesp&jams iegiit
glikozes-galaktozes sirupu ar potenciali atSkirigam prebiotiskam ipasibam.
Pamatojoties uz B-galaktozidazes izcelsmi, enzims, ko iegtist no Kluyveromyces
lactis, sintezé B-(1—6) galakto-oligosaharidus, galvenokart 6'-galaktozilaktozi,
alolaktozi un 1-6-p-D-galaktobiozi, bet no Bifidobacterium bifidus iegist GOS
ar B-(1—3) saiti (Génzle, 2012).

Lai noteiktu produktivako B-galaktozidazes preparatu GOS sintézei siera
un biezpiena siikalu ultrafiltratos, katrs GOS saturs tika izteikts procentos no
kopgja GOS satura paraugos.

100 100
A a B
\%i aa i3 bb
S 2 T % gs I
= a £
‘g ESO abb I *g ‘ESO 28
o8 I S
g ¢ g5 =
2 3 23 b
aaa = bab
0 = . = 0 — -
GOS2 GOS3 GOSs4 GOS2 GOS3 GOS4

Nola - FIT 5500 ® Ha-Lactase 5200 = GODO-YNL2 Nola - FIT 5500 = Ha-Lactase 5200 ® GODO-YNL2

13. att. Galakto-oligosaharidu saturs (%) A — siera siikalu ultrafiltrata un B —
biezpiena sukalu ultrafiltrata paraugos / Fig. 13 Galacto-oligosaccharides
concentration (%) in A — sweet whey permeate and B- acid whey permeate

samples
Vertibas apzimétas ar vienadu burtu katra galakto-oligosaharida ietvaros bitiski neatskiras (p>0.05)

| The values marked with the same letter within each galacto-oligosaccharide do not differ
significantly (p>0.05)

Ka redzams 13. attela, katram enzimam ir specifiska transgalaktolitiska
aktivitate. GOS ir 1so k&Zu oglhidrati, kurus veido 2 Iidz 20 galaktozes molekulas
un viena glikozes molekula (TokoSova et al., 2015). Visas B-galaktozidazes
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galvenokart veido disaharidus (GOS2) (kas varétu biit galaktobioze, alolaktoze)
un trisaharidu (GOS3) (kas varétu but 6 'galaktozillaktoze). Var noteikt ari
nelielu tetrasaharidu (GOS4) koncentraciju. P&tfjumi paradija, ka no siera stikalu
ultrafiltrata var iegtt vairak GOS. Biezpiena siikalu ultrafiltrata augstako GOS2
saturu radija NOLA™Fit5500 B-galaktozidaze - 84+1%, bet GOS3 - GODO-
YNL2 un Ha-Lactase 5200 p-galaktozidazes 34+1 un 374+4%, respektivi.
Salidzinot GOS veidus, abos siikalu ultrafiltratos enzims paradija tendenci veidot
lielaku GOS2 saturu. Laktozes izoméers alolaktoze ir disaharids, l1dzigs laktozei,
kur B-1—6 glikozidsaites vieta ir B-1—4 saite. Tas norada, ka -galaktozidazei
ir papildus saites modifikacijas loma (Otieno, 2010; Osman, 2016).

Fischer & Kleinschmidt (2015) zinoja, ka Klyveromyces lactis
B-galaktozidazes transgalaktozileSanas reakcija ir atkarigas no salu satura
stikalas. Bitisku ietekmi uz enzimu aktivitati atstaj pievienotais 10% KOH.
Izmantojot KOH substrata pH pielagosanai, vidé palielinas K* jonu
koncentracija. Metala jonu ietekme uz [-galaktozidazes aktivitati galvenokart
balstas uz jonu radiusu, kas ietekmé arT enzima struktiiru (Rajakala & Selvi,
2006).

5. Sirupu sensora noverteSana

Ar NOLA™Fit5500 un Ha-Lactase 5200 enzimiem apstradatie paraugi
tika novertéti lidzigi (8.6) un bija ievérojami (p<0.05) saldaki, salidzinot ar
kontroles un GODO-YNL2 paraugiem, 6. tabula. Pamatojoties uz iegiitajiem
pétijuma rezultatiem, izvélétais ultrafiltrata sausnas saturs 20% un 2.5 U mL™*
enzima vienibas ir efektivas salduma intensitates paliclinasanai.

6. tabula / Table 6
Hidroliz&to siera stkalu ultrafiltrata paraugu sensoro pasibu intensitates
novertéjums / Sensory attributes intensity of hydrolysed sweet whey permeate

samples
- . Kontrole/ NOLA™ Ha-Lactase GODO-
Ipasiba/Attribute Control Fit5500 5200 YNL2
Salda garsa/ 7.9 8.6° 8.6 7.5
Sweet taste
Skaba garsa/ 1.08 1.9b 1.22 1.12
Sour taste
Sala garSa/ b a a a
Salty taste 12 L9 Lo L
Pécgarsa/ b a a a
Aftertaste 28 72 o "0

Vértibas apzimétas ar vienadu burtu katras rindas ietvaros batiski neatSkiras (p>0.05) / The values
marked with the same letter within each row do not differ significantly (p>0.05)

Hromatografiskie rezultati paradija, ka kontroles paraugs satur
7343 g L1 glikozes, 59+1 g L! galaktozes, 15+4 g L laktozes un 27+5 g L
GOS. Skabas garias intensitaite NOLA™Fit5500 paraugam ieverojami atSkiras
(p<0.05) un tika noverteta ar 1.9 (no 12), bet pargjiem paraugiem ta svarstijas no
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1.0 Iidz 1.2. Saluma intensitate paraugiem butiski neatskiras (p>0.05), iznemot
kontroles paraugu. Kopuma skabas un salas garSas intensitate tika novértéta
zemak ka 2, kas norada uz mazu $o garSu ietekmg&joso vielu klatbiitni paraugos.
Pienskabes koncentracija siera sikalas ir ieverojami mazaka, salidzinot ar
biezpiena siikalam, un ir diapazona no 0.5 Iidz 2.0 g L (Panesar et al., 2007;
Fischer & Kleinschmidt, 2015; Merkel et al., 2021). P&cgar$as intensitate
paraugos bija nozimiga (p<0.05), visi paraugi tika noverteti robezas no 6.6 Iidz
7.2, bet kontroles 2.8.

Savukart 7. tabula ir redzams, ka paraugiem, kas iegiiti no biezpiena
stkalu ultrafiltrata, bija ievérojama salduma intensitates atSkiriba (p<0.05),
turklat kontrolei bija augstakais raditagjs 7.2 (no 12). Janorada, ka
NOLA™Fit5500 paraugam bija mazaka salduma intensitate (2.5) un augstaka
skabuma intensitate (6.6). Visu paraugu saluma intensitate butiski neatSkiras
(p>0.05), to vért€jums bija no 6.1 lidz 6.5, salidzinot ar kontroli (1.2 no 12).
Paraugu pecgarsas intensitate paradija, ka kontroles un NOLA™Fit5500 paraugi
(attiecigi 2.8 un 3.3) savstarpgji neatskiras (p>0.05), ari Ha-Lactase 5200 un
GODO-YNL2 paraugi (5.6 un 6.0) butiski neatskiras (p>0.05).

7. tabula / Table 7
Hidroliz&to biezpiena stkalu ultrafiltrata paraugu sensoro ipasibu intensitates
novertejums / Sensory attributes intensity of hydrolysed acid whey permeate

samples
Tpasiba/Attribute Kontrole/ | NOLATMFit Ha-Lactase GODO-
P Control 5500 5200 YNL2
Salda gar$a/ 7 2 2 5 43b 3.gbc
Sweet taste
Skaba garsa/ 1.06 6.6 4.2° 4.3
Sour taste
Sala garSa/ b a a a
Salty taste 1.2 6.2 6.5 6.1
P&cgarsa/ b b a a
Aftertaste 2.8 3.3 56 6.0

Vertibas apzimétas ar vienadu burtu katras rindas ietvaros butiski neatSkiras (p>0.05) / The values
marked with the same letter within each row do not differ significantly (p>0.05)

Viena no galvenajam paraugu atSkiribam bija liela saluma un maza
salduma intensitate (7. tabula). Faktori, kas to ietekmé ir siikalu veids, pH un
pievienotais 10% KOH daudzums. Biezpiena stikalu ultrafiltratu iegtist biezpiena
un grieku jogurta razoSana, ar ultrafiltraciju atdalot olbaltumvielu un tauku
frakciju. Pienskabe un lielaka daja mineralvielu pariet filtrata, kas ir zema pH un
sali skabas garSas célonis (Merkele et al., 2021; Talebi et al., 2020). Turklat
eksperiments ar NOLA™Fit5500 enzimu veikts pH 5.6+0.1, kas varétu skaidrot
mazo salduma un lielo skabuma intensitates raditaju. Savukart Ha-Lactase 5200
un GODO-YNL2 enzimiem optimalais pH ir augstaks (6.5 — 8.0), kas samazina
skabas garsas sajiitu, bet palielina pecgarsu. Wen’s et al. (2020) pétijuma norada,
ka K* joni ir salas un riigtas garSas veicinatajs. PEtljuma secinajumi izskaidro no
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siera un biezpiena stikalu ultrafiltratiem iegiito paraugu salas garsas novert€juma
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14. att. Galveno komponentu analize, analizgjot hidrolizéto A - sieraun B -
biezpiena siikalu ultrafiltrata paraugu sensoro Ipasibu intensitati (Osalda, @
skaba,@sala un @pécgarsa) (n = 36) / Fig. 14 Principal component analysis of
the sensory attributes © sweet,® sour,@ salty and @aftertaste) intensity of
hydrolysed A — sweet and B — acid whey permeates samples (n = 36)
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Galveno komponentu analize (14. A att€la) paradija, ka pirmie divi PCA
analizes komponenti (PC1 un PC2) izskaidroja 96% sensoro ipasibu novertgjuma
variaciju starp kontroli un siera sikalu ultrafiltrata paraugiem. Pirmais
komponents (PC1) izskaidroja 94% no datu variacijas, apvilkti ar zalo krasu,
paradot, ka kopuma paraugu 1pasibu vertgjums ir diezgan lidzigs. Savukart otrais
komponents (PC2) izskaidro 2% datu variacijas, apvilktas ar dzelteno krasu,
paradot, ka NOLA™Fit5500 un Ha-Lactase 5200 paraugi uzradija visaugstako
saldas garSas intensitati.

Savukart 14. B att€la rezultati paradija, pirmie divi PCA analizes
komponenti (PCl1 un PC2) izskaidroja 97% sensoro Ipasibu novértgjuma
variaciju starp kontroli un biezpiena siikalu ultrafiltrata paraugiem. PCI
komponents izskaidroja 94% datu variacijas, apvilktas ar zalo krasu, bet PC2
komponents tikai 3% datu variacijas, apvilktas ar dzelteno krasu. Zemakie
vertgjumi bija kontroles paraugam salas un skabas garSas intensitaté, bet
NOLA™Fit5500 paraugam saldas gar3as intensitate.

P&c laktozes hidrolizes paraugus izomerizgja ar glikozes izomerazi un
koncentréja lidz sausnai 70%. VeErtétaju grupa veica noveértéSanu péc
iepriekSaprakstitas metodikas.

8. tabulas rezultati paradija, ka starp paraugiem salduma, saluma un
pEcgarsas intensitate ir biitiskas atSkiribas (p>0.05). Salduma intensitate tika
novérotas statistiskas atskiribas. GODO-YNL2, NOLA™Fit5500 un Ha-Lactase
5200 paraugiem vertejums biitiski neatskiras (p>0.05), art GODO-YNL2 un
kontroles paraugu vertgjums biitiski neatskiras (p>0.05). PEcgarsas intensitates
novertgjuma biitiski atskiras NOLA™ Fit5500 paraugs (p<0.05). Skabas garias
intensitates veértéjuma paraugi biitiski neatskiras (p>0.05).

8. tabula / Table 8
Divpakapju fermentacija iegiito siera siikalu ultrafiltrata sirupu sensoras
ipasibas / The sensory properties of sweet whey permeate syrups made in
two-stage fermentation

Tpasiba/Attribute Kontrole/ NOLA™ Ha-Lactase GODO-
p Control Fit5500 5200 YNL2
Salda gar§a/ 7 4b 9 23 9 3a 8 4ab
Sweet taste ) ) ) ’
Skébz‘i garéa/ 1 2a 1 9a 1 Sa 1 4a
Sour taste ) ) ) '
Sala garSa/ b b a a
Salty taste 2.4 2.2 2.9 3.1
Pecgarsa/ 3.7 4.72 3.9b 3.8
Aftertaste ) ) ) )

Vértibas apzimé&tas ar vienadu burtu katras rindas ietvaros batiski neatSkiras (p>0.05) / The values
marked with the same letter within each row do not differ significantly (p>0.05)

9. tabulas rezultati paradija, ka ar divpakapju fermentaciju iegitos
paraugos nebija iesp&jams paaugstinat saldas garSas intensitati
27



9. tabula / Table 9
Divpakapju fermentacija iegiito biezpiena siikalu ultrafiltrata sirupu
sensoras ipasibas / The sensory properties of acid whey permeate syrups
made in two-stage fermentation

Tnasiba/Attribute Kontrole/ NOLA™ Ha-Lactase GODO-
P Control Fit5500 5200 YNL2
Salda gar$a/ 7.62 4.2b 4.5P 3.4¢
Sweet taste ' ' ) )
Skaba gar§a/ 1.5¢ 3 2b 3 9b 5.12
Sour taste ' ' ) )
Sala garsa/ c b a a
Salty taste 2.4 5.5 8.7 8.1
P&cgarsal/ c a a b
Aftertaste 3.7 81 8.7 51

Vértibas apzimétas ar vienadu burtu katras rindas ietvaros bitiski neatSkiras (p>0.05) / The values
marked with the same letter within each row do not differ significantly (p>0.05)

Kontroles parauga salduma intensitate tika novértéta ar 7.6 (no 12), kas
$aja pétijuma bija visaugstaka. NOLAT™VFit5500 un Ha-Lactase 5200 paraugu
salduma intensitate butiski neatSkiras (p>0.05), bet GODO-YNL2 paraugs tika
novertéts viszemak 3.4 (no 12).

Galveno komponentu analize ( 15. A attéla) paradija, ka pirmie divi PCA
analizes komponenti (PC1 un PC2) izskaidroja 97% sensoro Ipasibu noverteéjuma
variaciju starp kontroli un strupa paraugiem, kas iegiiti no siera stkalu
ultrafiltrata. PC1 komponents izskaidroja 92% datu variacijas, apvilktas ar zalo
krasu, paradot tos paraugus, kuru noveértgjums ir lidzigs, bet PC2 tikai 4% datu
variacijas, apvilktas ar dzelteno krasu, noradot, ka Siem paraugiem ir izteikti
atSkirigs veértejums. Péc divpakapju fermentacijas visaugstak tika novértéta
NOLA™Fit5500 un Ha-Lactase 5200 paraugu saldas garias intensitate, bet
kontroles un GODO-YNL2 paraugu skabas garSas intensitate novértéta
viszemak, noradot, ka skaba garsa Siem paraugiem praktiski netika sajusta.

Savukart galveno komponentu analize ( 15. B attéla) paradija, ka pirmie
divi PCA analizes komponenti (PC1 un PC2) izskaidroja 97% sensoro ipasibu
novertejuma variaciju starp kontroli un sirupa paraugiem, kas iegfiti no biezpiena
stkalu ultrafiltrata. PC1 komponents izskaidroja gandriz 95% datu variacijas,
apvilktas ar zalo krasu, bet PC2 tikai 2%, apvilkts ar dzelteno krasu. Zemakais
novertejums bija kontroles paraugam, kuram vertetaji nesajuta izteiktu skabas
garSas intensitati, salidzinot ar petamiem paraugiem, kuriem pec divpakapju
fermentacijas skaba garsa bija daudz izteiktaka.
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15. att. Galveno komponentu analize, analizgjot divpakapju fermentacija

iegiito sirupu (A - siera un B - biezpiena ultrafiltratiem) sensoro Tpasibu

intensitati O salda,@skaba,@sala un® pecgarsa) (n = 30) / Fig. 15. Principal
component analysis of the sensory attributes (O sweet,® sour, @salty, and
@aftertaste) intensity of syrups made in two-stage fermentation (A — sweet and
B — acid whey permeates) (n = 30)

Petijuma izmantota glikozes izomeraze ir aktiva pH 7.5, tas nozimé, ka
paraugiem ir japievieno papildus 10% KOH $kidums. K* jonu koncentracijas
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palielinasanas rada spécigu salo, rigto garSu un p&cgarSu. Viena no galvenajam
biezpiena siikalu parstrades problémam ir to skabums, kurs parstrades procesos
ir janeitralizé. Sada gadijuma tiek izmantots stiprs sarma $kidums (natrija vai
kalija hidroksids), lai péc iesp&jas mazak to pievienotu siikalam. ST metode
ietekm€ stikalu mineralvielu saturu un kavé atsalo$anu, padarot tehnologiju vel
neefektivaku (Kravtsov et al., 2020). Biezpiena sukalu ultrafiltrata pH
palielinasana Iidz 7.5 batiski ietekmgja sirupa sastavu un sensoras Ipasibas.
Sarma §kidumu izmantoSana ietekm@ aminoskabju reaktivas grupas, ka rezultata
mainas nekovalenti sp&ki (pieme@ram, van der Valsa), -elektrostatiska
mijiedarbiba, hidrofoba mijiedarbiba un tidenraza saite (Onwulata et al., 2006).
Tas izskaidro ar dulku paradi$anos sirupa, padarot to mazak dzidru.

Paraugu sensorais novertéjums paradija, ka divpakapju fermentacija spgj
palielinat sirupa salduma intensitati. Lai gan izomerizacijai ir dazas nepilnibas,
strupa dzidruma uzlabos$anai ir nepiecieSsami papildus pasakumi, Tpasi biezpiena
stkalu sirupam. Salduma intensitates novértéSanas rezultati siera siikalu
ultrafiltrata paraugiem apliecina, ka Siem produktiem ir potencials ienakt partikas
tirgl. Savukart biezpiena stkalu ultrafiltrata sirupu sensorais novert&jums
liecina, ka tos nevarétu tiesi lietot saldvielu un saldinataju aizstaganai. So sirupu
varetu ieklaut jaunu produktu razoSana, to garSas diversific€Sanai.

SECINAJUMI

1. legitie pétijjuma rezultati apstiprina izvirzito hipotézi: divpakapju
fermentacija palielina glikozes-galaktozes sirupa salduma pakapi.

2. Ultrafiltrats nesatur augstas tiribas laktozi, kas ietekmé laktozes hidrolizes
reakciju.

3. Kalcija joni inhib& Kluyveromyces lactis B-galaktozidazes darbibu, pret&ji
Bacillus licheniformis p-galaktozidazei. Galvenie substratu aktivatori
analiz€tajiem enzimiem ir kalija un natrija joni.

4. Glikometru var izmantot ka rutinas ierici hidrolizetas laktozes satura analizei
substrata.

5. Kluyveromyces lactis un Bacillus licheniformis B-galaktozidaze spgja
saglabat aktivitati kunga-zarnu trakta modelvid€, uzradot atskirigu laktozes
hidrolizes sp&ju no 57+4% (NOLA ™ Fit5500) Iidz 63+4 % (Ha-Lactase
5200), pievienojot in vitro apstradatu B-galaktozidazi saturoS$u $kidumu
1mL L%

6. Katram substratam noteikta koncentracija ir atSkirigas fizikalas un kimiskas
pasibas, kas ietekm& enzima aktivitati un glikozes, galaktozes un laktozes
saturu.

7. Peétijums pieradija, ka veiksmigak laktozes hidrolize istenojama siera un
biezpiena siikalu ultrafiltratam ar sausnu 20%, pievienojot 2.5 U ml* enzima.
Abiem substratiem ir atSkirigas fizikalas un kimiskas 1pasibas, kas ietekmé&
enzima aktivitati un radusos monosaharidu saturu.
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8. Divpakapju fermentacija fruktozes vairak veidojas siera suikalu ultrafiltrata.
Lielakais fruktozes saturs (48+1 un 2441 g L attiecigi siera un biezpiena
stkalu ultrafiltratos) tika iegiits, izmantojot Ha-Lactase 5200 -galaktozidazi.

9. Eksperimenti pieradija, ka iegitas laktulozes saturs ir atkarigs no pievienotas
fruktozes daudzuma. Noteiktais laktulozes saturs siera stkalu ultrafiltrata bija
robezas no 1+0.2 Iidz 5442 g L! un biezpiena siikalu ultrafiltrata no 120.1
lidz 17+1 g L%

10. Augstako galakto-oligosaharidu producgsanas sp&ju uzrada GODO-YNL2 -
galaktozidaze. Biezpiena stikalu ultrafiltrata galakto-oligosagaridu saturs
svarstijas intervala nol7+1 Iidz 51+4 g L, bet siera siikalu ultrafiltrata no
2742 lidz 6642 g L.

11. Sensora novertéjuma rezultati paradija, ka siera siikalu ultrafiltrata paraugos
ir augstaka saldas garSas intensitate.

12. Pétijuma noskaidrots, ka, izmantojot divpakapju fermentaciju, ir iesp&jams
paaugstinat no siera siikalu ultrafiltrata iegiita glikozes-galaktozes sirupa
salduma intensitati.

TOPICALITY OF THE RESEARCH

New methods and technologies for processing food by-products into
valuable and functional products are becoming increasingly important. There are
two main types of whey, sweet and acid, and researchers are constantly studying
to get new information and acquire new knowledge. One way to process lactose
in whey is the application of biotechnology, specifically using p-galactosidase,
to hydrolyse lactose into monosaccharides. This is the first step in making
glucose-galactose syrup. Some dairy manufacturers around the world today
produce and offer a 70% glucose-galactose syrup made from sweet whey.

The hydrolysis of lactose in glucose and galactose is considered to be an
excellent alternative to sucrose, as the resulting sugars are sweeter and can be
used as additives for food and animal products production. Over the last two
decades, this process has motivated scientists and manufacturers to conduct
research and analyse its benefits (Das et al., 2015).

There is a possibility to further increase the sweetness of the syrup by
adding glucose isomerase, which converts glucose into fructose. It is important
to emphasize that galacto-oligosaccharides are also formed during enzymatic
reactions, which are especially valuable as prebiotics. In turn, there are methods
to produce lactulose during the lactose hydrolysis adding a certain amount of
fructose to the substrate. Lactulose adds value to the final product and has been
shown to perform a number of biological activities.

Finally, the new syrup can be a great alternative with a high level of
sweetness that could be used as a sweet substance for the manufacturing of food
products, thus reducing the energetic value of the product.

The aim of the doctoral thesis was to improve the lactose hydrolysis
process for obtaining glucose-galactose and oligosaccharide syrups.
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The hypothesis of the doctoral thesis — the two-stage fermentation

increases the sweetness of glucose-galactose syrup.

The hypothesis of the doctoral thesis has been confirmed by the defended

thesis:

1.

2.

3.

The presence of cations affects the B-galactosidase activity in the sweet and
acid whey permeate.
The chemical composition and quality of whey affect the physical properties
of lactose.
Enzymatic reactions affect the functional and sensory properties of syrups.
The research objects — sweet and acid whey permeates, glucose
isomerase, commercial B-galactosidases and glucose-galactose syrup.
The following tasks were set to achieve the aim of the doctoral thesis:
To evaluate the effect of cation concentration to ensure the B-galactosidase
activity in substrate.
To investigate the physical properties of whey lactose in order to better
understand its behaviour.
To study the changes of monosaccharide concentration in the lactose
hydrolysis, varying with the solids concentration of the substrates and
enzyme units.
To assess the possibilities of glucose isomerase to increase the sweetness of
glucose-galactose syrup.
To evaluate the sensory properties of the developed syrups.

The novelty of the doctoral thesis:
The study of the relationship of lactose hydrolysis process in the formation
of galacto-oligosaccharides, including lactulose.
The combination of B-galactosidase and glucose isomerase increases the
sweetness of glucose-galactose syrup.

The economic significance of the doctoral thesis:
The studies have shown the possibility to obtain syrup that can be used as
sugar and sweeteners replacer in the food industry and to produce functional
products.

. A technological solution for hydrolysis of lactose is proposed,

comprehensively evaluating the physical properties of lactose, fermentation
parameters and whey composition.
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APPROBATION OF THE RESEARCH

The research results have been published in 6 scientific articles
including in SCOPUS and Web of Science databases and presented at 8
international scientific conferences in USA, Czech Republic, Estonia, Italy and
Latvia (see the list on pages 5-7).

MATERIALS AND METHODS

Time and location of the research

Experimental work was conducted during the period from November
2016 to May 2021. Analyses and research were performed at the following
institutions:

1) Faculty of Food Technology, Latvia University of Life Sciences and
Technologies;

2) Institute of Microbiology and Biotechnology, Faculty of Chemistry,
Institute of Solid State Physics at the University of Latvia,

3) Dairy Innovation Institute, California Polytechnic State University;

4) J.S. Hamilton Baltic Ltd. Laboratory.

Description of materials
Sweet and acid whey permeates which were used for the experiments
were Kindly donated by local dairy manufacturers SC “Smiltenes piens” and SC

“Tukuma piens”. Table 1 represents the composition and pH of the permeates.

At the beginning of the experiment, the composition of permeates was
analysed by MilkoScan™ Mars (Foss Analytical, Denmark) and pH by inoLab
pH 7110, (WTW, Germany).

Other materials:

» Immobilized glucose isomerase was isolated from Streptomyces murinus and
purchased from Sigma—Aldrich (Germany). The enzyme has a cylindrical
shape, with an approximate 0.6-0.8 mm diameter and 1.4-1.8 mm length.
According to the manufacturer the specific activity of glucose isomerase was
more than 350 U g%, optimal media pH 7.5 and temperature 70 °C.

» Fructose from Sigma-Aldrich (Germany).

» Glucose — galactose syrup SC “Smiltenes piens”.

Commercial B-galactosidases (see Table 2) were used for lactose
hydrolysis.

During the research, the enzymes and products were stored at a
temperature of +4 °C to keep the high activity and quality.

The structure of the research

The research work is structured in five stages (summarized in Table 3), in
which each stage contributes to increasing the sweetness of the syrup.
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In the stage | the physical and chemical properties of commercial
-galactosidases were analysed in detailed way:
the effect of metal ions on enzyme activity (calcium, sodium, potassium and
magnesium);
study of lactose hydrolysis with GIT (gastrointestinal tract model) treated f3-
galactosidase;
evaluation of the rapid methods for the determination of enzyme activity and
lactose hydrolysis.

=

vV WV V¥V

In the stage Il the sweet and acid whey were used to evaluate the
properties of the permeates.

Main tasks of this stage:

» crystallographic properties;
» thermal properties;
» lactose morphology.

Particular methods have been selected from scientific papers to be sure
that the chosen methods are appropriate for the investigation of the effect on the
physical state of lactose crystals in permeates, their glass transition properties
and behaviour.

The first and second stages were designed to evaluate and analyse
research object, these results contain significant information used in stage 111
activities.

In this stage, each hydrolyses parameter such as, medium pH, solids,
enzyme units was carefully analysed and evaluated to modulate the most
effective factors for glucose-galactose syrup production with the highest
sweetness (see Figure 1).

Permeates were hydrolysed with a method which is practised on a
commercial scale for glucose — galactose syrup production.

The permeates with different solids (20, 30 and 40%) and commercial
enzyme units of 0.5, 2.5 and 5 U mI* were selected for the experiment. A rotary
vacuum evaporator was used to increase the solids in permeates. The variation
in solids concentrations and enzyme units is necessary to evaluate the sugar
content in the hydrolysis, to gain a better knowledge of the properties of
commercial enzymes, and to understand which combination corresponds to the
highest degree of lactose hydrolysis. In addition, this study provides valuable
information on the profile of monosaccharides, including nutritional value of
glucose-galactose syrup.

The effect of added fructose for lactulose synthesis was investigated in
stage IV.

In this study was investigated:

1) the lactulose synthesis during lactose hydrolysis by adding fructose from 1 to
20 g to 100 mL permeate sample (see Figure 2).

2) two-stage fermentation, adding 1 g glucose isomerase to 100 mL permeate
sample.
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This stage provides valuable data on sugar profile which definitely gives
significant information about the sweetness of the final product (see Figure 3).

In stage V the sensory evaluation was conducted in two parts:

1) sensory evaluation of hydrolysed sweet and acid whey permeates.
Commercial glucose-galactose syrup was used as a control, the solids
concentration was reduced to 20% by distilled water. The hydrolysed sweet
and acid whey permeates were evaluated by 36 trained panellists using 12-
point unstructured line scale (students and staff members of the Faculty of
Food Technology, Latvia University of Life Sciences and Technologies).

2) sensory evaluation of syrups produced by two step fermentation. When
hydrolyzed samples were isomerized, they were concentrated to solids
content of 70%, and commercial glucose-galactose syrup was used as a
control. Syrups were evaluated by 30 trained panellists using 12-point
unstructured line scale (students and staff members of the Faculty of Food
Technology, Latvia University of Life Sciences and Technologies).

Description of the methods of analysis used in the research
The equipment, methods of analysis and standards used to perform the
research are summarized in Table 4.

Statistical analysis of data

Results were expressed as mean + standard deviation (SD) of three
replicates for composition and analytical measurements. Statistical analyses were
carried out using Two-Way ANOVA, One-Way ANOVA and Tukey tests. The
level of significance of the obtained data is characterized by the value of p (if
p>0.05, the results do not differ significantly, if p<0.05, the results differ
significantly). All data were calculated in MS Excel 2019 software.

Sensory data were analysed using a principal component analysis (PCA)
where the variables are sensory attributes and enzymes, as well as the data were
also assessed by a Two-Way ANOVA. These statistical analyses were calculated
with IBM SPSS 22.0 (SPSS Inc.).

RESULTS AND DISCUSSION

1. The impact of calcium, sodium, potassium and
magnesium ions on f-galactosidase activity

The effect of ions on NOLA ™ Fit5500 B-galactosidase activity is shown
in Figure 4. NOLAT™Fit5500 pB-galactosidase activity was stable until the
concentration of metal ions did not exceed 10 mM. Starting from the
concentration of 15 mM, changes in the activity of enzymes were observed.
Enzymes started to become less active at the sodium (Na*) concentration range
of 15 to 50 mM and magnesium (Mg?*) concentration range of 15 to 30 mM.
Potassium (K*) and calcium (Ca?*) at the concentration range of 0 to 50 mM did
not have a significant effect on enzyme activity. Similar research was done by
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Juajun et al. (2011) where it was established that monovalent ions, such as Na*
and K*, showed activator effect on the hydrolysis of ONPG by Bacillus
licheniformis B-galactosidase. In contrast, the addition of Ca?* ions in the
concentration range of 1 to 10 mM slightly activated the enzyme and this finding
can be beneficial for lactose hydrolysis in milk and whey.

Metal ions affected GODO-YNL2 B-galactosidase (originated from
Kluyveromyces lactis) activity differently, see in Figure 5. Potassium at the
concentration range of 5 to 50 mM showed the highest results and was considered
as an enzyme activator. In turn, Na* ions influence on enzyme activity was
gradual, the enzyme activity had increased with an increased Na* concentration.
In all measurements, Ca?* ions showed the lowest results which is considered as
an inactivator. The Mg?* ions also worked as an enzyme inactivator at the
concentration range of 30 to 50 mM.

Ha-Lactase 5200 B-galactosidase (originated from Kluyveromyces lactis)
activity is differently affected by each metal ions. As shown in Fig 6 K*, Mg?*,
and Na* ions in the concentration range of 5 to 50 mM increased enzyme activity
and all ions were considered as activators, whereas Ca?* concentration from 10
mM decreased enzyme activity and started to work as an inactivator.

Several researches indicate that K™ and Na* ions are known as activators
which increase the hydrolysis activity of p-galactosidase originated from
Kluyveromyces lactis (Adalberto et al.,, 2010; Jurado et al., 2004;
Wojciechowska et al., 2018). However, there is little information on the more
detail description of the effect and impact of these ions on [-galactosidase
activity (Rico-Rodriguez et al., 2020).

The amount of macronutrients in permeates gives a better understanding
of their effect on enzyme activity. Potassium predominates in all samples,
suggesting that the presence of other elements (which could act as inactivators)
would not affect B-galactosidase activity and that the degree of hydrolysis would
remain high. One of the taste attributes that can be used to describe whey is salty.
The macronutrient content given in Table 5 shows that the sodium and potassium
contents are different. Both elements give a salty and bitter taste which is also
described in the research of Chandrapala et al. (2015), and Frankowski et al.
(2014).

2. The study of B-galactosidase stability under gastric
intestinal model in vitro

The experiment was performed under in vitro conditions to determine a
relative stability of the commercial B-galactosidase used in this regard.

The importance of this study is due to the limited information available in
literature on in vitro studies of B-galactosidase, so it is important to evaluate the
properties of this enzyme in such environment.
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A significant difference was observed in the result of hydrolysis, both
between enzymes (p<0.05) and between different concentrations of the same
enzyme (p<0.05).

As it was shown in Figure 7, Ha-Lactase 5200 (62.5+3.9 %) and NOLA™
Fit5500 (57.3+4.3%) B-galactosidases at concentration 1 mL L showed stronger
digestive resistance and higher yield of lactose hydrolysis. However, GODO-
YNL2 B-galactosidase showed low hydrolysis yield at enzyme concentration 1
and 5 mL L%, These results can be explained by the temperature and pH variation
during the gastric-intestinal track. The temperature for experiment was 37 °C
which was less effective for the GODO-YNL2 B-galactosidase (40 °C), but for
NOLAT™Fit5500 (35-50 °C) and Ha-Lactase 5200 (35—45 °C) B-galactosidases
were within the optimal interval. At gastric phase, the pH of the medium was 2
but at the intestinal phase pH was 7. Enzymes of Kluyveromyces lactis origin
(GODO-YNLZ2 and Ha-Lactase 5200) are active at pH range of 6.5 to 8.0, while
the NOLA™Fit5500 B-galactosidase of Bacillus licheniformis origin is active
under slightly more acid conditions in the range of 5 to 7 pH. The research results
of several articles (Dagbagli & Goksungur, 2008; Vidya et al., 2014) showed that
B-galactosidase activity and stability are influenced by the enzyme origin, growth
conditions (temperature, pH, aeration, agitation, incubation time) and
components present in the growth medium. Moreover, Vrese et al. (2001)
concluded that the commercial B-galactosidase in combination with probiotic
B-galactosidase is able to pass through gastric phase, as well as, intestinal phase.
Therefore, based on the results of the experiment, the ability of the enzymes to
retain their activity during in vitro.

The hydrolysis of lactose by Bacillus licheniformis and Kluyveromyces
lactis p-galactosidases was significantly different (p<0.05). A comparatively
high hydrolysis was achieved with the NOLA ™Fit5500 and Ha-Lactase 5200
B-galactosidases at a concentration of 1 mL L.

As shown in our results in Figure 8, the highest hydrolysis effect was
achieved using 1 mL L™ of B-galactosidase concentration instead of 5 mL L2, It
should be noted that the study method was based on the ratio among food,
digestive enzyme and stock solution intake. The findings show that low enzyme
concentration is more likely to retain activity in the GIT environment. It should
be noted that various enzymes were added in in vitro experiments, different
environmental parameters and substance concentrations were provided, which
also have the greatest influence on the activity and behaviour of B-galactosidase.

Kotz et al. (1994) had compared B-galactosidase activity in commercial
unflavoured yoghurt and in high lactase yoghurt which was hydrolysed for 60
minutes at 37 °C and pH 3.5. B-Galactosidase in high lactase yoghurt showed
lower activity in acidic media than $-galactosidase in commercial yoghurt, which
might be explained by the potential inactivation of B-galactosidase in GIT. The
authors concluded that the high enzyme concentration and low media pH had a
significant impact on -galactosidase sensitivity and promoted its denaturation.
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3. Physical properties of dehydrated whey permeate

Surface morphology of the dehydrated powders from 5% a-lactose
monohydrate solution, sweet whey, and acid whey permeates, as well as
a-lactose monohydrate crystals have been investigated using scanning electron
microscopy. As it can be seen in Figure 9 B, C and D dehydrated powder of
lactose and both permeates have an amorphous form of lactose. Génzle et al.
(2008) reported that during the spray—drying, evaporation of water occurs very
rapidly and the viscosity of the solution increases as well, that is the reason why
crystals fail to form and lactose is formed in an amorphous form. The crystalline
form of a-lactose monohydrate crystals have Tomahawk crystals showing faceted
structure (Wong & Hartel, 2014). However, the micrographs of different
permeate powders were diverse. Spray-dried powder from 5% a-lactose
monohydrate solution (Figure 9. B) and sweet whey permeate (Figure 9. C) had
droplet surface of spherical shapes with a smooth surface, while the morphology
of spray—dried acid whey permeate droplets in Figure 9 D showed that one part
of the droplets surface had a shrunken appearance, another part has cracks or
fractures and the other part was smooth. As shown in Table 1, acid whey had pH
below 6 which could be the reason for the appearance of the droplet surface to
be strongly affected.

4. Glucose isomerisation for increasing of syrup sweetness

To produce a sweeter syrup from whey permeates, the hydrolysed
permeates were used as a feedstock for glucose isomerisation by glucose
isomerase. The experiment was carried out using sweet and acid whey permeates
with the initial lactose concentration 205+3 g L™* and 180+ 0 g L%, respectively.
The data presented in Figure 10 show that content of fructose in sweet whey
permeate samples was obtained within range of 43+10 to 48+1 g L1,

The data presented in Figure 11 shows the content of fructose after
isomerisation in acid whey permeate samples was within the range of 19+3 to
24+1 g L. The use of B-galactosidase in this study was limited because it is
difficult to achieve a complete hydrolysis of lactose due to the side reaction
(Andrade et al., 2020). Comparing the amount of fructose between permeates,
the results indicate that fructose formation was observed higher in sweet whey
permeate than in acid whey permeate. The highest fructose amounts 48+1 (Figure
10) and 24+1 g L (Figure 11) were obtained in the samples where permeates
were hydrolysed using Ha-Lactase 5200 B-galactosidase, and 4442 (Figure 10)
and 23+6 g L* (Figure 11) using NOLA™Fit5500 B-galactosidase. Moreover,
permeate samples with GODO-YNL2 showed the lowest amounts of
monosaccharides but the highest of lactose.
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The galacto-oligosaccharide (GOS) content in the samples was also
analysed and shown in Figure 12.

Overall, the obtained GOS yield in hydrolysed acid whey permeate varied
in the interval of 171 to 5144 g L but in sweet whey permeate from 27+2 to
66+2 g L1, Our experiment showed that GODO-YNL?2 B-galactosidase has the
highest activity of GOS production, but NOLA™Fit5500 B-galactosidase the
least activity. The yield of GOS is highly dependent on temperature, pH, reaction
time, source of B-galactosidase, and the initial concentration of lactose. In
addition, the transgalactosylation reaction may be intensified due to low water
activity (Botvynko et al., 2019). Luzzi et al., (2020) used four commercial -
galactosidase preparations for lactose hydrolysis as well as for GOS production,
and their results indicated that the lowest GOS yield 71 g L! was obtained using
NOLA™Fit5500 B-galactosidase which is also in agreement with our results. In
turn, Andrade et al. (2020) findings showed that, using GODO-YNL2 B-
galactosidase for GOS synthesis in goat’s milk, 5.9+1.0% GOS was obtained,
which is close to our results. Overall, these results emphasise the ability of each
B-galactosidase to form GOS with different structures and the possibility to
produce GOS with potentially different prebiotic properties (Corzo-Martinez et
al., 2013). Based on the origin of B-galactosidase, the enzyme which is obtained
from Kluyveromyces lactis produces B-(1 —6) galactooligosaccharides mainly
6'-galactosyllactose, allolactose and 1-6-p-D-galactobiose but from
Bifidobacterium bifidus primarily GOS is produced with a B-(1—3) bond
(Génzle, 2012).

To determine the most productive B-galactosidase preparation for GOS
synthesis in sweet and acid whey permeates, each GOS amount was expressed
as percentage of total amount of GOS in sample.

As can be seen in Figure 13, each enzyme has a specific transgalactolytic
activity. The GOSs are the short-chain carbohydrates that are composed of 2—
20 molecules of galactose and one molecule of glucose (TokoSova et al., 2015).
All B-galactosidases produce mainly disaccharides (GOS2) (which could be
galactobiose, allolactose) and trisaccharide (GOS3) (which could be 6’ galactosyl
lactose). A small concentration of tetrasaccharides (GOS4) can also be detected.
All enzymes showed that in sweet whey permeate more GOS can be produced.
The maximum yield of GOS2 was obtained in acid whey permeate by
NOLA™Fit5500 p-galactosidase 84+1% and GOS3 by GODO-YNL?2 and Ha-
Lactase 5200 B-galactosidases 34+1 and 37+4%, respectively. Comparing the
GOS types, enzymes showed the tendency to produce large amount of GOS2 in
each whey permeate. The lactose isomer, allolactose, is a disaccharide that is
similar to lactose, where instead of -1—6 glycoside bond is f-1—4 bond. The
study revealed that the B-galactosidase has an additional role in bond
modification (Otieno, 2010; Osman, 2016).

Fischer & Kleinschmidt (2015) reported that the transgalactosylation
behaviour of B-galactosidase originated from Klyveromyces lactis strongly
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depends on the concentration of salts which initially is in whey and their ratio. A
significant effect on enzyme activity can be observed in case of the addition of a
10% KOH solution, which was used to adjust the pH of the substrate, thus
increasing K* concentration. The effect of metal ions on B-galactosidase activity
is based mainly on ionic radius and the enzyme structure is also affected
(Rajakala & Selvi, 2006).

5. The sensory evaluation of developed syrups

Sweet whey permeate samples with NOLAT™Fit5500 and Ha-Lactase
5200 B-galactosidases were evaluated similarly at the score 8.6 (out of 12), which
were significantly (p<0.05) sweeter compared to the control and GODO-YNL?2
samples, see Table 6. This indicates, that based on the obtained results the
concentration of solids used and enzyme units were effective to increase
sweetness. Chromatographic results showed that the control contains 73+3 g L
glucose, 59+1 g L galactose, 15+4 g L™ lactose and 27+5 g L™t GOS. Moreover,
the sour taste intensity differed significantly (p<0.05) for the NOLA™Fit5500
sample and was rated at 1.9 (out of 12), while the other samples ranged from 1.0
to 1.2. Salty taste intensity did not differ significantly between hydrolysed
samples (p>0.05) except for NOLA™Fit5500 sample. Overall, the sour and salty
taste intensity was scored below 2 (out of 12), indicating a weak presence of this
taste compounds in the samples. The concentration of lactic acid in sweet whey
is significantly lower compared to acid whey and the range is 0.5t0 2.0 g L™
(Panesar et al., 2007; Fischer, Kleinschmidt, 2015; Merkel et al., 2021). The
difference in aftertaste was significant (p<0.05) and all hydrolysed samples were
scored 6.6 to 7.2 but the control 2.8.

All acid whey permeate samples (Table 7), showed significant difference
(p<0.05) in sweet taste intensity but the control has the highest score 7.2 (out of
12). It should be indicated that NOLA™Fit5500 sample has the lowest score (2.5)
in sweet taste intensity and the highest score in sour taste intensity (6.6). The
salty taste intensity of all hydrolysed samples was not significantly different
(p>0.05) and scored from 6.1 to 6.5 compared to the control 1.2 (out of 12).
Aftertaste intensity showed that the control sample and NOLA™Fit5500 sample
were 2.8 and 3.3, respectively, and did not differ significantly (p>0.05) and Ha-
Lactase 5200 and GODO-YNL2 samples were 5.6 and 6.0, respectively, and did
not differ significantly as well (p>0.05).

The samples obtained from acid whey have a high salty and low sweet
taste intensity. The factors which need to be specified are — the source of whey
permeate, pH and the volume of added 10% KOH. Mainly acid whey permeate
can be obtained from fermented milk products (cottage cheese, Greek yoghurt)
and after ultrafiltration, protein and fat fractions are removed but lactic acid is
untouched which is the reason of low pH and salty and acidic taste (Merkel et
al., 2021; Talebi et al., 2020). The experiment with NOLA™Fit5500 B-
galactosidase was carried out at pH 5.6+0.1 which could explain the lowest mean
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score in sweet taste and the highest in sour taste. Wen’s et al. (2020) report has
a summary of several researches where K* ions were described as a contributor
to the salty taste. The findings of the report explain the results of the evaluation
of salty taste of sweet and acid whey permeates.

Principal Component Analysis (PCA) in Figure 14. A showed that the
first two components of the PCA analysis (PC1 and PC2) explained the 96%
variation in sensory evaluation between control and sweet whey permeate
samples. The first component (PC1) explained 94% of the data variation,
showing that green-lined attribute scours of samples were quite similar. While
the second component (PC2) explained only 2%, indicating that yellow-lined
NOLA™Fit5500 and Ha-Lactase 5200 samples had the highest intensity of sweet
taste.

In contrast, Figure 14 B results showed that the first two components of
the PCA analysis (PC1 and PC2) explained the 97% variation in sensory
evaluation between control and acid whey permeate samples. The first
component (PC1) explained 94% of the data variation, showing that the green-
lined attribute scours of samples were similar. While the second component
(PC2) explained only 3%, indicating that yellow-lined samples had the lowest
intensity of sweet taste NOLATFit5500 sample and salty and sour taste intensity
control sample.

After hydrolysis, samples were isomerised with glucose isomerase and
evaporated till solid concentration up to 70%. Panellists performed evaluation
according to the previously mentioned methodology.

In Table 8 results showed that there were significant differences (p<0.05)
in sweet, salty taste and aftertaste. The statistical difference was observed in
sweet taste intensity where GODO-YNL2 with NOLA™Fit5500 and Ha-Lactase
5200 samples were not significantly different (p>0.05) and GODO-YNL2 with
control samples were not significantly different (p>0.05) either. In the evaluation
of aftertaste intensity, NOLA™Fit5500 sample differed significantly from all
samples (p<0.05). In the evaluation of acid taste intensity, all samples showed
that the evaluation did not differ significantly (p>0.05).

The results in Table 9 showed that two-stage fermentation increases
sweetness of samples. The sweet taste intensity of control sample was scored
7.60 (out of 12), which was the highest. The sweet taste intensity of
NOLA™Fit5500 and Ha-Lactase 5200 samples was not significantly different
(p>0.05) 4.2 and 4.5, respectively, and GODO-YNL?2 sample was scored at least
3.4 (out of 12).

The PCA in Figure 15 A showed that the first two components (PC1 and
PC2) of the analysis explained 97% variation in the sensory evaluation between
control and syrups obtained from sweet whey permeate. The PC1 explained 92%
of the data variation, showing that green-lined attribute scores of samples are
similar, while the PC2 explained only 4%, indicating that yellow-lined
NOLA™Fit5500 and Ha-Lactase 5200 samples had the highest sweet taste
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intensity, while the acid taste intensity of the control and GODO-YNL2 samples
was evaluated the lowest, indicating that the acidity was practically not felt in
these samples.

In contrast, PCA in Figure 15. B showed that the first two components
(PC1 and PC2) of the analysis explained 97% variation in the sensory evaluation
between control and syrups obtained from acid whey permeate. The PC1
explained approximate 95% of the data variation, showing that green-lined
attribute scours of samples were quite similar. While the PC2 explained only 2%,
indicating that yellow-lined control sample had the lowest score in the sour taste
intensity. This shows that the permeate samples had a more notable sour taste
after two-stage fermentation.

Glucose isomerise which was used in the study is active at pH 7.5, and
this means that after hydrolysis an additional 10% KOH solution needs to be
added to the samples. Therefore, the increase of K* ions concentration gives a
stronger sour, salty taste, and aftertaste. One of the main problems for acid whey
is its high acidity and for recycling processes whey should be neutralised. The
common method is to use strong alkali solutions such as sodium hydroxide or
potassium hydroxide. However, this approach affects the ionic composition of
whey and neutralises desalination, making the technology even less efficient
(Kravtsov et al., 2020). The increase of pH to 7.5 in acid whey permeate samples
made a significant impact on syrup composition and sensory properties. The use
of strong alkali solutions affects the reactive groups of the amino acids, resulting
in the changes of the noncovalent forces that influence bounding, such as van der
Waals forces, electrostatic interactions, hydrophobic interactions, and hydrogen
bonding (Onwulata et al., 2006). This explains the appearance of white sediments
in the syrup.

This research showed that sensory profile of two-stage permeate
fermentation is effective and is able to increase the sweetness of syrup. Although
isomerisation has some side effects, additional preparations are needed to
improve the clarity of the syrup, especially in the case of acid whey syrup. The
sweet taste scoring results of final syrups obtained from sweet whey permeate
suggest that this product has the potential to enter the food market. However, the
sensory results of acid whey permeate syrups show that they would be less likely
as a sweet product. This syrup could be included in the production of new
products to diversify their taste.

CONCLUSIONS

1. The results of the study confirm the proposed hypothesis: the two-stage
fermentation increases the sweetness of glucose-galactose syrup.

2. Permeates do not contain lactose of high purity which, in turn, influences
lactose hydrolysis reaction.
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10.

11.

12.

Kluyveromyces lactis B-galactosidase was more strongly inhibited by calcium
ions than Bacillus licheniformis B-galactosidase. The main activators in the
substrates were potassium and sodium ions for all enzymes.

The glucometer can be used as a routine device for the analysis of amount of
hydrolysed lactose in a substrate.

The study indicates that B-galactosidases originated from Kluyveromyces
lactis and Bacillus licheniformis were able to retain their activity after GIT in
vitro simulation, showing a difference in lactose hydrolysis from 57+4%
(NOLATFit5500) to 63+4% (Ha-Lactase 5200) with the addition of an in
vitro treated p-galactosidase at concentration 1 mL L.

Each permeate at a certain concentration has different physical and chemical
properties which influence enzyme activity and the glucose, galactose and
lactose concentration in the hydrolysed permeates.

The most convenient hydrolysis can be obtained at total solids concentration
20% of permeate and 2.5 U mL™ of enzymes. Both substrates at a certain
concentration have different physical and chemical properties which
influence the enzyme activity and profile of final sugar outcome.

In two-stage fermentation, more fructose is formed in the sweet whey
permeate. The highest fructose content (48+1 and 24+1 g L in sweet and
acid whey permeates, respectively) was obtained using Ha-Lactase 5200
B-galactosidase.

The experiments showed that the concentration of lactulose depends on the
amount of added fructose. The amount of lactulose in sweet whey permeate
was within the range of 1£0.1 to 54+2 g L™ and in acid whey permeate it was
1£0.1t0 17 1 g L%

The highest activity of GOS production was shown by GODO-YNL2
B-galactosidase, where the amount of GOS in isomerised acid whey permeate
varied in the interval from 17+0.1 to 514 g L' but in sweet whey permeate
from 27+2 to 66+2 g L%,

The results of the sensory evaluation showed that the sweet whey permeate
samples had a higher sweet taste intensity.

The study revealed that using two-stage fermentation is possible to increase
the sweetness intensity of glucose-galactose syrup obtained from sweet whey
permeate.
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