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PETIJUMA AKTUALITATE

Laktobionskabes potencials dazadas tautsaimniecibas nozares un tas augosais
pieprasijums tirgl, rosina mekl&t risinajumus efektivai vielas ieguvei, lietojot
izmaksu zina 1&tas, viegli pieejamas un otrreiz parstradajamas izejvielas.

Komerciala laktobionskabe tiek razota kimiska sintézg, lietojot célmetala
katalizatorus un ievérojamus energijas resursus. NO visam iesp&amajam
laktobionskabes iegiiSanas metodém, fermentativa oksidéSana lauj izmantot
1etakas izejvielas, pieméram, suikalas. Apzinot dazadas laktobionskabes ieguves
metodes, to priekSrocibas un trikumus, vislielako interesi izraisa Pseudomonas
taetrolens izmanto$ana laktobionskabes ieguvei. Pseudomonas taetrolens
darbibas rezultata iegiitie produkti ir drosi partika, ka ari pétnieciskie rezultati
apstiprina to sp&ju vairoties siera stikalas un konvertét laktozi laktobionskabg.
Tomér fermentativaja oksidéSana svarigs ir ne tikai fermentacijas, bet ari
laktobionskabes izdaliSanas posms, kas So metodi padara laikietilpigaku neka
kimiskas sintézes metodes iegiito. Izdalisanas posma tiek lietotas dazadas
attiriSanas metodes (centrifug€Sana, mikrofiltracija, sublimacija, ietvaice, jonu
apmainas hromotografija, kristalizéSana, elektrodialize, skaloSana ar etanolu
u.c.), lai no izmantota substrata izdalttu maksimali tiru laktobionskabi.

Misdienas siikalu parstradé vairak fokus€jas uz stikalu olbaltumvielu
izdaliSanu un to pielietojumu funkcionalu partikas produktu razo$ana. Lielaka
stikalu sausnas sastavdala, proti, laktoze netiek pilnvértigi izmantota. Zinatnieki
un razotaji mekle iesp&jas ka izmantot siikalu sastavdalas augstvértigu produktu
ieguvei. Biezpiena stikalu izmanto$ana dazadu produktu razo$ana Iidz §im nav
apzinata ka efektiva, liela substrata skabuma, organisko skabju un ieverojama
fosfatu un citratu satura d&l. Apkopojot informaciju par biezpiena stkalu sastavu,

Pseudomonas taetrolens augSanai nepiecieSamajiem parametriem, eso$as

zinaSanas un pétniecisko darbu pieredzi biezpiena stkalu mikrobialaja

fermentacija, tam ir potencials tikt izmantotam laktobionskabes ieguvei.

Tehnologiskie risindgjumi laktobionskabes iegtiSanai vél joprojam hav
pietiekami izpétiti, tadgjadi Seit paveras plass zinatniskais lauks fundamentaliem
pétijumiem un jaunam atzinam.

Promocijas darba hipotéze: biezpiena stikalas var piem&rot laktobionskabes
ieguvei mikrobialaja fermentacija.

P&ttjuma hipoteze aizstavama ar sadam tezeém.

1. Biezpiena siikalu sastavs ir piem&rots Pseudomonas taetrolens vairo$anai.

2. Laktozes koncentracija biezpiena stikalas ir pietiekama laktobionskabes
sintézei.

3. Biezpiena stkalu atSkirigais pH ir pielagojams Pseudomonas taetrolens
vairoSanai un ietekm& bakteriju metabolisko aktivitati un laktozes
biokonversiju laktobionskabg.

4. Ar izstradatas tehnologijas palidzibu ir iesp&ams iegiit tautsaimnieciba
izmantojamu laktobionskabi.



Promocijas darba meérkis ir pétit biezpiena sukalu fermentacijas iesp&jas ar

Pseudomonas taetrolens laktobionskabes ieguvei.

1.

w

Darba mérka sasnieg8anai izvirziti $adi uzdevumi.

Apkopot pieejamo zinatnisko literatiru par laktobionskabes ieguves
metodém un izvertét to efektivitati;

Izveleties tehnologiskos risinajumus ekonomiskai laktobionskabes ieguvei
no biezpiena sukalam;

Vertet laktozes satura izmainas substrata fermetacijas laika;

Analizét fermenteSanas parametru ietekmi maksimalai laktobionskabes
ieguvei.

Promocijas darba izstrade lidzfinanséta no:
LLU pétniecibas programmas ,,Zinatniskas kapacitates stiprinasana LLU”
projekta Nr. Z23 “Laktobionskabes ieguves biotehnologiskie risinajumi”;
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ESF projekta Nr. ES32 "LLU pareja uz jauno doktorantiiras finanséSanas
modeli"”;

NACIONALAIS A» EIROPAS SAVIENIBA
ATTISTIBAS ‘ Eiropas Socialais
PLANS 2020 fonds

IEGULDIJUMS TAVA NAKOTNE

ELFLA projekta Nr.19-00-A01612-000007 "Ekonomiski pamatota stikalu
parstrade jauniem produktiem partikai un lopbaribai".

“ mocuuoznanse e ELFLA

EIROPAS SAVIENIBA EIROPAS LAUKSAIMNIECIBAS FONDS LAUKU ATTISTIBAI:
EIROPA INVESTE LAUKU APVIDOS

Promocijas darba novitate un zinatniskais nozimigums.

Pirmo reizi Latvija veikti pétijumi laktobionskabes ieguvei mikrobialaja
fermentacija, izmantojot biezpiena stikalas un sasniedzot 100% laktozes
biokonversiju laktobionskabg.

Petita un izvertéta biezpiena stkalu piemérotiba laktozes oksidacijai
laktobionskabé ar Pseudomonas taetrolens.

Eksperimentu rezultata iegiitas atzinas par laktobionskabes attiriSanas
metodém un to efektivitati rada iesp&jas nodrosinat vielai noteiktos tiribas
kriterijus.



1.
2.

Promocijas darba tautsaimnieciska nozime.
P&tijuma izstradata tehnologija ir pielagojama razo$ana;
Rasts risinajums biezpiena siikalu pielietojumam produktu ar pievienoto
vertibu razoSanai.

ZINATNISKA DARBA APROBACIJA

Pétijumu rezultati apkopoti un publicéti 6 zinatniskajos izdevumos,

ieskaitot 4 publikacijas, kas indeksétas starptautiskas citéSanas datubazes
SCOPUS un Web of Science. / The research results have been summarised and
published in 6 scientific publications, including 4 publications indexed in the
international citation databases SCOPUS and Web of Science.

Publikacijas, kas indeksétas starptautiskajas datu bazeés SCOPUS un

Web of Science / Publications indexed in international citation database
SCOPUS and Web of Science:

1.

Sarenkova |., Saez Orviz S., Rendueles M., Ciprovica I., Zagorska J., Diaz
M. (2022) Downstream approach routes for the purification and recovery of
lactobionic acid. Foods. Vol.11 (4), p. 583. DOI: 10.3390/foods11040583
Sarenkova I., Saez Orviz S., Ciprovica I., Rendueles M., Diaz M. (2022)
Lactobionic acid production by Pseudomonas taetrolens in a fed-batch
bioreactor using acid whey as substrate. International Journal of Dairy
Technology. Vol.75 (2), p. 361 — 371. DOI: 10.1111/1471-0307.12841
Sarenkova I., Ciprovica I., Cinkmanis 1. (2019) The effect of concentrated
whey solids on lactobionic acid production by Pseudomonas taetrolens.
Conference Proceedings of 13" Baltic conference on food science and
technology ,,Food. Nutrition. Well-Being” and NEEFOOD 2019 5" North
and East European Congress on Food, Jelgava: LLU, p. 250 — 254. DOI:
10.22616/FOODBALT.2019.030

Sarenkova |., Ciprovica I. (2018) Review: The current status and future
perspectives of lactobionic acid production. Proceedings of the international
conference “Research for Rural Development 2018”. Jelgava, 2018. — Vol.1,
p. 233-239. DOI: 10.22616/rrd.24.2018.037

Publikacijas recenzétos zinatniskajos izdevumos / Publications in peer

reviewed scientific issues:

1.

Sarenkova 1., Saez Orviz S., Ciprovica I., Rendueles M., Diaz M. (2021)
Lactobionic acid production from acid whey under different fermentative
conditions. Journal of Advanced Agricultural Technologies. Vol.8 (2),
p. 35— 40 DOI: 10.18178/joaat.8.2.35-40
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2.

Sarenkova I., Ciprovica I., Cinkmanis 1. (2019) Effect of different salts on
Pseudomonas taetrolens ability to lactobionic acid production. International
Journal of Nutrition and Food Engineering. Vol.13 (7) p. 208-213. DOI:
10.5281/zenodo0.3346720

Par rezultatiem zinots 7 starptautiskajas zinatniskajas konferencés Latvija,

Igaunija, Spanija un Francija / The results of the research work have been
presented at 7 international scientific conferences in Latvia, Estonia, Spain and
France:

1.

Sarenkova ., Saez Orviz S., Ciprovica I., Rendueles M., Diaz M. (2021)
Acid whey suitability for lactobionic acid production. 14" Baltic Conference
on Food Science and Technology FoodBalt 2021, 3-5.05.2021., Tallina,
Igaunija. (Mutisks zinojums/ Oral presentation).

Sarenkova 1., Saez Orviz S., Ciprovica I., Rendueles M., Diaz M. (2020)
Lactobionic acid production from acid whey under different fermentative
conditions. 6" International conference on Food and Agricultural
engineering ICFAE 2020, 13-15.04.2020., Barcelona, Spanija. (Mutisks
zinojums/ Oral presentation).

Sarenkova I., Ciprovica I., Cinkmanis I. (2019) Effect of different salts on
Pseudomonas taetrolens ability to lactobionic acid production. International
Conference on Food Science and Nutrition, 27-28.08.2019., Parize, Francija.
(Mutisks zinojums/ Oral presentation).

Sarenkova I., Ciprovica I., Cinkmanis 1. (2019) The study of the effect of
acid whey pH on lactobionic acid production by Pseudomonas taetrolens.
10" International conference “Biosystems Engineering”, 08.-10.05.2019.,
Igaunija, Tartu. (Stenda referats / Poster presentation).

Sarenkova I., Ciprovica I., I. Cinkmanis. (2019) The effect of concentrated
whey solids on lactobionic acid production by Pseudomonas taetrolens. 13™
Baltic conference on food science and technology ,, Food. Nutrition. Well-
Being” and NEEFOOD 2019 5" North and East European Congress on
Food, 02-03.05.2019., LLU, Jelgava, Latvija. (Mutisks zinojums/ Oral
presentation).

Ciprovica |., Sarenkova I.. The potential of acid whey for lactobionic acid
production. Food Factor Conference (Established, emerging and exploratory
food science and technology), 8-9.11.2018., Torremolinos, Malaga, Spanija.
(Stenda referats / Poster presentation).

Sarenkova 1., Ciprovica l.. Review: The current status and future
perspectives of lactobionic acid production. International conference
“Research for Rural Development 2018”, 16-18.05.2018., LLU, Jelgava,
Latvija. (Mutisks zinojums / Oral presentation).



Promocijas darba rezultati prezent&ti doktorantu izglitojosos kursos / The

results of the research work have been presented in PhD courses:

1. “Valorisation of vegetal waste and by-products: An eminent source of natural
bioactive ingredients”, 09.12.-11.12.2020., Tartu, lgaunija.

2. “Sustainable Nordic and Baltic Food — Technologies, Quality, and Health”,
28.04.-1.05.2019., Jelgava, Latvija.

Promocijas darba pétijuma rezultati prezentéti “Vidzemes inovaciju nedéla
20227 un starptautiskaja partikas izstade “Riga Food 2020” / The results have
been presented at the “Vidzeme Innovation Week 2022 and the international
food fair “Riga Food 2020



MATERIALI UN METODES

Pétijuma laiks un vieta
Petjjumi veikti laika posma no 2017. Ilidz 2022. gadam Latvijas

Lauksaimniecibas universitates Partikas tehnologijas fakultates Mikrobiologijas

zinatniskaja laboratorija, Piena produktu pilotrazotngé, Auglu un darzenu

parstrades ceha, Procesu un iekartu laboratorija, Zinatniskaja laboratorija,

Uzturzinatnes laboratorija un Dabas vielu kimijas zinatniskaja laboratorija, ar

Oviedo universitates Zinatnisko un Tehnologisko resursu nodalas Partikas

tehnologijas un Citometrijas laboratorijas, pilotrazotné (Spanija), Oviedo

universitates Kimijas un vides inZenierijas katedras Bioprocesu, tidens kvalitates
un izméginajumu rapnicas laboratorijas (Spanija).
Materialu raksturojums

Pétijuma lietotas:

1) Pseudomonas taetrolens - iegadatas stikla ampulas subliméta veida 40%
glicerola, uzglabasanas apstakli minus 20 °C. Optimala temperatiira 30 °C,
pétijumiem lietotie celmi:

V' LMG 2336 (Belgijas koordin&ta mikroorganismu kolekcija, Belgija);

v NCIB 9396 (Nacionala mikroorganismu kulttru kolekcija, Anglija);

v' DSM 21104 (Vacijas mikroorganismu un Stnu kultiru kolekcija,
Vacija).

2) sikalas (uzglabatas -20 °C) skatit 1. tabula.

1. tabula/ Table 1

Darba lietoto siikalu raksturojums /
Parameters of whey used in the research

Skabpiena siera razosana
Parametri / Biezpiena stikalas / iegitas sukalas / Whey Siera stkalas /
Parameters Acid whey from the manufacture of Sweet whey
acid coagulated cheese

Razotajs / “TuAk{JSm/aL};EeDns” “Ca Sanchu”, Asturias, Astllll;ilz?ss g;;r.lija /
Manufacturer Latvija / Latvia Spanija / Spain Spain
Laktoze / Lactose, % 4.47 +£0.02 5.60 £ 0.13 6.20 +0.12
Olbaltumvielas / 0.38+0.01 0.23+0.08 0.12+003
Proteins, %
Tauki / Fats, % 0.01+0.01 0.01+0.01 0.01+0.01
Sausnas saturs /
Total solids, % 4.90 +0.09 5.92+0.08 6.44 +0.05
pH 4,75+ 0.01 4.67 £0.01 6.34 +0.01




Pétijuma struktioira

P&tijumi veikti divos etapos:

1) laktozes biokonversija laktobionskabg;

2) laktobionskabes attiriSana un izdali$ana.

Laktobionskabes ieguves process sakas ar stikalu apstradi (1. att.). Stkalas
karsétas 90 — 95 °C, izturot 30 mindtes, siikalu olbaltumvielu denaturacijai.
Stkalu olbaltumvielas atdalitas filtréjot. Dzidrinatas stkalas filtrétas caur
filtrpapiru (poru izmérs ~ 2 pum) un mikrofiltracijas ierices polivinilidéna
difluorida (PVDF) membranam (ar 0.22 pum poru izme&riem) (Millipore,
Masacusetsa, ASV), bakteriju un dazadu citu piemaisjjumu atdalisanai.
Dzidrinatas stkalas pilditas sterilos stikla traukos, lai izvairitos no argja vides
piesarnojuma un iegiitu tiru substratu.

| 1.0. Sukalu prenemsana / Whey delivery |

¥
‘ 1.1.Uzsildf%ana (1idz 90 -95 °C, 30 min) / Pasteurization |

‘ 1.2. Filtretana / Filtration ‘-- - 3:0.5okalu
_ olbaltumvielas,
¥ S
1.3 Centrifuggtana (10000 min ! 10 min) / | bakEryju Sonas,
Centrifugation cit1 TidenT nedkistoiie

by Savienojumi / Whey
protein, cell debris,
other water insoluble
R compounds

} M -
‘ 1.4. Filtréana ar filtrpapim / Filtration with filter paper ‘

¥
1.5. Mikrofiltracya (0.22 pm poru izmérs | pore size) /

Microfiltration

- ¥ i _
1.6. Dzidrintu sikalu iebiezinaSana vai atskaidfSana [ "~ -|» 3.1. Udens / Water

Clarified whey evaporation or dilution

1 1
v v
4.0. Fermentacyja kolbis orbatalaja kratitsa / 4.1. Fermenticyja bioreaktora /
Fermentation in shake-flask Fermentation in bioreactor

1. att. Siikalu apstrade un sagatavo$ana fermentacijai /
Fig. 1. Whey treatment and preparation for fermentation

Pseudomonas taetrolens celmu sagatavo$ana uzsgjumiem (2. att.). Pirms
eksperimenta tiek aktiviz&tas baktgrijas, lai eksperimenta laika baktériju biomasa
biitu svaiga un aktiva. Visus sagatavoSanas procesus veic ar sterilam vielam un
materialiem, kas sterilizéti autoklava 121 °C temperatira 20 mintes, ka ari
paraugu sagatavoSanu (siikalas, baktérijas) fermentacijai veic sterila vidé —
laminara skapi. Bakt€rijas ar cilpas palidzibu tiek ienestas barotng€ (sastavs
20 g L* barojosais agars, 5 g L™ NaCl, 5 g L™ peptons, 2g L raugaun 1 g L
galas ekstrakts), turpmak NB barotne. To inkubg 30 °C temperatiira 48 h.

Péc inkubacijas no Petr plates ar cilpinu (10 pL tilpums) baktérijas tiek
parnestas 500 mL kolba, kura ir 100 mL $kidra baribas vielu barotne (sastavs
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5gL1NaCl,5g L peptons, 2 g L2 rauga un 1 g L galas ekstrakts), turpmak
NB skidra barotne.

Barotni inkubg orbitalaja kratitaja (New Brunswick Sci., NJ. USA vai ES-20,
Biosan, Latvija) 30 °C temperatara 10-16 h, parauga maisiSanas intensitate
220 — 350 min. P&c inkubacijas substratu salej sterilos konusveida traucinos un
centrifugé 10 000 min' 10 min, lai nostadinatu izaugusas Pseudomonas
taetrolens §tnas.

2.0. Pseudomonas taetrolens celmu 1egade /
Purchase of Pseudomonas taetrolens strain

¥
2.1.UzsEjums uz NB agara plates (30 °C, 48 h) /
Inoculation on NB agar plate

¥
2.2. Audzefana NB skidraja barotng (30 °C, 10— 16 h

3.2. Substrata un s e )
- 300 — 350 min') / Inoculation in NB broth

barotnes sterilizacija 4 -

(121 °C, 20 min) / +
Substrate and broth<| _ 2.3.Centrifuggéana (10 000 min ! 10 min) /
sterilization Centrifugation
'Y a -
v . A N
" “s-.. 2.4 Pseudomonas taetrolens biomasa /
i "~ Biomass of Pseudomonas taetrolens
‘ — y
4.0. Fermenticyja kolbas orbitalaya kratits)a / 4.1. Fermenticija bioreaktor3 /
Fermentation in shake-flask Fermentation in bioreactor

2. att. Pseudomonas taetrolens aktivizésana fermentacijai /
Fig. 2. Pseudomonas taetrolens activation for fermentation

Atdalitas bakterijas pievieno dzidrinatam stikalam. Ja eksperimenta izmanto
iebiezinatas siikalas, tas ietvaicé ,,Rising Film evaporator FT22” (Armfield,
Anglija) iekarta. Pirms fermentacijas procesa dzidrinato siikalu sastavs tiek
analizéts ar MilcoScan™ Mars (Foss, Danija) vai augsti efektivo $kidruma
hromatografiju.

Eksperimentam sagatavotie paraugi tiek fermentéti kolbas, izmantojot
orbitalo kratitaju, vai Bio Flo 110 (New Brunswick Scientific, NJ, ASV)
bioreaktora. 500 mL kolbas iepilda 100 mL, bet bioreaktoros 1 litru p&tama
parauga.

Veikta eksperimenta detalizetaks izklasts ir apkopots 2. tabula.
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2. tabula / Table 2

Pétljuma ietvaros veikto eksperimentu kopsavilkums /
Summary of experiments

~ ~ 0
5 = | €4 28
£ g3 e |BE |35 | &g 35
8, 23 28 | S553 g23| £% £
5 283 25 | 8871 85%| 55 <8
n ez iy ES EE
. T lac< S8
pH ietekme Fermentacijas process veikts 30 °C 48 h, maisot 220 min™!, Fermentacijas sakuma pH
laktobionskabes ieguvé / NCIB iebiezinatos (30 * 1 % sausnas) stikalu paraugos stabilizéts ar 6 M NaOH. / The
Effect of pH on | Biezpiena 9396 Kolbas / fermentation process was performed at 30 °C for 48 h with stirring at 220 min*. At the
- . n , olbas L .
a lactobionic acid | sukalas/ DSM 4 Shake-flask beginning of the fermentation, the pH of the concentrated (30 + 1% dry matter) whey
production Acid whey 21104 samples was adjusted with 6 M NaOH.
Substrata sastavs / Content of substrate: laktoze / lactose 26.12 + 0.12%; tauki / fat
0.01 + 0.01%, olbaltumvielas / protein 0.48 + 0.02%, pH 4.25 + 0.01.
Sukalu sausnas satura Fermentacijas process veikts 30 °C 48 h, maisot 220 min™. / The fermentation process
ietekme laktobionskabes NCIB was performed at 30 °C for 48 h with stirring at 220 min,
ieguveé / Effect of whey | Biezpiena 9396 Kolbas / Substrata sastavs / Content of substrate: laktoze / lactose 4.47 + 0.02%, olbaltumvielas
b |solids on lactobionic acid | sukalas/ DSM’ 2 Shake-flask / protein 0.38 = 0.01%, tauki / fat 0.01 + 0.01%, kopgjais sausnas saturs / total solid
production Acid whey 21104 concentration 4.90 + 0.09%, pH 4.75 + 0.01. Substrata paraugi tika iebiezinati lidz
dazadam sausnas saturam / Samples are concentrated till solids concentration: 5%, 10%,
20%, 30% un 40%.
Dazadu salu ietekme Fermentacijas process veikts 30 °C 48 h, maisot 230 min* / The fermentation process
laktobionskabes ieguve / . NCIB was performed at 30 °C for 48 h with stirring at 230 min%.
Effect of different salts on | Bi€Zpiena | gq0- Kolbas / Substrata sastavs / Content of substrate: laktoze / lactose 8.49 + 0.12%; tauki / fat
¢ |lactobionic acid stikalas / DSM 2 Shake-flask | 0.01 + 0.01%, olbaltumvielas / protein 0.88 + 0.03%, kop&jais sausnas saturs / total solid
production Acidwhey | 51704 concentration 10.09 + 0.81%, pH 4.29 + 0.01. Substratam pievienoti $adi sali / Salts

added to substrate: MgSO,, MnSO4, K,HPO,
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2. tabulas turpindjums / Continuation of Table 2
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Dazadas izcelsmes sikalu Fermentacijas process veikts bioreaktora 30 °C 72 h, maisot 350 min™ un pievadot
fermenté$anas Biezpiena 1.5 L min? O,. Fermentacijas process veikts kolbas 30 °C 72 h, maisot 350 min. / The
salidzinajums kontroléta | siikalas, Bioreaktord fermentation process was performed in a bioreactor at 30 °C for 72 h with stirring at
un nekontroléta pH kolbas Siera un kolbas / 350 mint and 1.5 L min! O,. The fermentation process was performed in a shake-flask
q |m bioreaktora / | stikalas/ LMG 10 Bioreactor | & 30 °C for 72 h with stirring at 350 min™.
Comparison of different Acid 2336 and shake- Siera siikalu sastavs / Content of sweet whey: laktoze / lactose 6.2 + 0.12%; tauki / fat
whey fermentation at whey, flask 0.01 + 0.01%, olbaltumvielas / protein 0.12 + 0.03%, pH 6.34 + 0.01.
controlled and sweet Biezpiena sitikalu sastavs / Content of acid whey: laktoze / lactose 5.6 + 0.13%; tauki /
uncontrolled pH in flasks whey fat 0.01 + 0.01%, olbaltumvielas / protein 0.23 + 0.08%, pH 4.67 + 0.01.
and bioreactor
Dazadas izcelsmes siikalu Biezpiena Fermentacijas process veikts 30 °C 48 h, maisot 350 mintun pievadot 1.5 L min™*
kombinaciju parbaude ikalas 0,.Visiem paraugiem ferment€Sanas laika nepartraukti stabilizéts pH ar 6 M NaOH (lidz
laktobionskabes ieguvei / siigra > 6.5). / The fermentation process was performed at 30 °C for 48 h with stirring at
Comparison of different | _ . _ | 350 mintand 1.5 L min! O,. The pH was continuously adjusted with 6 M NaOH during
e |whey for lactobionic acid stkalas / LMG 10 Bioreaktora fermentation
- Acid 2336 / Bioreactor . - o . . ;
production whey Siera sukalu sastavs / Co_ntent of sw_eet whey: laktoze / lactose 6.10 + 0.11%; tauki / fat
swee{ 0.01 £+ 0.01%, olbaltumvielas /protein 0.09 £0.01%, pH 6.17 £ 0.01. )
whey Biezpiena siikalu sastavs / Content of acid whey: laktoze / lactose 5.3 + 0.03%; tauki /
fat 0.01 + 0.01%, olbaltumvielas / protein 0.17 + 0.09%, pH 4.46 + 0.01.
Laktobionskabes ieguve, Fermentacijas process veikts 30 °C 72 h, maisot 350 min-tun pievadot 1.5 L min™ O,.
atkartoti pievienojot | _. . Visiem paraugiem ferment&$anas laika stabilizéts pH ar 6 M NaOH lidz 6.5. / The
bakteriju  biomasu / | BIEZPIEna | - Bioreaktora | fermentation process was performed at 30 °C for 72 h with stirring at 350 min™ and 1.5
f | Production of lactobionic | Stkalas/ 2336 10,30 | /Bioreactor | L min? O,. The pH was adjusted with 6 M NaOH during fermentation.
Acid whey Substrata sastavs / Content of substrate: laktoze / lactose 4.2 + 0.14%, olbaltumvielas /

acid by re-addition of
bacterial biomass

protein 0.14 + 0.04%, tauki / fat 0.01 + 0.01% un pH 4.57 + 0.06.
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P&c fermentesanas procesa kolbas paraugiem netika istenoti attiriSanas un
laktobionskabes izdaliSanas posmi nepietickama analiz§jama parauga apjoma
del. Péc fermentacijas (2. tabula f s€rija) substrats tika novirzits uz
laktobionskabes attirisanu un izdali$anu, skatit 3. tabulu.

3. tabula / Table 3
Laktobionskabes ieguvei lietotas attiriSanas un izdaliSanas metodes /
Purification and recovery methods used to obtain lactobionic acid
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v — lietota attiriSanas un izdaliSanas metode laktobionskabi saturoSam paraugam

Péc fermentéSanas bioreaktora paraugi attiriti centrifuggjot, filtrjot caur
filtrpapiru un veicot mineralvielu absorbciju ar aktivo ogli un mikrofiltr&jot
(0.45 pm poru izmérs), lai iegiitu gaisu, caurspidigu $kidumu (3. att.).

Laktobionskabes izdaliSanai izmantoja vairakas metodes: sublimaciju,
skaloSanu ar 96% etilspirtu un paraugu kaltesanu.

Sublimacijai izmantoja iebiezinatu paraugu (~40% sausnas saturs). Paraugs
tika iepildits ~100 — 200 mL tilpuma 500 mL kolbas, tas uzglabatas saldétava
(-18 °C, diennakti, lai produkts pilniba sasalst). Sasaldétais paraugs kaltéts
(Telstar cryodos — 80, Model 2007, Spanija) vakuuma -65 °C temperatiira lidz
sausu, birstosu kristalu iegiiSanai.
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4.1. Fermentacija bioreaktors /
Fermentation in bioreactor

- ¥ - :
5.0. Centrifug@iana (10 000 mun -1 10 min) /

Centrifugation == ‘3'3' La.ktt_)zes -U. 2l
- slapekl saturofie
5.1. Mineralvielu absorbeija ar aktivo ogli/ | __ || savienojumt,
Mineral absorption with activated carbon piemaistjumi, bakteriju
. &0nas, mineralvielas /
5.2. Filtré8ana ar filtrpapim / . ._Eactosg m}:m_ﬂ?’
Filtration with filter paper M nifrogen containing
% compounds, other
5.3 Mikrofiltracija (0.45 um poru izmérs / g TP fﬁes_’ cells debris,
pore size) | Microfiltration minerals
— ¥
5.4 lebiezingsana lidz ~ 40% sausnas | . 3.1. Udens /
saturam | Evaporation till ~ 40% dry matter Water
. I .
6.0. Sasaldpsanz (-18°C, 7.0. Skalogana 96% spirta / 3.4, Spirts,
24 h) / Freezing Precipitation with ethanal muneralvielas,
——— * citi
6.1. Sublimacija (-65 °C) / 7.1. Centrifuggsana (10 000 piemaisTjumi /
Freeze — drying min ' 10 min) / .l-» Ethanol,
Centrifugation minerals, other
impurities

5'5. Kaltgsana(+40 °C) /
Dryving

L]

5.6. Laktobionskabe /
Lactobionic acid

3. att. Laktobionskabes izdali§ana /
Fig. 3. Lactobionic acid recovery

KaltéSanas procesu izmantoja iebiezinatu paraugu, ari mikrofiltrétu paraugu
talakai apstradei. Abus paraugus plana slant (Iidz 3 mm) kaltgja termostata 40 °C
temperatiira 1idz nemainigai masai.

Skalosanai ar etilspirtu izmantoja iebiezinatu siikalu paraugu (~40% sausnas
saturs). Iebiezinatajam paraugam pievienoja etilspirtu, lai kristaliz€jas parauga
esoda laktobionskabe. Paraugu centrifuggja 10 000 min 10 min, lai izdalitu
laktobionskabes kristalus, kurus kaltéja 40 °C temperatara.
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Izstrades posmos noteiktie un kontrol&tie parametri uzskaititi 4. tabula.

4. tabula/ Table 4
Nosakamie un kontroléjamie parametri laktobionskabes ieguve /
Determined and controlled parameters in lactobionic acid production

* Nosakamie un kontrolgjamie parametri / Serija** /
Posms* / Stage Determined and controlled parameters Series
Sausnas saturs / Total solids, % ab,cdef
pH a,b,cdef
1 Laktozes koncentracija / Concentration of lactose, % ab,cdef
' Tauku koncentracija / Concentration of fat, % a,b,cdef
Olbaltumvielu koncentracija / Concentration of protein, % ab,cdef
Temperatira / Temperature, C ab,cdef
11 Temperatira / Temperature, C a,b,cdef
- Laiks / Time, h ab,.cdef
13 Laiks / Time, min def
- Maisi3anas intensitate / Intensity of stirring, min* de,f
1.5. Spiediens / Pressure, Pa def
Laktozes koncentracija / Concentration of lactose, g L™ ab,cdef
16 pH; ab,.cdef
- Olbaltumvielu koncentracija / Concentration of protein, g L* | a,b,c,d.ef
Sausnas saturs / Concentration of total solids, % ab,.cdef
21 Temperatira / Temperature, C a,b,cdef
o Laiks / Time, h ab,cdef
Temperatira / Temperature, C a,b,cdef
2.2. Laiks / Time, h abcdef
Maisi3anas intensitate / Intensity of stirring, min™ ab,cdef
23 Laiks / Time, min a,b,cdef
- Maisisanas intensitate / Intensity of stirring, min™ ab,cdef
32 Temperatara / Temperature, C ab,cdef
- Laiks / Time, h ab,cdef
Laktobionskabes koncentracija / Concentration of lactobionic a,b,c,d
acid, g L*?
Laktozes koncentracija / Concentration of lactose, g L™ a,b,c,d
pH ab,cd
Temperatiira / Temperature, C a,b,c,d
4. Stinu masa / Dry cell weight, g L™ cd
Dzivotspgjigo $unu skaita noteikSana / Viable cells, KVV / ab,c
CFU1mL!
Optiskais blivums / Optical density, 600 nm d
Tilpums / Volume, mL a,b,c,d
Laiks / Time,, h a,b,c,d
Laktobionskabes koncentracija / Concentration of de,f
lactobionic acid, g L*
a1 Laktozes koncentracija / Concentration of lactose, g L de,f
' pH def
Temperatara / Temperature, C def
Stinu masa / Dry cell weight, g L™ def

16



4. tabulas turpinajums / Continuation of Table 4

Posms* / Stage Nosaka‘upie un kontrol&jamie parametri / Sérijz}** /
Determined and controlled parameters Series
Dzivotspéjigo $iinu skaits / Viable cells, KVV / CFU 1 mL™* f
Bakteriju fiziologiskais stavoklis (metaboli aktivas, bojatas f
41 un miru$as $unas) / Physiological status of bacteria
’ (metabolically active, damaged and dead cells), %
Stnu optiskais blivums / Optical density, 600 nm def
Izskidusais skabeklis / Dissolved oxygen, % de,f
5 Apgriezienu skaits / Rotation, min* d,f
) Laiks / Time, min d,f
51 Krlasas intensitate CIE L*a*b* krasu sistéma / Intensity of d
color
5.4. Sausnas saturs / Concentration of total solids, % df
5.5. Temperatira / Temperature, T f
Krasas intensitate CIE L*a*b* krasu sistéma / Intensity of f
color
Laktozes koncentracija / Concentration of lactose, g L™ e f
Laktobionskabes koncentracija / Concentration of lactobionic e,f
5.6. - 1
acid, g L
pH f
Skidiba tideni / Solubility in water, s f
Olbaltumvielu koncentracija / Concentration of protein, % e f
6 Temperatira / Temperature, C df
) Laiks / Time, h df
6.1 Temperatira / Temperature, C df
- Laiks / Time, h df
7. Tilpums / Volume, mL f
71 Apgriezienu skaits / Rotation, min™ f
o Laiks / Time, min f

*Posmi noraditi 1., 2. un 3. attéla / Stages are shown in Fig.1., 2. and 3.;
** Eksperimentu planojums dots 2. tabula. Katram eksperimentam ir pieskirts sérijas apzimgjums /
Experimental design is shown in Table 2. Each experiment has an assignment series.

Pétijuma veikto analiZu metodes

Noteikto raditaju analizu metodes ir apkopotas 5. tabula.

5. tabula / Table 5

Pétijuma izmantotas analiZu metodes /
Analytical methods used in the study

Metodes, standarti, iekartas un formulas /

/N’\lrc.) Raditaji / Indices Methods, standardg, equipment and
equations
1. pH LVS ISO 5546:2010
2 Olbaltumvielu saturs / The concentration LVS EN ISO 8968-5:2002 Kjeldala
) of protein metode / Kjeldahl method
3. Sausnas saturs / Solids, Brix% LVS 249:2000
Analiz€jamo paraugu, suspensiju un
4. atSkaidTjumu sagatavoSana / Preparation 1SO 6887-4:2017

of test samples, suspensions and dilutions
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5. tabulas turpinajums / Continuation of Table 5

Metodes, standarti, iekartas un formulas /

/NNr(.) Raditaji / Indices Methods, standards, equipment and
equations
Dzivotspgjigo Sunu skaits / Viable cells, .
5. KVV / CEU 1mL-2 1SO 4833-1:2013
o . AESH / HPLC: Agilent 1200, Agilent
Laktobionskabes un laktoze kor}cer_ltracga Technologies Inc. (Coregel-ION 300),
6. | The concentration of lactobionic acid - b
Shimadzu LC — 20 Prominence (Alltech
and lactose
NH,)
Multiparametriska plasmas citometrija /
7 Bakteriju fiziologiska stavokla noteik$ana Multiparametric flow cytometry (FCM)
" | I Physiological status of bacteria (Beckman Coulter, Cytoflex-5, USA)
(Garcia et al., 2017)
Polarografiski ar elektrodu /
LA Smic cbmlal i - Polarographically with electrode (InPro
8. Iz8kidusais skabeklis / Dissolved oxygen 6830, Mettler Toledo,
Switzerland)(Alonso et al., 2014)
IV, . . Spektrofotometriski / Spectrophotometric
o, | Bakeriju vairoSands intensitate /INeNSiy | - ryermo cientific Helios Gamma UV,
9 England) (Alonso et.al. 2014)
- . Gravimetriska metode / gravimetric
10. | Stnu masa / Dry cell weight method
CIE L*a*b* sistema ar / system with
11. | Krasas analize / Determination of color ,,Lovibond® LC100” (Tintometer® group,
China) (Purnama et al., 2015)
Laktobionskabes  $kidiba  tdeni / .
T R Aprekinats péc formulas / Calculated by
12. | Lactobionic acid solubility in water equation (Delagustin et al. 2019)
13 Laktobionskabes iznakums / Yield of Aprékinats péc formulas / Calculated by
" | lactobionic acid, % equation (Alonso et al., 2011)
. . _ Aprékinats péc formulas / Calculated
14. lp?'t]rff;als auglanas atrums / Growth rate, by equation (Shuler & Kargi, 2002, Alonso
H etal., 2017)
15 Vielas koncentracijas noteik$ana tilpuma Aprékinats péc formulas / Calculated by
" | vieniba / Volumetric productivity, WP equation (Prasirtsak et al., 2019)
16 Biomasas produktivitate / Biomass Aprékinats péc formulas / Calculated
" | productivity, WX by equation (Hempel et al., 2002)
17 Kopgja krasu atskiriba AE / Total color Aprekinats p&c formulas / Calculated
" | intensity difference, AE by equation (Mokrzycki & Tatol, 2012)
Specifiskais laktobionskabes sintézes I
> - I - Aprekinats p&c formulas / Calculated
18. | atrums / The specific lactobionic acid -
production rate, gLBA by equation (Alonso et al., 2017)
Iegiitas biomasas attieciba pret pat€réto
19 laktozi / The ratio of biomass produced Aprékinats p&c formulas / Calculated
" | with respect to the concentration of by equation (Kargi., 2009)
lactose consumed, Yxs
Laktobionskabes koncentracijas S s =
20. | noteiksana produktos / Lactobionic acid Ap relglna'ts pee f'ormulas / Calculated
. PSRN by equation (Ngiam et al., 2001)
concentration determination in products
21 Laktobionskabes regeneracijas noteik$ana Aprékinats péc formulas / Calculated

/ Lactobionic acid recovery determination

by equation (Borges da Silva et al., 2011)
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Datu matematiska apstrade

Datu analizei lietota Microsoft Excel 2010 programmatira. Statistiskas
analizes veiktas, izmantojot dispersijas analizi (ANOVA) un t-testu ar biitiskuma
limeni (p<0.05). Hromatografijas dati apstradati ar ChemStation (Agilent)
programmatiiru, bet pliismas citometrijas dati apstradati, izmantojot CytExpert
(Beckman Coulter) programmatiiru.

REZULTATI UN DISKUSIJA
1. pH ietekme laktobionskabes ieguve

Eksperimenta tika skaidrots optimalais biezpiena siikalu pH, kura vairojas
Pseudomonas taetrolens NCIB 9396 un DSM 21104 celmi. Laktozes un
laktobionskabes saturs paraugos péc fermentacijas atainots 4. attela.

200
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100
0
i

0 1N 2N 53N 4N 5N 0D 1D ID 3D 4D 5D

gl

LA

m Laltobionskibe/ mLaktoze
Lactobionic acid  Lactose

4. att. Laktobionskabes iznakums dazadu pH ietekme / Fig. 4. Lactobionic
acid yield affected by the different pH

Paraugu apzim&jums / Sample designation: skaitlis pie apzZim&uma x asi norada sakotngjo
substrata pH / The number shows the initial pH of the substrate: 0 = pH 4.25; 1 = pH 5.0; 2 = pH
5.5;3=pH 6.0; 4 = pH 6.5; 5 = pH 7.0. Burts apzimé lietoto bakt&riju celmu / The letter indicates
the strain of bacteria: N = NCIB 9396; D = DSM 21104

Augstako rezultatu uzradija 4N paraugs (58.47 + 2.03 g L™! laktobionskabes),
tam sekoja 4D paraugs (53.67 + 1.02 g L laktobionskabi). Mazaki rezultati tika
noteikti ON paraugam — 23.97 + 1.83 g L™ un OD paraugam — 34.66 + 1.82 g L.
Rezultati pieradija, ka biezpiena siuikalas Pseudomonas taetrolens laktozi
efektivak konverté laktobionskabg, ja vides pH ir 6.5. Eksperiments par pH
ietekmi uz laktobionskabes ieguvi pieradija, ka Pseudomonas taetrolens spgj
konvertgt biezpiena siikalas esoSo laktozi laktobionskabg, bet nepietiekami. Ir
nepiecieSams pielagot fermentacijas substrata pH ap 6.5 fermentacijas laika, jo
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sada pH Pseudomonas taetrolens efektivak veicina laktozes biokonversiju
laktobionskabé. Skaba vide kavé Pseudomonas taetrolens darbibu, kas ir
iemesls, kapéc netiek sasniegti augstaki laktobionskabes rezultati, salidzinot ar
siera sikalam.

2. Sitikalu sausnas satura ietekme laktobionskabes ieguve

Eksperimenta mérkis bija izp&tit biezpiena siikalu sausnas satura ietekmi uz
Pseudomonas taetrolens NCIB 9396 un DSM 21104 augSanu un laktozes
oksidaciju laktobionskabé (LBA). Liclakais laktobionskabes iznakums tika
sasniegts paraugos N5%, D5%, N10%, D10%, N20% un D20% (skat. 6. tabulu).
Biitiskas atSkiribas (p>0.05) starp Siem paraugiem laktobionskabes iznakuma
netika konstatgtas.

6. tabula / Table 6
Sausnas satura ietekme uz laktozes un laktobionskabes saturu paraugos /
The influence of solids concentration on lactose and lactobionic acid
concentration in samples

Fermeintécijas Fermentacijas beigas /
sakuma / Before After fermentation LBA
Péa\rauglse / fermentation — e iznakums /
amp aktoze aktobionskabe -
Laktozg /LI__lactose, Lactose, Lactobionic acid, LBA yield, %
gL* gL?

N5% 455+14 374+21 91+1.2 20.0+1.3°
D5% 452+2.1 38.0+1.8 85+1.2 18.8+1.9°
N10% 84.3+1.2 65.0 £2.6 17.2+£0.8 20.4 +1.4°
D10% 845+0.8 65.8+1.2 169+1.4 20.0+1.2°
N20% 1825+1.9 148.1£3.2 39.8+0.9 21.8+1.7°
D20% 182.7+2.0 1522+19 41.3+18 226+19°
N30% 268.0+1.4 2292 +2.4 46.1+0.6 17.2 +1.1°
D30% 267.7+0.9 231.0+2.1 43.9+1.3 16.4 +1.3°
N40% 3726 +1.6 3155+21 51.8+1.2 13.9+1.1°
D40% 3709+1.3 302.0+2.3 58.6+1.3 15.8 +1.1%

Rezultati, kas noraditi ar vienu un to pasu burtu, sava starpa butiski neatskiras (p>0.05) / Means
followed by the same letters do not differ at p>0.05.

Paraugu apzim&jums / Sample designation: burts apzime bakteriju celmu / the letter indicates the
strain of bacteria: N = NCIB 9396; D = DSM 21104. 5%, 10%, 20%, 30%, 40% - apzimé siikalu
sausnas saturu parauga / numbers indicate the concentration of whey solids.

legiitie rezultati paradija, ja paraugu sausnas saturs ir 5%, 10% un 20%,
iegutas laktobionskabes iznakuma nav biitisku atskirtbu. Ja siikalu sausnas saturs
paraugos parsniedz 20%, ir noverojams laktobionskabes iznakuma
samazinajums.

Rezultati apliecina, ka laktobionskabes iznakums ir mazaks paraugos ar
sausnas saturu virs 20%. Mijamoto u.c. (2000) ir konstatejusi, ka
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laktobionskabes sintézes atrums ir lielaks paraugos ar 150 neka ar 200 g L*
laktozes. Murakami u.c. (2003) secinaja, ka liels sausnas saturs siikalas var
samazinat laktozes absorbcijas atrumu P.taetrolens $inu membrana, ari liels
sausnas saturs substrata var izraisit mikroorganismu producto enzimu
inaktivaciju.

3. Dazadu salu ietekme laktobionskabes ieguve

Eksperimenta mérkis bija izpétit, vai, pievienojot papildu salus (baribas
vielas bakteriju augsanai) biezpiena siikalam, uzlabosies baktériju vairosanas un
laktozes konversija laktobionskabé. Laktozes un laktobionskabes saturs
paraugos p&c fermentacijas atainots 5. att€la.
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5. att. Laktobionskabes un laktozes saturs paraugos fermentacijas beigas
(A) P. taetrolens NCIB 9396, (B) P. taetrolens DSM 21104 /
Fig. 5. Concentration of lactobionic acid and lactose at the end of fermentation
(A) P. taetrolens NCIB 9396, (B) P. taetrolens DSM 21104

Paraugu apzimg&jums / Sample designation: kontrole=paraugs bez salu pievienosanas / sample with
no salt added; burts apzime lietoto bakterijas celmu / the letter indicates the strain of bacteria:
N = NCIB 9396; D = DSM 21104. Lidzas bakteriju celmam apzimgts pievienotais salu katjons / the
letter indicates added salt cation: Mg = MgSQO,; Mn = MnSO,; K = K;HPO,. Skaitlis norada
pievienotas vielas koncentraciju/ The number indicates the amount of added salts: 1 = 0.01%;
2 =0.005%; 3 = 0.001%.
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Bitiskas atskiribas netika konstatetas (p>0.05) starp N-kontroles un NMg3,
NMn2, NMn3, NK1, NK2, NK3 paraugiem (5. att. (A)) ka ari starp D-kontroles
un DMg2, DMg3, DMn2, DMn3, DK1, DK2, DK3 paraugiem (5. att. (B)).
Savukart starp N-kontroles un NMgl, NMg2, NMn1 paraugiem ir noteiktas
bitiskas atSkiribas (p<0.05), ka ari starp D-kontroles, DMgl un DMnl
paraugiem ir konstat&ta batiska atskiriba (p<0.05).

Mg un Mn?* jonu klatbiitne substratd pozitivi ietekmé Pseudomonas
taetrolens vairoSanos, sekmgjot laktozes oksidaciju laktobionskabé. K* jonu
klatbiitne nav ietekmg&jusi laktobionskabes biokonversiju.

Zinatniskaja literatira nav atspoguloti p&tjjumi par salu ietekmi uz
Pseudomonas taetrolens aktivitati. Ir informacija, ka Mg?* jonu trilkums
substrata var izraisit Skiedrainas bakteriju struktiiras veidoSanos, kavegjot Stnu
daliSanos un augganu. Baktériju aug$ana Mg?* jonu klatbiitng ir skaidrojama ar
atzinu, ka magnijam ir ietekme uz vielmainas procesu norisi §inas un to daliSanas
veicinasanu. Mg?* joni stabilizé arT nukleinskabes (DNS un RNS) un piedalas
peptidu hidrolizé. Tie ir nepiecieSami bakteriju producéto enzimu funkcijam.
Mn?* joni ir iesaistiti RNS polimeraze, ierosina laktazes, ksilozes izomerazes,
mangana katalazes, mangana superoksida dismutazes un NADH oksidazes
aktivitati. Mangana joni var palielinat ari enzimu aktivitates pH diapazonu
(Gunsalus & Stanier, 2013).

Pétijums ir apstiprindjis, ka Pseudomonas taetrolens vairoSanai ir
nepiecieSami Mg?* un Mn?* joni un to klatbiitne substrata veicina lielaku
laktobionskabes iznakumu. legtie rezultati bija ievérojami mazaki, kadus iegiist
no siera siikalam (Giorgi et al., 2018; Goderska et al., 2014; Alonso et al., 2017,
2015; 2013b; 2012a; 2012b; 2011; Miyamoto et al., 2000).

4. Dazadas izcelsmes siikalu fermentéSanas salidzinajums
kontroléta un nekontroleta pH kolbas un bioreaktora

Eksperimenta meérkis bija izpétit bakteriju sp&ju biezpiena un siera siikalas
oksidet laktozi laktobionskabg, art salidzinat laktobionskabes ieguves iesp&jas
bioreaktora ar fermentaciju kolbas, ka arT izprast pH pielagosanas nozimi.

Iz8kidusa skabekla saturs (DOT) substrata bija saistits ar baktériju vairo$anas
fazi, ka noveérots 6. att€la datos. DOT tika noteikts tikai paraugiem bioreaktora,
jo bioreaktors ir aprikots ar skabekla elektrodu, bet, fermentgjot kolbas, $ada
iesp€ja nebija. Siera siikalu paraugos (SB1 un SB2) fermentacijas sakuma tika
konstatéts ievérojams izSkidusa skabekla satura samazinajums, kam sekoja
pieaugums lidz piesatinatibai, noradot uz laktozes oksidésanas procesu.
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6.att. IzSkidusa skabekla saturs siera un biezpiena siikalu fermentacijas
laika bioreaktora /
Fig. 6. Time-course graphic of DOT in sweet whey and acid whey during

fermentation in a bioreactor
Paraugu apzimé&jums / Sample designation: S = siera siikalu paraugi / sweet whey samples; A =
biezpiena stikalu paraugi / acid whey samples; B = fermentacija bioreaktora / fermentation in
bioreactor. Skaitlu apzZim&jumi / The number indications: 1 = pH noteikts tikai fermentacijas
sakuma / pH was measured only at the beginning of fermentation; 2 = pH stabilizéts 1idz 6.5
fermentacijas laika / The pH was adjusted during fermentation to 6.5.

Tika noteikta butiska atSkirtba minimalaja DOT, kas sasniegts fermentacijas
vid€. Baktériju vairosanas eksponencialaja faze tika sasniegts minimalais DOT
siera stikalas (sausha 6%) ar regulétu pH 6.5, salidzinot ar 85% biezpiena siikalas
bez pH pielagosanas. 6. attéla ir redzams, ka Pseudomonas taetrolens biezpiena
stkalu paraugos (AB1 un AB2) vaji patér&ja pieejamo skabekli, jo DOT vertibas
bija tuvu piesatinajuma Iimenim.

Laktozes oksidésanas intensitates atskiribas laktobionskabg starp siera (A) un
biezpiena (B) stikalam ir redzamas 7. attéla.

Lielaka laktozes konversija laktobionskabé tika sasniegta SB2 parauga,
izmantojot siera siikalas, bioreaktora kontroléta pH. Tika konstatétas bitiskas
atskiribas biezpiena un siera siikalu fermentacija. Biezpiena siikalu paraugos
laktobionskabes iznakums bija bitiski mazaks. Tika konstatétas butiskas
atSkirtbas iznakuma, fermentgjot paraugus bioreaktora un kolbas. Labaki
rezultati tika iegiiti bioreaktora, jo papildus skabekla pievadiSsana sekmgja
baktériju augSanu un laktobionskabes razoSanu. Fermentgjot paraugus
nekontroléta vides pH, tas turpina samazinaties, radusas laktobionskabes d&l, un
apgritina Pseudomonas taetrolens augsanu, vienlaicigi laktozes biokonversiju
laktobionskabg. STiemesla dé] fermentacijas laika pH ir jauztur aptuveni 6.5, lai
nodro$inatu optimalu vidi Pseudomonas taetrolens augsanai, laktobionskabes
biosintézei un §tinu metabolismam.
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7. att. Laktozes (LAC) un laktobionskabes (LBA) satura izmainas
fermentacijas laika (A) siera siikalas, (B) biezpiena siikalas /
Fig. 7. Time-course graphic of lactose (LAC) and lactobionic acid (LBA)
during fermentation in (A) sweet whey, (B) acid whey
Paraugu apzimg&jums / Sample designation: S = siera siikalu paraugi / sweet whey samples; A =

biezpiena suikalu paraugi / acid whey samples; F = fermentacija kolba / fermentation in shake-flask;

B = fermentacija bioreaktora / fermentation in bioreactor. Skaitlu apzim&jumi / The number
indications: 1 = pH noteikts tikai fermentacijas sakuma / pH was measured only at the beginning of

fermentation; 2 = pH stabilizéts lidz 6.5 fermentacijas laika / The pH was adjusted during

fermentation to 6.5.

Laktoze, laktobionskabe, g L1
/ Lactose, lactobionic acid
N
o

Iegutas laktobionskabes saturs paraugos bioreaktora bija $ads: 72.05% SB1,
91.24% SB2, 8.98% ABI1, 31.24% AB2, turklat tika konstatétas biitiskas

24



atSkiribas iegtitas skabes satura zina starp Siem paraugiem (p<0.05). Ievérojams
laktobionskabes saturs tika iegits siera siikalu paraugos, bet biezpiena siikalu
paraugos laktoze netika efektivi oksideta laktobionskabe.

Citu zinatnieku p&tijumu rezultati (Alonso et al., 2012a, 2012b, 2013a, 2017;
Giorgi et al., 2018) ir apstiprinajusi laktobionskabes iznakumu no 46 Iidz 100%
siera siikalas, izmantojot Pseudomonas taetrolens.

Petijuma tika pieradita pH pielagoSanas nepiecieSamiba fermentacijas
procesa. Sie rezultati skaidri demonstré biezpiena siikalu vajo piemérotibu
laktobionskabes ieguvei, jo Pseudomonas taetrolens nespgj tik labi vairoties
tajas, salidzinot ar siera stikalam. Lai panaktu efektivaku laktozes biokonversiju
laktobionskabg, izmantojot biezpiena siikalas, ir nepiecieSams izzinat, kas
ietekm& bakteriju vairoSanos tajas. Ir nepiecieSams izstradat jaunu pieeju
biezpiena stikalu fermentacijai, lai iegiitu lielaku iznakumu.

5. Dazadas izcelsmes siikalu kombinaciju parbaude
laktobionskabes ieguvei

Eksperimenta mérkis bija veértét biezpiena un siera stkalu kombinacijas,
Pseudomonas taetrolens vairoSanas optimizacijai. Tika gatavoti tris paraugi,
viena domingja biezpiena siikalas, otra biezpiena un siera stukalas bija vienadas
attiecibas un tre$a parauga domingja siera sikalas. legttie laktobionskabes
iznakumi ir proporcionali siera stikalu Ipatsvaram parauga, jo vairak siera siikalu,
lielaks laktobionskabes iznakums (skat. 7. tabula).

7. tabula/ Table 7
Laktobionskabes un laktozes saturs paraugos pec 48 h fermentacijas
bioreaktora 30 °C temperatiira / Lactobionic acid and lactose concentration
after 48 h of the fermentation in a bioreactor at 30 °C

Fermentacijas substrata sastavs /
Content of fermentation substrate
Parametrs / 753% biezpie_na 5(2% biezpie_na 2&3% biezpie_na
Parameters stikalas / ?CId stikalas / ?CId stkalas / iaCId
whey : whey : whey :
25% siera sukalas 50% siera stikalas | 75% siera stikalas
/sweet whey / sweet whey / sweet whey
Laktoze/ 42.01 +1.40 3421 +1.30 12.43+1.10
Lactose, g L
Laktobionskabe /
Lactobionic acid, 6.74 £1.10 18.86 £ 0.90 39.03 £0.90
gL?
legiitie rezultati apstiprindja, ka biezpiena sikalu sastavs kave
laktobionskabes biosintézi, tapéc ir nepiecieSams noskaidrot c&lonus
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nepietiekamai Pseudomonas taetrolens vairoSanai un laktozes biokonversijai
laktobionskabe.

6. Laktobionskabes ieguve, atkartoti pievienojot bakteériju
biomasu

Eksperimenta merkis bija izpétit bakteriju vairoSanas likumsakaribas
biezpiena stkalas, pievienojot 10% bakteriju biomasa fermentacijas sakuma
(AW1) vai pievienojot 10% bakteriju biomasu fermentacijas sakuma, péc 12 un
24 fermentacijas stundam (AW2).

pH un iz8kidusa skabekla (DOT) saturs ja substrata tika kontroléts péc
bioreaktora monitora atspogulotas informacijas, to dinamika apkopota 8. attéla.
Tas ir nepiecie$ams, lai butu skaidra Pseudomonas taetrolens vairo$anas
efektivitate. P&c Siem parametriem var aptuveni spriest par bakteriju darbibu
substrata. Pirmajas fermentacijas miniit€s abu paraugu pH bija 4.57 lidz pH tika
noreguléts lidz 6.5 ar 6 M NaOH. Rezultati paradija, ka fermentacijas procesa
laika pH palielinas (p&c 40 stundam AW 1 un p&c 58 stundam AW?2 paraugam),
bet pargja procesa laika tas tika uzturts lidz pH 6.5, lai iegiitu optimalu bakteriju
augSanas dinamiku. pH vairs netika kontrol&ts, kad ta vertibas parsniedza 6.5.
100

0 8 16 24 32 40 48 56 64 72
Laiks, h/ Time, h
--o--- AW1_pH --0--- AW2_pH
—— AW1_DOT —O— AW2_DOT

8. att. pH un izSkidusa skabekla satura izmainas substratos fermentacijas
laika /

Fig. 8. Time-course graphic of pH and DOT in substrates during fermentation
Paraugu apzim&jums / Sample designation: AW1 = biezpiena siikalu paraugam pievienota 10%
baktériju biomasa fermentacijas sakuma / acid whey was inoculated with 10% inoculum at the

beginning of the fermentation process; AW2 = biezpiena siikalu parauga pievienota 10% bakteriju
biomasa fermentacijas sakuma, péc 12 un 24 fermentacijas stundam/ acid whey was inoculated with
10% inoculum at the beginning and after 12 and 24 hours of fermentation

P&c 40 h starp abiem paraugiem tika novérotas bitiskas pH atskiribas
(p<0.05). Fermentacijas beigas pH sasniedza 8.76 AW1 un 7.14 AW?2 paraugos.
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Laktozes oksidéSanas procesa pH samazinas, jo rodas laktobionskabe. Bakteriju
atmirSana veicina lielaku slapekla savienojumu klatbiitni substratos, kas izraisa
pH palielinasanos. To var skaidrot arT ar Pseudomonas taetrolens sp&ju producét
proteolitiskos enzimus (Alonso et al., 2011). 8. att&la var redz&t, ka Pseudomonas
taetrolens nemaz nepatéré pieejamo skabekli AW1 parauga, salidzinot ar AW?2
paraugu, jo DOT vertibas ir loti tuvu piesatinajuma limenim. 1z8kidusa skabekla
saturs ir ciesi saistits ar bakteriju vairosanas fazi (9. attels). [zSkidusais skabeklis
tiek pateéréts, kamér bakterijas ir eksponencialaja fazé. AW2 parauga tika
atkartoti pievienota bakteriju biomasa, tapeéc ari iz8kidusa skabekla koncentracija
samazinajas vairak neka AW 1 paraugam. Pseudomonas taetrolens ir aerobas, to
vairo$anai ir nepiecieSams skabeklis, un bakterijam vairojoties, tas vairak pateré
substrata izSkiduso skabekli. Skabekla padevei ir svariga loma bakteriju
metabolitu producésana un $unu augSana (Lozano et al., 2011). DOT Iimenis
samazinajas Iidz 78.2% AW1 parauga un Iidz 24.1% AW2 parauga, kas liek
secinat, ka bakterijas AW1 parauga vairojas labak, ja baktériju biomasa tiek
pievienota atkartoti.
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log,, CFU ml
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9. att. Pseudomonas taetrolens KVV skaita izmainas paraugos, fermentgjot
substratu bioreaktora /
Fig. 9. Time-course profile of Pseudomonas taetrolens CFU changes in

samples during fermentation in a bioreactor
Paraugu apzim&jums / Sample designation: AW1 = biezpiena siikalu paraugam pievienota 10%
baktériju biomasa fermentacijas sakuma / acid whey was inoculated with 10% inoculum at the
beginning of the fermentation process; AW2 = biezpiena siikalu parauga pievienota 10% bakt&riju
biomasa fermentacijas sakuma, péc 12 un 24 fermentacijas stundam/ acid whey was inoculated with
10% inoculum at the beginning and after 12 and 24 hours of fermentation

Pseudomonas taetrolens vairoSanas liknu atSkiribas abiem paraugiem var
redzet 9. att€la. AW1 parauga dzivotsp&jigas baktérijas 24 stundas sasniedz
maksimumu, t.i. 3.7%10° KVV mL?, bet AW2 paraugd 27 stundu laika —
1.3*10® KVV mL?. Baktériju augSanas liknes kdapums AW2 paraugam ir
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straujaks laika no 12 1idz 14 h ari no 24 lidz 26 h, laika, kad biomasa ir atkartoti
pievienota.

Lai analizetu laktobionskabes ieguves procesa efektivitati, tika noteikti
fermentacijas procesu raksturojos$i parametri, kas apkopoti 8. tabula. Tie
ieveérojami at$kiras AW2 un AWI paraugiem, iznpemot Y xss, kas abiem
paraugiem bija vienads (p<0.05). Y x;s norada cik bakteriju biomasas tiek
patérets viena grama laktobionskabes biosintézei.

8. tabula / Table 8
Biezpiena siikalu fermentacijas procesa raksturojoso parametru
kopsavilkums /
Summary of values acquired in acid whey fermentation process

Paraugs / Sample AW1 AW?2
y, ht 0.06 +0.01° 0.15+0.01°
Mmax,, ht 0.08+0.01° 0.27+0.01°
Lag fazes ilgums / Time of Lag phase, h 162 145
WP, g L-'h-! 0.22+0.01° 0.74£0.02°
gLBA, g'h? 0.60 £0.022 0.73+0.03°
Optiskais blivums / Optical density, 600 nm 2.99+0.02* 6.87 £0.09°
Pseudomonas taetrolens, logio KVV / CFU mL™* 9.57+0.172 13.14 +0.23°
Y */s,gg? 0.035 +0.002 2 0.034 +£0.004 *
WX, gL?!ht 0.010 +0.002 @ 0.027 +£0.001°
Stinu masa / Dry cell weight, g Lt 0.56 +0.12? 1.47 +0.18°
Fermentacijas laiks / Fermentation time, h 728 48°
LBA koncentracija / Concentration of LBA, % 29.70£1.602 99.85+0.10°

M - patngjais augSanas atrums / specific growth rate; pmsx— maksimalais Tpangjais augSanas atrums /
maximum specific growth rate; qLBA — specifiskais laktobionskabes producésanas atrums / specific
lactobionic acid production rate; Y X/s — saraZota biomasa attieciba pret patéréto laktozes saturu
fermentacijas laika / The amount of biomass produced in relation to the amount of lactose consumed
during fermentation; WX — biomasas produktivitate fermentacijas laika / biomass productivity of the
fermentation process; WP — laktobionskabes saturs tilpuma vieniba fermentacijas laika / lactobionic
acid productivity of the fermentation process;

Paraugu apzim&ums / Sample designation: AW1 = biezpiena siikalu paraugam pievienota 10%
baktériju biomasa fermentacijas sakuma / acid whey was inoculated with 10% inoculum at the
beginning of the fermentation process; AW2 = biezpiena siikalu parauga pievienota 10% bakteriju
biomasa fermentacijas sakuma, péc 12 un 24 fermentacijas stundam/ acid whey was inoculated with
10% inoculum at the beginning and after 12 and 24 hours of fermentation;

Rezultati, kas noraditi ar vienu un to pasu burtu kolonna, sava starpa butiski neatskiras (p>0.05) a,b
Means in the same column followed by the same letters do not differ at p>0.05.

Ipatngjais Pseudomonas taetrolens augsanas atrums AW?2 ir lielaks neka
AW1 paraugam, sasniedzot maksimalo ipatngjo augSanas atrumu 0.27 hl,
Laktobionskabes un baktériju biomasas produktivitate AW2 paraugam bija
ieverojami lielaka. Specifiskais laktobionskabes producésanas atrums parada, cik
daudz laktobionskabes var iegiit no 1 g bakteriju biomasas stunda. legitie
rezultati bija tuvi, bet lielaka vertiba noteikta AW2 paraugam. Ta apstiprina, ka
AW?2 parauga bija vairak metaboliski akttvu bakteriju neka AW1 parauga. Ja
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substrata ir vairak metaboliski aktivu bakteriju, tad parauga bus arT lielaka Stinu
masa, optiskais §tnu blivums un dzivotspgjigo baktériju KVV skaits, kas ar1
pieradijas AW2 parauga rezultatos.

Biezpiena stikalas Pseudomonas taetrolens augsana ir ierobezota, laktozes
oksidacijas process ir lens, tapec bakteriju biomasas atkartota pievienoSana
palidz sasniegt tadus pasus rezultatus ka petijumos (Alonso et al., 2017, 2015;
2013b; 2012a; 2012b; 2011; Giorgi et al., 2018; Goderska et al., 2014; Miyamoto
et al., 2000) ar siera sukalam.

Pseudomonas taetrolens sunu funkcionalitate analizéta ar plasmas
citometriju. P&c 12 stundu fermentacijas AW1 parauga grafiks (10. attéls (A))
pierada baktériju Stnu lielaku propidija jodida (Pl) uznemS$anas spgju,
salidzinajuma ar AW2 paraugu (10. att€ls (B)). Tas apstiprina, ka biezpiena
stkalu vide ietekm& bakteriju membranas caurlaidibu. AW1 parauga bakteriju
populacija bija dzivotspgjiga tikai fermentacijas sakuma, savukart AW?2 parauga
dzivotsp&jigo bakteriju populacija saglabajas lidz pat fermentacijas beigam.
Abos paraugos bojato $tnu (Stnas, kuru izdzivosana ir apdraudéta) skaits ir
mazs, salidzinot ar dzivotsp&jigam un atmiru$am $tnam, tadgjadi var secinat, ka
bakterijas biezpiena stikalas strauji iet boja.

Arf iepriek$jos eksperimentos NO biezpiena stikalam ieguva mazak neka
32% laktobionskabes no biokonvertétas laktozes satura. Sis eksperiments
pierada, ka bakterijas vaji pielagojas biezpiena stikalu videi, pat nodrosinot vidi
ar skabekli un optimalu pH to augSanai. Atkartoti pievienojot Pseudomonas
taetrolens biomasu, baktérijas vairojas atrak un veiksmigak laktozi konverté
laktobionskabg.

Analiz€jot Pseudomonas taetrolens vairoSanos biezpiena sukalas, tiek
pienemts, ka to augSanu ietekm& Na* joni. Biezpiena siikalu pH ir zems, lai to
pielagotu (lidz 6.5) tiek pievienots 6 M NaOH. Lidz ar to biezpiena stkalas ir
vairak Na* neka siera stikalas. Ir veikti p&tijumi, kas pierada Gram-negativo (ari
Pseudomonas taetrolens) baktériju vairo$anas kavésanu, ja vid€ ir Na* un/vai CI
joni. Rezultata baktériju $tinu membrana viegli transporté tos §tna un $tna
mainas osmotiskais spiediens, kas ietekmé& S$Gnu dzivotsp&ju. Zinatnieki ir
izpétijusi, ka Pseudomonas aeruginosa JCM5962(T) un citu Pseudomonas gints
sugu enzimu (lipazes un kolagenazes) aktivitate samazinas, ja barotné ir liels Na*
jonu saturs (Sachan et al., 2017; Gautam & Azmi 2017; Matula & Macleod
1969).
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Propidija jodids /Propidium Iodide (Q1 and Q2)
Propidija jodids /Propidium Iodide (Q1 and Q2)
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SybrGreen (Q3 and Q2) ChemChrome (Q3 and Q2) SybrGreen (Q3 and Q2) ChemChrome (Q3 and Q2)

10. att. Pseudomonas taetrolens Siinas (metaboliski aktivas, bojatas un mirusas) fermentacijas procesa (A) AW1 parauga
un (B) AW?2 parauga / Fig. 10. Dot plots representing Pseudomonas taetrolens heterogeneity during fermentation process (A)
in sample AW1 (B) in sample AW2.

Paraugu apzimg&jums / Sample designation: AW1 = biezpiena siikalu paraugam pievienota 10% bakteriju biomasa fermentacijas sakuma / acid whey was
inoculated with 10% inoculum at the beginning of the fermentation process; AW2 = biezpiena stikalu parauga pievienota 10% bakteriju biomasa fermentacijas
sakuma, p&c 12 un 24 fermentacijas stundam/ acid whey was inoculated with 10% inoculum at the beginning and after 12 and 24 hours of fermentation
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Literatlira nav atrodami zinatniski pamatoti dati par Pseudomonas taetrolens,
bet ir pieejama informacija par Pseudomonas aeruginosa celmiem. Ir izpétits, ka
So bakteriju Siinas inhib€ liela jiiras sals koncentracija vide, bet ar laiku tas spgj
pielagoties un adaptgties, $ada vidé spgjot izdzivot pat vairakus gadus. Sada
adapcija tiek uzskatita par fenotipisku nevis genétisku (Elabed et al., 2019). So
pielago$anas sp&ju varétu pielidzinat ari Pseudomonas taetrolens vairoSanai
biezpiena siikalas, ka rezultata vidé masveida tiek inhib&tas petamas bakterijas.
Tomer neliela dala SGnu lénam sak pielagoties un izdzivot, kas norada uz
biezpiena sukalu potencialu laktobionskabes ieguvei. Pievienojot papildu
bakteriju biomasu, kura dala baktériju jau ir adaptgjusies, tas sava starpa rod
sinergismu, pielagojas videi un turpina vairoties, veicinot laktozes biokonversiju
laktobionskabg.

ST pétijuma rezultati pieradija, ka biezpiena siikalas var izmantot ka substratu
mikrobiologiskaja fermentacija un atkartota bakteriju biomasas pievieno$ana var
uzlabot bakt€riju augsanas potencialu biezpiena stkalas.

7. AttiriSanas posma iegiitie produkti

Eksperimenta meérkis bija izdalit maksimali tiru laktobionskabi. Tika
analiz&ta laktobionskabes koncentracija produkta, krasas intensitate, pH, skidiba
tident un produkta vizualais izskats (9. tabula), lai salidzinatu paraugu atbilstibu
un tiribu ar komercialo laktobionskabi (Sigma-Aldrich, ASV).

legtitajos paraugos laktobionskabes saturs ir loti tuvs komercialajai
laktobionskabei. Laktobionskabes saturs C parauga (95 + 2 %) ir vistuvak
komercialajai laktobionskabei. B paraugs satur mazak laktobionskabes neka citi
paraugi, tas varStu but saistits ar parauga sirupveida konsistenci, kas skaidro
batiskas atskiribas (p<0.05) no citiem analiz&tajiem paraugiem.

C paraugs ir vistuvak komercialajai laktobionskabei péc pH, lai gan visiem
laktobionskabes paraugiem pH bitiski atskiras no komercialas laktobionskabes
(p<0.05). Delagustin et al., (2019) noradija, ka laktobionskabes (iegiita p&c
skaloganas ar etilspirtu) un komercialas laktobionskabes (Sigma-Aldrich) pH ir
ap 2.5. Lidzigus rezultatus publicéja ari Carra (2012), konstatgjot, ka ar
sublimaciju iegiitajam laktobionskabes produktam pH ir 2.96, bet komercialajai
laktobinoskabei (Sigma-Aldrich) - 3.04. Cardoso et al., (2019) ir zinojis, ka
laktobionskabes pH ir 2.37. B paraugam ir visaugstakais pH starp visiem
paraugiem (p<0.05), galvenais iemesls varétu bit lielaks Gdens saturs parauga.
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Iegiitas laktobionskabes raksturojums / Description of obtained lactobionic acid

9. tabula / Table 9
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- _ . Loti higroskopisks, atri uznem mitrumu un zaudé
Gz.nsi (;z_eltenas nokrasa§ birstoss birstamibu, veidojas sirupveidigs produkts / Very e . . .
A kristalveidigs p¥0dukts / ITIght yellow hygroscopic, loses its fluidity, absorbs moisture 90+2%¢|3.48 +0.08 31+3 22.60 £ 0.94
shade, free-flowing crystalline product. | quickly and a syrup-like product is formed.
Dzeltenas nokrasas sirupveida produkts | Uzglabajot neiepakotu telpas temperatiira, tas saglaba
B (vizudli atgadina medu) / Yellow syrup | savu konsistenci / When stored unpacked at room | 85+3°% [427+0.12°| 118+2°¢ [20.00+1.42°
(visually reminiscent of honey). temperature, it retains its consistency
Gais, balts birsto§s pulverveida | Uzglabajot neiepakotu telpas temperatiira, tas saglaba
c produkts / Light, white-colored fluid | savu konsistenci / When stored unpacked at room | 95+2° | 3.05+0.09¢| 109+3¢ |295+0.23°¢
powder-like product temperature, it retains its consistency.
Loti higroskopisks, atri uznem mitrumu un zaud@
GaiSs, balts, birstoSs kristalveidigs | birstosa produkta konsistenci. Kristali salip kopa,
D produkts / Light, white colored fluid | veidojot cietu masu / Hygroscopic, absorbs moisture |94 +2%¢(322+0.08¢| 23+4° [1597+1.22¢
crystalline product. quickly and loses the consistency of the fluid product.
The crystals stick together and form a solid mass.
“Sigma- | Balts, birstoss kristalveidigs produkts / | Hidroskopiska. Noveérojama kristalu salipsana / ) 23240019 3144 )
Aldrich”- | White-colored fluid crystalline product | Hygroscopic. The crystals stick together. Tt B

Rezultati, kas noraditi ar vienu un to pasu burtu kolonna, sava starpa bitiski atSkiras (p<0.05) / Different superscripts within a column (a, b, c, d) are significantly

different (p<0.05);
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11. att. Laktobionskabes paraugi (A) A paraugs; (B) B paraugs; (C) C
paraugs; (D) D paraugs /

Fig. 11. Samples of lactobionic acid (A) sample A; (B) sample B; (C) sample C;

(D) sample D

Peéc vizuala noveértejuma komercialajai laktobionskabei vistuvakais ir D
paraugs, kas iegiits sublimacija (11. attéls).

A un D paraugiem $kidiba @ideni ir lidzvertiga komercialajai laktobionskabei
(p>0.05), savukart B un C paraugiem bija nepiecie$ams 3 lidz 4 reizes ilgaks
konsistence, 11dz ar to virsma, kura ir saskarsmg ar tideni, ir mazaka. Savukart C
paraugs ir blivaks, l1dzigi ka B paraugam virsmas laukuma saskare ar tideni ir
mazaka neka A un D paraugiem. Delagustin et al. (2019) pétijuma konstatéts, ka
iz§kidinot 1 g laktobionskabes 1 — 10 mL tdens, to var klasificét ka pilniba
SkistoSu vielu un saskana ar ”British Pharmacopeia Commission” (2009)
laktobionskabe ir Gident viegli $kistoss savienojums. Cardoso et al., (2019) ir
noradijusi, ka laktobionskabes $kidiba fident ir 10 g 100 mL!. Laktobionskabe
slikti Skist organiskos Skidinatajos, piemeram, metanola, etanola un ledus
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etikskabé (Gutierrez et al., 2015; Cardosos et al., 2019). Visi iegiitie paraugi
pieradija, ka laktobionskabe viegli skist ideni.

Visi laktobionskabes paraugi bija kristaliska forma, iznemot B paraugu. B
paraugs iegiits, izmantojot kristalizacijas metodi, kura paraugs sakotng&ji
ietvaic€ts un p&c tam kaltets. Parauga slanis bija biezs un iztvaicgjama virsma
maza, salidzinot ar A paraugu, kas tika kaltets $kidra stavokli. Ari Wilkinson et
al., (2018) ir apstiprinajusi, ka strupveida un gélveida produkti kalst ilgak neka
Skidrie produkti, turklat nepietickami.

Visos laktobionskabes paraugos netika konstatéta olbaltumvielu un laktozes
klatbtitne. Mineralvielas, vitamini, §tnu atlickas, idens un citi savienojumi
noteikti netika.

Komercialajai laktobionskabei tika novérota kristalu salipSana p&c 24 h
uzglabasanas telpas temperatara (9. tabula). Lidziga tendence tika novérota A un
D paraugiem, savukart B un C paraugi saglabaja savu struktiiru 24 stundu
uzglabasanas laika. Delagustin et al., (2019) konstatgja, ka laktobionskabes
fizikalas ipasibas mainas uzglabasana, tdens satura pieauguma dgl. Turklat
fidens aizture ir saistita ar laktobionskabes higroskopisko dabu (Yu & Van Scott
2004). Art Shendurse & Khedkar (2016) ir uzsverusi, ka laktobionskabe ir
higroskopisks savienojums un var veidot g€lu, saistot iideni no apkartgjas vides.
Bisinella et al., (2017) pétijuma, lietojot rentgenstaru difraktometriju, tika
analiz&ti neiepakotas laktobionskabes paraugi uzglabasanas laika. PE&tfjuma
laktobionskabes kristaliskas formas izmainas skaidrotas ar laktobionskabes
higroskopiskumu. Cardoso et al., (2019) zinoja, ka laktobionskabes adens
saturam jabtt 1idz 4.68%, lai to kvalificétu ka pulverveida vielu. Lielaks tidens
saturs var radit gélveida struktiiru un saisinat produkta uzglabasanas laiku.

Paraugus biitu nepieciesams papildus attirit no mineralvielam, vitaminiem un
citiem savienojumiem, lai tie varétu konkurét ar kimiska sint€z€ iegiitas
laktobionskabes tiribas kriterijiem un bitu drosi izmantojami tautsaimnieciba.
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SECINAJUMI

No visam iesp&jamajam laktobionskabes ieglisanas metodeém, fermentativa
oksidésana lauj izmantot stikalas laktobionskabes ieguvei.

Neapstradatas biezpiena siikalas ir mazak piemérotas laktobionskabes
sintézei, salidzinot ar siera sukalam.

Ar pliismas citometrijas, koloniju veidojoSo vienibu, §inu optiska blivuma
Un masas analiz€ém ir pieradits, ka biezpiena siikalas Pseudomonas
taetrolens nespgj efektivi vairoties zemas to metaboliskas aktivitates un
atras $tinu bojaejas del.

Pseudomonas taetrolens mazo aktivitati biezpiena stikalas sekmé Na* jonu
klatbiitne, pievienojot NaOH vides neitralizacijai.

Biezpiena stikalas var piemérot laktobionskabes sintézei, fermentacijas
laika periodiski pievienojot Pseudomonas taetrolens biomasu, un sasniegt
pilnigu laktozes biokonversiju laktobionskabg.

P&tijums pieradija vides pH, sausnas satura, Mn?* un Mg?* jonu klatbiitnes
un skabekla pievades nozimi, fermentgjot biezpiena siikalas ar
Pseudomonas taetrolens laktobionskabes ieguvei.

Lietderigi fermentacijas procesu Tistenot bioreaktoros vélama pH un
skabekla piegades nodrosinasanai.

Ir iesp&jams biotehnologiski iegiit laktobionskabi no biezpiena stikalam, bet
tas tiribas un drosibas jautajumi ir padzilinati japéeta.

Promocijas darba izvirzita hipotéze ir apstiprinata, petfjuma ir pieradits, ka
biezpiena sikalas var piemérot laktobionskabes ieguvei mikrobidlaja
fermentacija.
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TOPICALITY OF THE RESEARCH

Growing market demand and wide potential of lactobionic acid in various
sectors call for the search for opportunities and solutions for the efficient
extraction of the substance using low-cost, easily accessible, and recyclable raw
materials.

Commercial lactobionic acid is produced by chemical synthesis, which
requires precious metal catalysts and large energy resources. Of all lactobionic
acid production methods, only enzymatic oxidation advantages to use cheaper
raw materials, such as whey. Usage of Pseudomonas taetrolens for the
production of lactobionic acid is of the greatest interest by considering the
advantages and disadvantages of the lactobionic acid production methods,
because Pseudomonas taetrolens metabolites are recognised as safe for human
consumption and several studies confirm that Pseudomonas taetrolens converts
lactose into lactobionic acid. However, not only the fermentation stage is
important in enzymatic oxidation, but also the lactobionic acid recovery stage,
which makes this method more time consuming than methods of chemical
synthesis. In the recovery stage, various purification methods (centrifugation,
microfiltration, freeze-drying, evaporation, ion-exchange chromatography,
crystallisation, electrodialysis, precipitation with ethanol, etc.) are used to extract
pure lactobionic acid from the fermented substrate.

Today, manufacturers are focusing more on the extraction of whey protein
and its application in the production of functional foods. The major compound
of whey dry matter, namely lactose, is not fully utilised. Scientists and
manufacturers are looking for ways to use whey ingredients to make high-value
products. The use of acid whey in the production of various products has so far
not been identified as effective due to the high acidity of the substrate, the organic
acids, and the high content of phosphates and citrates. The composition of acid
whey, knowledge, and research experience on microbiological fermentation of
acid whey shows that acid whey has the potential to become a suitable substrate
for the efficient production of lactobionic acid by Pseudomonas taetrolens usage
to convert lactose into lactobionic acid.

Technological solutions for the production of lactobionic acid have not been
sufficiently studied, thus opening up a wide scientific area for research and new
insights in this field.

The hypothesis of the doctoral thesis: acid whey is suitable for lactobionic
acid production by microbial fermentation.

The hypothesis of the doctoral thesis is supported by the defended theses.
1. The composition of acid whey is suitable for the growth of Pseudomonas
taetrolens;
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2. The lactose concentration in acid whey is sufficient for lactobionic acid
production;

3. The acid whey pH is adjustable for Pseudomonas taetrolens growth and
modified conditions of the substrate have an influence on the metabolic
activity of bacteria and lactose conversion into lactobionic acid;

4. The developed lactobionic acid technology is suitable for its application on a
commercial scale.

The objective of the doctoral thesis was to study the possibility of acid whey
fermentation with Pseudomonas taetrolens for lactobionic acid production.

The following research tasks were set to achieve the aim of the doctoral

thesis:

1. To compile the available scientific resources on lactobionic acid production
methods and their efficiency;

2. Tochoose technological solutions for economical lactobionic acid production
from acid whey;

3. To evaluate the changes of lactose concentration during substrate’s
fermentation;

4. To analyse the effect of fermentation parameters on higher lactobionic acid
production;

The novelty of the thesis:

» For the first time in Latvia, research has been carried out on the production
of lactobionic acid in microbial fermentation using acid whey, and achieving
complete bioconversion of lactose into lactobionic acid.

» The suitability of acid whey for the oxidation of lactose in lactobionic acid
with Pseudomonas taetrolens has been evaluated.

« Experimental data on lactobionic acid purification methods and their
effectiveness make it possible to meet the purity criteria for the substance.

The economic significance of the thesis:
» Thetechnology developed in the research is able to be adjusted in production;
» Asolution has been found for the use of acid whey in the production of value-
added products.

The study has been financially supported by grants:

» Strengthening Research Capacity in the Latvia University of Life Sciences
and Technologies. Project No. Z23 “The biotechnological solutions for
lactobionic acid production”;

» Latvia University of Life Sciences and Technologies Transition to the New
Doctoral Funding Model. European Social Fund Project No. ES32;
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» Ministry of Agriculture and Rural Support Service of the Republic of Latvia
project No. 19-00-A01612-000007 “Economically justified processing of
whey for new food and feed”.

APPROBATION OF THE RESEARCH

The research results have been summarised and published in 6 scientific
articles, including 4 publications indexed in the international citation databases
SCOPUS and Web of Science (see the list on page 6).

The results of the research work have been presented at 7 international
scientific conferences in Latvia, Estonia, Spain, and France, as well as at the
international food industry fair “Riga Food” in 2020 (see the list on

page 7).
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MATERIALS AND METHODS

Time and place of the research

The study has been carried out from 2017 to 2022 in the research laboratories
of the Latvia University of Life Sciences and Technologies: Scientific laboratory
of microbiology, Dairy pilot-plant, Pilot-plant for fruit and vegetable processing,
Laboratory of processes and equipment, Nutrition laboratory, and the Scientific
laboratory of chemistry of natural substances. Also, research has been done in
the laboratories of Scientific and Technological Resources in the University of
Oviedo (Spain): Food technology, Cytometry, and Pilot-plant, as well as in the
laboratories of the Department of Chemical and Environmental Engineering at
the University of Oviedo (Spain).

Characteristics of materials
The object of the study was:

1) Pseudomonas taetrolens, stored in glass ampoules lyophilised in 40%
glycerol, storage conditions at -20 °C. Bacteria are light in colour with a
yellow tinge. Optimal growth temperature 30 ° C, strains used for research:

v' LMG 2336 (the Belgian Coordinated Collection of Microorganisms,
Belgium);

v NCIB 9396 (National Collection of Type Cultures, England);

v’ DSM 21104 (German Collection of Microorganisms and Cell Cultures,
Germany).
2) Whey (stored -20 °C), see Table 1.

Research structure

The research was performed in two stages:

Fermentation of lactose to lactobionic acid,;

Lactobionic acid purification and recovery.

The lactobionic acid extraction process begins with whey processing (Fig. 1).
The whey is heated at 90 — 95 °C for 30 minutes, promoting the denaturation of
the whey protein. Whey proteins are separated by filtration. The clarified whey
is filtered through a filter paper (pore size ~ 2 um) and a microfiltration device
equipped with a 0.22 pum pore polyvinylidene difluoride (PVDF) membrane
(Millipore, Massachusetts, USA) to obtain clarified whey and to remove bacteria
and other insoluble impurities. The clarified whey is filled in a sterile glass
container to avoid external contamination and to obtain a clear substrate.

Preparation of Pseudomonas taetrolens strains for inoculation is shown in
Fig. 2. Bacteria are inoculated before the experiment so that the bacterial biomass
is fresh and active during the experiment. All preparation processes are
performed with sterile substances and materials sterilised in an autoclave at
121 °C for 20 minutes. As well, preparation of samples (whey, bacteria) for
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fermentation is performed in a sterile environment — a laminar flow box, so that
other microorganisms do not enter the samples. The bacteria are inoculated into
the nutrient broth medium (composition 20 g L biological agar, 5 g L™ NaCl,
59 L* peptone, 2 g L yeast, and 1 g L meat extract) with a loop. The agar
plates are incubated at 30 °C for 48 h.

After incubation from the agar plate with a loop (10 puL volume), the bacteria
are transferred to a 500 mL flask containing 100 mL of liquid NB medium
(5gLtNaCl, 59 L™ peptone, 2 g L yeast, and 1 g L'! meat extract).

The medium is incubated on an orbital shaker (New Brunswick Sci., NJ. USA
or ES-20, Biosan, Latvia) at 30 ° C for 10-16 h with a sample mixing intensity
of 220 — 350 min. After incubation, the substrate is poured into sterile conical
flasks and centrifuged at 10 000 min for 10 min to settle the grown cells of
Pseudomonas taetrolens.

The separated bacteria are added to the clarified whey. If concentrated whey
is used in the experiment, whey is evaporated in a Rising Film evaporator FT22
(Armfield, England). Prior to the fermentation process, the whey composition is
analysed by MilcoScanTM Mars (Foss, Denmark) or high-performance liquid
chromatography.

Samples prepared for the experiment are fermented in flasks using an orbital
shaker or in a Bio Flo 110 (New Brunswick Scientific, NJ, USA) bioreactor.

A more detailed description of the experiment performed in the study is
summarised in Table 2.

After the fermentation process in the flasks, the samples were not subjected
to purification or recovery steps of lactobionic acid due to insufficient sample
size to be analysed. After the fermentation process in the bioreactors (Table 2;
f series), the samples were purified by centrifugation, filtration through filter
paper and absorption of minerals on activated carbon, microfiltration (0.45 um
pore size) to obtain a light, transparent product (Fig. 3 and Table 3).

Several methods are used to isolate lactobionic acid: freeze-drying,
precipitation with 96% ethanol, and drying of the samples.

An evaporated sample (~ 40% dry matter content) is used for freeze-drying.
The sample is filled around 100 — 200 mL in 500 mL flasks. The flasks were
stored in a freezer (-18 °C, 24 hours for complete freezing). The sample in the
flasks was dried under vacuum at -65 °C until dry, free-flowing crystals were
obtained with freeze-drying (Telstar Cryodos - 80, Model 2007, Spain).

The drying process was used for further processing of the micro-filtered
sample and also for evaporated sample. Both samples were dried in a thin layer
in a thermostat at 40 °C.

A concentrated whey (~ 40% total solid content) was used for precipitation
with ethanol. Ethanol is added to the concentrated sample and stirred to
crystallise the lactobionic acid in the sample. After precipitation, the sample is
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centrifuged at 10 000 min* for 10 min to separate crystals of lactobionic acid.
The suspension is discarded and the crystals are dried at 40 °C.

The parameters listed in Table 4 were analysed and controlled during the
research.

Methods of analysis performed in the research
The analytical methods used in the study are summarised in Table 5.

Data analysis

In the research part of the work, figures and tables were created and
calculations were performed using MS Excel for Windows 2010 software.
Analysis of variance (ANOVA), t-test were used for the data interpretation with
a significance level (p<0.05). Acquisition and analysis of HPLC data were
processed using ChemsStation (Agilent) software, while flow cytometry data
were processed using CytExpert software (Beckman Coulter)

RESULTS AND DISCUSSION

1. Effect of pH on lactobionic acid production

The aim of the experiment was to determine the optimal pH of acid whey at
which Pseudomonas taetrolens NCIB 9396 and DSM 21104 can grow.

The highest result was shown by sample 4N with obtained 58.47 + 2.03 g L!
lactobionic acid, followed by sample 4D with obtained 53.67 + 1.02 g L™
lactobionic acid. The lowest results were determined for samples
ON—-23.97+1.83 gL' and OD — 34.66 + 1.82 g L. The results showed that
Pseudomonas taetrolens was more efficient in converting lactose into lactobionic
acid at pH 6.5 in acid whey. An experiment on the effect of pH on lactobionic
acid production showed that Pseudomonas taetrolens is able to convert lactose
into lactobionic acid in acid whey. It is necessary to adjust the pH of the substrate
to around 6.5 and recommended to adjust pH during the fermentation. The acidic
environment inhibits the ability of Pseudomonas taetrolens to convert lactose
into lactobionic acid. The low pH of the acid whey could be the reason why
higher results for lactobionic acid are not achieved, as it is in the studies using
sweet whey.

2. Effect of whey solids on lactobionic acid production

The aim of the experiment was to investigate the effect of acid whey solids
on the Pseudomonas taetrolens NCIB 9396 and DSM 21104 growth and on the
oxidation of lactose into lactobionic acid. The highest yields of lactobionic acid
were obtained in samples N5%, D5%, N10%, D10%, N20%, and D20%
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(see Table 6). No significant differences (p>0.05) were found in the lactobionic
acid concentration between these samples.

The obtained results showed that if the total solids of the samples were 5%,
10%, and 20%, there was no significant difference in the yield of lactobionic
acid. If the total solids exceed 20%, a decrease of lactobionic acid yield was
observed.

The results showed that the yield of lactobionic acid was lower in the samples
with total solids of more than 20%. Mijamoto et al. (2000) found that the
production rate of lactobionic acid was higher in samples with 150 than with
200 g of L* lactose. Murakami et al. (2003) concluded that the high solid content
in whey may reduce the rate of lactose absorption in the cell membranes, and
high solid content in the substrate may also lead to the inactivation of enzymes
produced by microorganisms.

3. Effect of different salts on lactobionic acid production

The aim of the experiment was to investigate whether the addition of
inorganic salts (nutrients for bacterial growth) to acid whey should improve
bacterial growth and lactose conversion into lactobionic acid.

No significant differences were found (p>0.05) between N-control and
NMg3, NMn2, NMn3, NK1, NK2, NK3 samples (Fig. 5 A) and between
D-control and DMg2, DMg3, DMn2, DMn3, DK1, DK2, DK3 samples
(Fig. 5 B). In turn, there were significant differences between N-control and
NMgl, NMg2, NMn1 samples (p<0.05) and also between D-control, DMg1, and
DMn1 samples (p<0.05).

In turn, there was a significant difference because the presence of Mg?* and
Mn?* jons has a positive effect on the growth of Pseudomonas taetrolens, which
promotes the oxidation of lactose into lactobionic acid. The presence of K* ions
did not affect the bioconversion of lactobionic acid.

There are no found studies in the scientific literature on the effects of salts on
the activity of Pseudomonas taetrolens. It is reported that the lack of Mg?* ions
in the substrate can lead to the formation of a fibrous bacterial structure,
inhibiting cell division and growth. The growth of bacteria in the presence of
Mg?* ions can be explained by the finding that magnesium has an effect on the
metabolism of cells and their division. Mg?* ions also stabilise nucleic acids
(DNA and RNA) and participate in peptide hydrolysis. Mn?* ions are required
for the functions of enzymes produced by bacteria. Mn?* ions are involved in
RNA polymerase activity, inducing the activity of lactase, xylose isomerase,
manganese catalase, manganese superoxide dismutase, and NADH oxidase.
Manganese ions can also increase the pH range of enzyme activity (Gunsalus &
Stanier, 2013).
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The study has confirmed that Mg?* and Mn?* ions are required for the growth
of Pseudomonas taetrolens and their presence in the substrate contributes to a
higher yield of lactobionic acid. The results obtained, despite the addition of
salts, still did not achieve the same results with sweet whey in other studies
(Giorgi et al., 2018; Goderska et al., 2014; Alonso et al., 2017; 2015; 2013b;
2012a; 2012b; 2011; Miyamoto et al., 2000)

4. Comparison of different whey fermentation at controlled
and uncontrolled pH in flasks and bioreactor

The aim of the experiment was to study the ability of bacteria to oxidise
lactose into lactobionic acid in acid whey compared to sweet whey; also to
compare the possibilities of lactobionic acid production in a bioreactor with
fermentation in shake-flasks, as well as to understand the importance of pH
adjustment.

Dissolved oxygen tension (DOT) in the substrate was related to the bacterial
growth phase as observed in Fig. 6. DOT was determined only for samples in the
bioreactor, as the bioreactor is equipped with an oxygen electrode, but DOT was
not determined in shake-flasks fermentation. In the sweet whey samples (SB1
and SB2), a significant decrease in the dissolved oxygen concentration was
observed at the beginning of the fermentation, followed by an increase to
saturation, indicating a process of lactose oxidation.

A significant difference in the minimum DOT was achieved in the
fermentation substrate. In the exponential phase of bacterial growth, a minimum
DOT of 6% was achieved in sweet whey with pH 6.5 adjusted, compared to 85%
in acid whey without pH adjustment. Pseudomonas taetrolens in acid whey
samples (AB1 and AB2) poorly consumed the available oxygen because the
DOT values were close to saturation level.

Oxidation intensity of lactose into lactobionic acid in sweet whey (A) and
acid whey (B) are shown in Fig. 7.

The highest conversion of lactose into lactobionic acid was achieved in the
SB2 sample using sweet whey in the bioreactor and with controlled pH.
Significant differences were found between samples of the fermentations of acid
whey and sweet whey. The yield of lactobionic acid was significantly lower in
the acid whey samples. Significant differences were found also in the lactobionic
acid yield between samples fermented in the bioreactor and shake-flasks. Better
results were obtained by the fermentation in the bioreactor because the input of
oxygen promoted the growth of bacteria and the production of lactobionic acid.

Fermentation of the samples with uncontrolled pH of the substrate continues
to decrease in pH due to the lactobionic acid formed and inhibits the growth of
Pseudomonas taetrolens. Thus, the pH should be maintained at approximately
6.5 during fermentation to provide an optimal medium for Pseudomonas
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taetrolens growth, lactobionic acid biosynthesis, and also for the metabolism of
the cells.

The results showed that the concentration of lactobionic acid in the bioreactor
samples was as follows: 72.05% SB1, 91.24% SB2, 8.98% AB1, 31.24% AB2,
moreover, significant differences were found between these samples (p<0.05).
Higher lactobionic acid concentration was obtained in the sweet whey samples,
but lactose was not effectively oxidised in the acid whey samples.

The results of studies by other scientists (Alonso et al., 2012a, 2012b, 20133,
2017; Giorgi et al., 2018) have confirmed the concentration of lactobionic acid
from 46 to 100% in sweet whey by using Pseudomonas taetrolens.

The study confirmed the importance of oxygen for the fermentation process
and the production of the final product. The importance of pH stabilisation in the
fermentation process was demonstrated. These results clearly demonstrate the
unsuitability of acid whey for the production of lactobionic acid with
Pseudomonas taetrolens, as the bacteria are less able to multiply in acid whey
than in sweet whey. In order to achieve a more efficient bioconversion of lactose
into lactobionic acid using acid whey, the issues affecting the growth of bacteria
in acid whey should be further investigated. A new approach to acid whey
fermentation should achieve higher lactobionic acid yields.

5. Comparison of different whey for lactobionic acid
production

The aim of the experiment was to determine the possibility of a combination
of acid and sweet whey to optimise the growth of Pseudomonas taetrolens. Three
samples were prepared, one with predominantly acid whey, the other, acid and
sweet whey were in equal proportions, and the third sample was dominated by
sweet whey. The lactobionic acid yield obtained is proportional to the amount of
sweet whey in the sample, the sweeter the whey, the higher lactobionic acid yield
(Table 7).

The results confirmed that the presence of acid whey inhibits lactobionic acid
production, so in-depth studies with acid whey should be analysed for the causes
of insufficient growth of Pseudomonas taetrolens and bioconversion of lactose
into lactobionic acid.

6. Production of lactobionic acid by re-addition of bacteria
biomass

The aim of the experiment was to study the regularities of bacterial growth in
acid whey by adding 10% bacterial biomass at the beginning of the fermentation
process (AW1) or by adding 10% bacterial biomass at the beginning of the
fermentation process, after 12 and 24 hours of fermentation (AW?2).
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The pH and dissolved oxygen tension (DOT) of the substrate were controlled
according to the information displayed on the bioreactor monitor, result
dynamics are summarised in Fig. 8. This is necessary to have successful growth
efficiency of Pseudomonas taetrolens. Based on these parameters, the activity of
bacteria growth in the substrate can be approximately determined. Both samples’
pH was 4.57 during the first fermentation minutes until the pH was adjusted to
6.5 with 6 M NaOH. The results showed that the pH increased during the
fermentation process (after 40 hours for the AW1 and after 58 hours for the AW?2
sample), but during the rest of the process it was maintained at pH 6.5 to obtain
optimal bacterial growth dynamics. The pH was no longer controlled when it
exceeded 6.5.

After 40 h of fermentation, significant differences were observed in pH
values between both samples (p<0.05). At the end of the fermentation, the pH
reached 8.76 in AW1 and 7.14 in AW2 samples. During the oxidation of lactose,
the pH decreases due to the production of lactobionic acid. The presence of
higher nitrogen compounds in substrates contributes to bacterial death, which
causes an increase in pH. This can also be explained by the Pseudomonas
taetrolens’ ability to produce proteolytic enzymes (Alonso et al., 2011).
Pseudomonas taetrolens did not consume any available oxygen in the AW1
sample compared to the AW2 sample, because the DOT values are very close to
the saturation level (Fig. 8). The dissolved oxygen tension is closely related to
the bacterial growth phase (Fig. 9). Dissolved oxygen is consumed while the
bacteria are in the exponential phase. Bacterial biomass was re-added to the AW?2
sample, so the dissolved oxygen tension also decreased more than in the AW1
sample. Pseudomonas taetrolens is aerobic, and requires oxygen to multiply, and
as bacteria multiply, they consume more dissolved oxygen in the substrate.
Oxygen supply plays an important role in the production of bacterial metabolites
and cell growth (Lozano et al., 2011).

The DOT level decreased to 78.2% in the AW1 sample and to 24.1% in the
AW?2 sample, suggesting that bacteria in the AW1 sample multiplied better when
the bacterial biomass was re-added again.

The differences in the Pseudomonas taetrolens growth in both samples can
be observed in Fig. 9. Viable bacteria reach a maximum within 24 hours in the
AW1 sample 3.7 * 10° CFU mL?, but in the AW2 sample within 27 hours
1.3 * 10" CFU mL. The increase of the bacterial growth curve for the AW2
sample is faster between 12 and 14 h and between 24 and 26 h when the biomass
was re-added.

All parameters were significantly different for AW2 and AW1 samples,
except for Y xss, which was the same for both samples (p<0.05). Y xs indicates
how much bacterial biomass is consumed per gram of biosynthesised lactobionic
acid.

The specific growth rate of Pseudomonas taetrolens for sample AW?2 is
higher than for sample AW1, reaching a maximum specific growth rate of
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0.27 h' for sample AW2, while for sample AW1 it is only 0.08 h. The
productivity of lactobionic acid and bacterial biomass was significantly higher
for the AW2 sample. The specific production rate of lactobionic acid shows how
much lactobionic acid can be obtained from 1 g of bacterial biomass per hour.
The obtained results were close, but a higher value was determined for the sample
AW?2. It confirms that the AW2 sample contained more metabolically active
bacteria than the AW1 sample. If there are more metabolically active bacteria in
the substrate, then the sample will also have a higher dry cell weight, optical cell
density, and CFU of viable bacteria, which was also shown in the AW2 sample.

The growth of Pseudomonas taetrolens in acid whey is limited, the oxidation
process of lactose is slow, so the re-addition of bacterial biomass helps to achieve
the same results as it is in other studies (Alonso et al., 2017;2015; 2013b; 2012a;
2012b; 2011; Giorgi et al., 2018; Goderska et al., 2014; Miyamoto et al., 2000)
using sweet whey.

The functionality of Pseudomonas taetrolens cells was analysed by flow
cytometry. After 12 hours of fermentation, the graph of sample AW1 (Fig. 10 A)
shows a higher P1 (Propidium iodide) uptake capacity of bacterial cells compared
to sample AW2 (Fig. 10 B), confirming that the acid whey environment affects
the permeability of the bacterial cell membrane. In sample AW1, the bacterial
population was only viable at the beginning of fermentation, while in sample
AW?2, the population of viable bacteria remained until the end of fermentation,
as additional bacterial biomass was added to the sample after 12 and 24 hours of
fermentation. Interestingly, in both samples, the number of damaged cells (cells
whose survival is threatened) is small compared to viable and dead cells,
suggesting that bacteria in whey are rapidly dying.

In previous experiments with acid whey, less than 32% of the lactobionic acid
yield was obtained, thus this experiment proves that the bacteria are unable to
adapt and grow in the acid whey, even providing a substrate with oxygen and
optimal pH for bacterial growth. By re-adding Pseudomonas taetrolens biomass,
the bacteria multiplied faster and lactose biosynthesis into lactobionic acid is
successful.

When analysing the growth of Pseudomonas taetrolens in acid whey, it is
assumed that the growth is influenced by Na* ions. The pH of the acid whey is
low; to be adjusted to 6.5, 6 M NaOH is added. As a result, acid whey sample
contains more Na* than sweet whey sample. Studies have been shown to inhibit
the growth of gram-negative (including Pseudomonas taetrolens) bacteria in the
presence of Na* and/or Cl" ions. As a result, the bacterial cell shell readily
transports these ions into the cell, and the osmotic pressure in the cell changes,
affecting cell viability. Scientists have found that the activity of Pseudomonas
aeruginosa JCM5962 (T) and other enzymes of the Pseudomonas spp. (lipase
and collagenase) decreases when the medium is high Na* ions concentration
(Sachan et al., 2017; Gautam & Azmi 2017; Matula & Macleod 1969).
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There are no scientifically based data on Pseudomonas taetrolens in the
literature, but information on Pseudomonas aeruginosa strains is available. It has
been studied that the cells of these bacteria are inhibited by a high concentration
of sea salt in a medium, but over time they are able to adapt in the medium, being
able to survive for several years. Such adaptation is considered phenotypic rather
than genetic (Elabed et al., 2019). This adaptability could also be compared to
the growth of Pseudomonas taetrolens in acid whey, resulting in mass inhibition
of the bacteria under study in such a substrate. However, a small proportion of
the cells slowly begin to adapt and survive, indicating the potential of acid whey
to produce lactobionic acid. By adding additional bacterial biomass, to which
some bacteria have already adapted, they find synergies with each other, adapt
to the substrate, and continue to multiply, promoting the bioconversion of lactose
into lactobionic acid.

The results of this study showed that acid whey can be used as a substrate for
microbiological fermentation and repeated addition of bacterial biomass can
improve the growth potential of bacteria in acid whey.

7. Products obtained after purification

The aim of the experiment was to extract maximally pure lactobionic acid
from the fermentation substrate. The concentration of lactobionic acid in the
product, colour intensity, pH, water solubility and visual appearance of the
product was analysed (Table 9) to compare the suitability and purity of the
samples with commercial lactobionic acid from Sigma-Aldrich.

The concentration of lactobionic acid in the samples obtained is very close to
that of commercial lactobionic acid (Sigma-Aldrich indicates that their product
contains >97% lactobionic acid). The concentration of lactobionic acid in sample
C (95 £ 2%) corresponds to commercial lactobionic acid. Sample B contains less
lactobionic acid than other samples, it could be related to the consistency of the
sample as syrup, the concentration of lactobionic acid differs significantly
(p<0.05) from the other analysed samples.

In terms of pH, sample C is closest to the commercial pH of lactobionic acid,
although the pH of all lactobionic acid samples differed significantly from that
of commercial lactobionic acid (p<0.05). Delagustin et al., (2019) reported that
the pH of lactobionic acid (obtained after precipitation with ethanol) and
commercial lactobionic acid (also Sigma-Aldrich) remained around 2.5. Similar
results were published by Carra (2012), who found that the pH of the freeze-dried
lactobionic acid product was 2.96 and that of the commercial lactobionic acid
(Sigma-Aldrich) was 3.04. Cardoso et al., (2019) reported that the pH of
lactobionic acid was 2.37 (10% solution). Sample B has the highest pH among
all samples (p<0.05), the main reason could be the higher water content in this
sample.
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By visual assessment, the closest to commercial lactobionic acid is sample D

obtained by freeze-drying (Fig. 11).
Samples A and D have the same solubility in water as commercial lactobionic
acid (p>0.05), while samples B and C took 3 to 4 times longer to dissolve
completely in water (p<0.05). Sample B has a syrup-like consistency so that the
surface in contact with water is smaller. Sample C, on the other hand, is denser
and, like sample B, has less contact with the surface area with water than samples
A and D. Delagustin et al., (2019) found that 1 g of lactobionic acid is dissolved
in 1 to 10 mL of water, classifying lactobionic acid as a completely soluble
substance and a readily water-soluble compound according to the British
Pharmacopeia Commission (2009). Cardoso et al., (2019) have reported that the
water solubility of lactobionic acid is 10 g per 100 mL™. Lactobionic acid is
poorly soluble in organic solvents such as methanol, ethanol, and glacial acetic
acid (Gutierrez et al., 2015; Cardosos et al., 2019). All samples obtained showed
that lactobionic acid was readily soluble in water.

All samples of lactobionic acid were in crystalline form, except for sample
B. The consistency of sample B was obtained by a crystallisation method in
which the sample was firstly evaporated and then dried so that the layer of the
sample was thick and the surface to be evaporated was small compared with
sample A, which was dried in the liquid state. Wilkinson et al., (2018) have also
confirmed that syrup-like and gel products dry longer than liquid products.

Protein and lactose were not detected in all lactobionic acid samples. The
remaining components in the lactobionic acid samples could be minerals,
vitamins, cell debris, water, and other compounds, but no further analysis was
performed to determine these compounds.

For commercial lactobionic acid, structural changes were observed after 24 h
of storage at room temperature (Table 7). The crystals of lactobionic acid are
hygroscopic and crystallisation was observed. A similar trend was observed for
samples A and D, while samples B and C retained their structure during 24 hours
of storage. Delagustin et al., (2019) found that the physical properties of
lactobionic acid changed from powdered to gel after 6 months of storage,
resulting in an increase in water content of approximately 12%. In addition, water
retention is associated with the hygroscopic nature of lactobionic acid (Yu & Van
Scott, 2004). Shendurse & Khedkar, (2016) have also emphasised that
lactobionic acid is a hygroscopic compound and can form a gel by binding water
from the environment. X-ray diffractometry was used in a study by Bisinella et
al., (2017), which analysed samples of lactobionic acid stored unpacked. This
contributed to the change in the crystalline form of lactobionic acid, which was
explained by the hygroscopicity of lactobionic acid. Cardoso et al., (2019)
reported that the water content of lactobionic acid must be up to 4.68% to qualify
as a powdered substance. Higher water content can create a gel-like structure and
shorten the shelf life of the product.
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Samples would need to be further purified from minerals, vitamins and other
trace elements in order to compete with the purity and safety criteria for
chemically synthesised lactobionic acid and to be safe for use in the food
industry.
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CONCLUSIONS

. Acid whey for the production of lactobionic acid can be used by fermentative
oxidation among all the possible methods for obtaining lactobionic acid.

. Raw acid whey is less suitable for the synthesis of lactobionic acid than sweet
whey.

. Flow cytometry, colony forming unit, cell optical density, and dry cell weight
analysis have shown that Pseudomonas taetrolens is not able to reproduce
efficiently in acid whey due to its low metabolic activity and rapid cell death.
. The low activity of Pseudomonas taetrolens in acid whey is due to the
presence of Na* ions, by adding NaOH to neutralise the substrate.

. Acid whey can be applied to the synthesis of lactobionic acid by the re-
addition of Pseudomonas taetrolens biomass during fermentation and to
achieve complete bioconversion of lactose to lactobionic acid.

. The study demonstrated the importance of substrate pH, total solid content,
the presence of Mn?* and Mg?* ions, and oxygen uptake in the fermentation
of acid whey with Pseudomonas taetrolens to produce lactobionic acid.

. It is useful to carry out the fermentation process in bioreactors to ensure a
suitable pH and oxygen supply.

. It is possible to obtain lactobionic acid biotechnologically from acid whey,
but its purity and safety should be studied in depth.

. The hypothesis put forward in the doctoral thesis is confirmed: the study has
shown that acid whey is suitable for the production of lactobionic acid by
microbial fermentation.
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