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STRESZCZENIE

Optymalizacja produkcji transglutaminazy przez wybrane promieniowce w
zmiennych warunkach hodowlanych

Celem rozprawy doktorskiej byla optymalizacja warunkéw  biosyntezy
mikrobiologicznej  transglutaminazy (MTG) z  wykorzystaniem  promieniowcow
Streptoverticillium cinnamoneum KKP 1658 oraz okreslenie parametrow produkcji enzymu,
zarowno w warunkach laboratoryjnych (kolby), jak i pottechnicznych (bioreaktory).
Transglutaminaza poprzez tworzenie wigzan izopeptydowych pomiedzy resztami lizyny i
glutaminy, znajduje szerokie zastosowanie w przemysle spozywczym, poprawiajac teksture,
stabilnos$¢ oraz jakos$¢ sensoryczng produktow.

Przeprowadzone badania miaty na celu weryfikacje nastepujacych hipotez:

(H1) zastosowanie niekonwencjonalnego zrddta azotu w podtozu hodowlanym pozwoli
zwigkszy¢ aktywno$¢ transglutaminazy w pordwnaniu do standardowego podtoza,

(H2) optymalizacja parametréw hodowli szczepu S. cinnamoneum KKP 1658 umozliwi
uzyskanie aktywnosci MTG powyzej 3 U/mL,

(H3) zmiana skali hodowli wplynie na koncowa aktywnos$¢ enzymu w supernatancie
pohodowlanym.

W pierwszej czgsci badan wykazano, ze zastosowanie niekonwencjonalnego zrddla
azotu w postaci odpadowego namoku kukurydzianego, stosowanego w potaczeniu
Z aminobakiem, istotnie zwigksza aktywno$¢ MTG w poréwnaniu do podtoza standardowego.
Wyniki te potwierdzity hipoteze HI, wskazujac na zasadno$¢ wykorzystania surowcow
odpadowych jako wartosciowych i ekonomicznie uzasadnionych komponentéw podiozy
hodowlanych.

Dalsza optymalizacja obejmowala zastosowanie metod planowania eksperymentu
(DoE) 1 metody powierzchni odpowiedzi (RSM). Dzigki temu mozliwe bylo wyznaczenie
optymalnych warunkow hodowli, ktore umozliwity uzyskanie w warunkach laboratoryjnych
(kolby) aktywnosci MTG na poziomie 6,59 U/mL po 48 godzinach hodowli. W warunkach
bioreaktorowych najwigksza aktywno$¢ enzymu osiggnigto po 72 godzinach hodowli,
uzyskujac 4,29 U/mL w supernatancie oraz 22 U/mL po wytraceniu siarczanem amonu.
Wyniki te jednoznacznie potwierdzity hipotez¢ H2, zakladajaca mozliwo$¢ uzyskania
aktywnosci MTG przekraczajagcej 3 U/mL — zaréwno w obu wariantach hodowli
doswiadczalnych.

Jednoczesnie zaobserwowano, ze skalowanie procesu z kolby do bioreaktora prowadzi
do obnizenia aktywnosci w ptynie pohodowlanym oraz wydtuzenia optymalnego czasu
hodowli, co potwierdzito hipotez¢ H3 dotyczaca wplywu skali procesu na koncowa wydajnosé
enzymatyczna.

Dodatkowo, okre§lono wiasciwoséci fizykochemiczne enzymu - jego masa
czasteczkowa wynosita okoto 43 kDa, a aktywno$¢ zachowywana byta w szerokim zakresie
pH (5,0 — 9,0) i temperatur (20 — 37 °C). Enzym wykazywat pelng dezaktywacj¢ dopiero przy
temperaturze 60 °C.

Uzyskane wyniki dowodzg, ze S. cinnamoneum KKP 1658 jest obiecujacym
producentem MTG. Skuteczna optymalizacja parametrow hodowli, przy jednoczesnym
wykorzystaniu odpaddéw rolnych jako Zrédla azotu, czyni badany szczep wartoSciowym
kandydatem do zrownowazonej i1 efektywnej biosyntezy transglutaminazy na skalg
przemystowa.

Stowa Kkluczowe: Streptoverticillium cinnamoneum KKP 1658, transglutaminaza, MTG,

optymalizacja hodowli, DoE, RSM



SUMMARY

Optimization of transglutaminase production by selected actinomycetes under variable
culture conditions

The aim of this doctoral dissertation was to optimize the biosynthesis conditions of
microbial transglutaminase (MTG) using the actinomycete Streptoverticillium cinnamoneum
KKP 1658 and to determine the enzyme production parameters under both laboratory (shake
flask) and semi-technical (bioreactor) conditions. Transglutaminase catalyzes the formation of
isopeptide bonds between lysine and glutamine residues, is widely used in the food industry to
improve the texture, stability, and sensory quality of products.

The conducted research aimed to verify the following hypotheses:

(H1) the application of a nonconventional nitrogen source in the culture medium would
increase transglutaminase activity compared to a standard medium,

(H2) the optimization of cultivation parameters for the S. cinnamoneum KKP 1658
strain would allow MTG activity to exceed 3 U/mL,

(H3) the change in cultivation scale would affect the final enzyme activity in the post-
culture supernatant.

In the first part of the study, it was demonstrated that the use of a nonconventional
nitrogen source in the form of corn steep liquor, applied in combination with aminobac,
significantly increased MTG activity compared to the standard medium. These results
confirmed hypothesis H1, highlighting the validity of using waste-derived raw materials as
valuable and economically justified components of culture media.

Further optimization involved the application of Design of Experiments (DoE) and
Response Surface Methodology (RSM). This approach enabled the determination of optimal
cultivation conditions, under which an MTG activity of 6.59 U/mL was achieved in flask
cultures after 48 hours. In bioreactor conditions, the highest enzyme activity was obtained after
72 hours of cultivation, reaching 4.29 U/mL in the supernatant and 22 U/mL after ammonium
sulfate precipitation. These findings unequivocally confirmed hypothesis H2, which assumed
the possibility of achieving MTG activity above 3 U/mL — both in flask and bioreactor cultures.

At the same time, it was observed that scaling up the process from flask to bioreactor
resulted in decreased enzyme activity in the post-culture fluid and extended the optimal
fermentation time, thus confirming hypothesis H3 regarding the influence of process scale on
the final enzymatic yield.

Additionally, the physicochemical properties of the enzyme were determined. The
molecular weight was approximately 43 kDa, and the enzyme maintained activity over a wide
pH range (5.0 — 9.0) and temperature range (20 — 37 °C). Complete deactivation occurred only
at 60 °C.

The results obtained demonstrate that S. cinnamoneum KKP 1658 is a promising
producer of MTG. Effective optimization of culture parameters, combined with the use of
agricultural waste as a nitrogen source, makes the studied strain a valuable candidate for
sustainable and efficient industrial-scale biosynthesis of transglutaminase.

Keywords: Streptoverticillium cinnamoneum KKP 1658, transglutaminase, MTG,
optimization, DoE, RSM
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1. WSTEP I UZASADNIENIE PODJECIA TEMATU

Biatko jest nie tylko jednym z gléwnych makrosktadnikéw odzywczych, ale takze
kluczowym sktadnikiem strukturalnym wielu produktow spozywczych. W ostatnich
dziesigcioleciach, w zwigzku z obawami o globalne niedobory zywnos$ci w wyniku wzrostu
populacji, ro$nie zainteresowanie zaawansowanym wykorzystaniem biatek spozywczych
(Loveday, 2019). W celu zaspokojenia zroznicowanych potrzeb zywnos$ciowych konsumentow
zalecane sg techniki enzymatycznej modyfikacji biatek, ktore w poréwnaniu z modyfikacja
chemiczng majg wiele zalet, w tym wysoka specyficzno$¢ reakcji, niskg czestotliwos¢ reakeji
ubocznych oraz brak potrzeby stosowania warunkow wysokiej temperatury i ciSnienia lub
rozpuszczalnikow chemicznych (sa przyjazne dla srodowiska) (Ryszka i wsp., 2009; Miwa,
2020; Akbari i wsp., 2021).

Do poéznych lat 70. proteazy (klasa hydrolaz) byly glowng klasg enzymow
modyfikujacych biatka, jednak wraz z odkryciem transglutaminazy rozszerzono réznorodnos¢
tej technologii (Miwa, 2020). Transglutaminazy to powszechnie wystgpujace enzymy nalezace
do klasy transferaz. Aktywnos¢ transglutaminazy po raz pierwszy zaobserwowali Clarke i wsp.
(1957), kiedy wyekstrahowali enzym katalizujacy reakcje transamidacji w watrobie swinek
morskich (Cavia porcellus). Dwa lata pozniej, w 1959 roku, zespot badaczy na czele z Waelsch
przypisat nazwe ,transglutaminaza” do wyzej opisanego enzymu w celu rozréznienia danej
aktywnos$ci enzymatycznej od innych enzymow o podobnych wiasciwosciach (Schomburg
i Stephan, 1996). Wedlug Komitetu Nazewnictwa Miedzynarodowej Unii Biochemii i Biologii
Molekularnej (IUBMB), transglutaminazie przypisano numer EC 2.3.2.13, ktéra nalezy do
aminoacylotransferaz (EC 2.3.2), a te — do acylotransferaz (EC 2.3) (BRENDA — The
Comprehensive Enzyme Information System). W dostepnej literaturze naukowej mozna
spotka¢ nazwe systematyczng (gamma-glutamylotransferaza biatkowo-glutaminowa) oraz

synonimy danego enzymu, na przyktad, fibrynoligaza (Kolotylo i wsp., 2023).

1.1 Charakterystyka transglutaminazy

Transglutaminazy s3a duza rodzing pokrewnych i wszechobecnych enzymoéw, ktore
katalizujg potranslacyjne modyfikacje biatek w roslinach, zwierzetach 1 mikroorganizmach
(Akbari i wsp., 2021; Wang i wsp., 2022). Transglutaminaza odpowiada za transfer acylu
(inaczej, grupy acylowej) miedzy grupa y-karboksyamidowa reszt glutaminowych zwigzanych
z peptydami (donory acylu) a réznymi pierwszorzgdowymi aminami (akceptorami acylu),

W tym grupg e-aminowg reszt lizynowych w biatkach (Fatima i Khare, 2018; Wang i wsp.,
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2022). Wedlug Samelak i wsp. (2010) charakterystycznym elementem transglutaminaz jest
centrum aktywne, na ktére sktada si¢ triada takich aminokwasow, jak cysteina, asparginina
I histydyna. Dana triada katalityczna w miejscu aktywnym enzymu laczy si¢ z glutaming
zwigzang w tancuchu polipeptydowym, efektem tego jest powstanie kompleksu acylo-enzymu
(inaczej enzym-biatko), ktory jest nazywany tioestrem z y-karboksyamidem (Fuchsbauer,
2021). Produktem ubocznym takiej reakcji jest amoniak. Transglutaminazy wykazujg zdolnosé
do katalizowania odmiennych reakcji (Rys. 1), ktore sag wazne dla zywotnosci komorek,
przyktadowo:

A) Po utworzeniu kompleksu acylo-enzym, z uwolnieniem wolnego amoniaku,
zachodzi reakcja wigzania grupy e-aminowej lizyny (tzw. reakcja transamidacji), w wyniku
czego powstaje kowalencyjne wigzanie izopeptydowe.

B) W chwili gdy powstaly kompleks acylo-enzymu reaguje z aming
pierwszorzedowa nastepuje zwigzanie aminy za pomocg wigzania y-glutamylowego, w efekcie
zachodzi wzbogacenie tancucha biatkowego o hydrofobowe lub hydrofilowe fragmenty.

C) Reakcja deaminacji grupy vy-karboksyamidowej reszty glutaminylowej
biatka/polipeptydu (tzw. kompleks acylo-enzym) nastepuje wtedy, kiedy substratem jest woda,

a produktem kwas glutaminowy.

0

Transglutaminaza

Grupa aminowa Kowalencyjne wigzanie izopeptydowe

B)

I 0
. 0y s 1 \)J\ R'
E 7 PR O
2 i

)
Y T

Amina pierwszorzedowa Wigzanie y-glutamylowe
Glutamina (substrat biatkowy) Kompleks acylo-enzym
H,0
(o)
C) } /\/U\
+ ). % e () OH
N\ -
N

Kwas glutaminowy

Rys. 1. Reakcje katalizowane przez transglutaminaze, A — reakcja transamidacji, B — reakcja wigzania aminy, C
— reakcja deaminacji (Kotakowski i Sikorski, 2001; Sadowska i Diowksz, 2016; Akbari i wsp., 2021)

Wang i wsp. (2022) zaznaczyli, ze reakcja sieciowania miedzy glutaming a lizyna

przebiega szybciej niz transfer acylowy i deamidacja w dowolnym systemie opartym na biatku
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spozywczym. W kazdej z przedstawionych reakcji produktem ubocznym jest wolny amoniak.
W celu kontroli przebiegu reakcji katalizowanych przez transglutaminaz¢ mozna oznaczac
ilosci wytwarzanego amoniaku. Innym sposobem oznaczenia aktywno$ci omawianego enzymu
jest zmierzenie zawarto$ci powstajacego dipeptydu e-(y-glutamylo)lizyny metoda HPLC,
w ktorym wedtug naukowcow (Kotakowski i Sikorski, 2001 oraz Wang 1 wsp., 2022) tworzy
si¢ kowalencyjne wigzanie izopeptydowe. Masa czasteczkowa wytwarzanych polimeréw
peptydowych moze réwniez stuzy¢ do kontroli reakcji sieciowania biatek, taka metoda
nazywana jest elektroforetyczna. Metoda reologiczna kontroli reakcji sieciowania polega na
oznaczaniu lepkos$ci oraz parametrow strukturalnych, takich jak modut sprezystosci (G'),
modut stratno$ci (G”) czy punkt Zelowania, ktdre pozwalaja ocenic¢ stopien usieciowania biatek

w czasie reakcji (Udomrati i wsp., 2024).

1.2 Transglutaminazy pochodzenia zwierzecego, roslinnego
I mikrobiologicznego

Transglutaminazy to enzymy wewnatrz i zewnatrzkomoérkowe, ktore charakteryzuja sie
r6znymi funkcjami. Aktywno$¢ enzymatyczng transglutaminazy wykryto w tkankach i ptynach
ustrojowych zwierzat, ryb, roslin i drobnoustrojow (Martins i wsp., 2014; Wang i Wang, 2024;
Yongsawatdigul i wsp., 2024). Kazdy organizm potrzebuje koniugatow biatkowych, ktore sa
podstawowymi elementami budulcowymi. Faktem jest, Zze dane struktury biatkowe musza ze
soba oddziatywaé, a dochodzi do tego najczesciej za pomocg wigzan wodorowych, wigzan
jonowych lub sit van der Waalsa. Wymienione wigzania i sity migdzybiatkowe sg zaliczane do
stosunkowo stabych. W celu uformowania silniejszych polaczen kowalencyjnych komorka
roslinna, zwierzgca czy mikrobiologiczna musi wytworzy¢ enzymy — transglutaminazy
(Martins i wsp., 2018). Jak opisywano wczesniej, powstate wigzania moga mie¢ charakter
krzyzowy 1 odnosi¢ si¢ do modyfikacji pojedynczych struktur lub wieloczasteczkowych
koniugatow biatkowych. Transglutaminaza wraz z poliaminami alifatycznymi (putrescyna,
spermidyna, spermina) bierze udzial w procesach fotosyntezy, magazynowania biatek
I kontroli stabilno$ci btony komoérkowej u roslin; embriogenezy, spermatogenezy, formowania
kosci 1 krzepnigcia krwi u ssakow; podzialu u mikroorganizmow, a takze uczestniczy
w reakcjach na stres i starzenie si¢ w kazdym z wymienionych typow organizméw (Samelak
I wsp., 2010; Sadowska i Diowksz, 2016).

Transglutaminazy pochodzenia zarowno zwierzecego (Ebrahimi Samani i wsp., 2024),
jak i roslinnego (Parrotta i wsp., 2022) do petnienia swoich funkcji wymagaja obecnosci jonow

wapnia. Jony Ca®" przylaczajac si¢ do czasteczki enzymu posrednio przyczyniaja sie do
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kontrolowania dostgpnosci substratow w miejscach, gdzie sg one wigzane. Posredni wptyw
W danym procesie mozna wytlumaczy¢ zmiang konformacyjna czasteczki biatka, ktora ma
miejsce po przytaczeniu jondw wapnia i polega na odstonigciu reszt aminokwasow w centrum
katalitycznym transglutaminazy. Opisana cecha enzymu sprawia, ze do utworzenia
charakterystycznych wigzan krzyzowych moze dojs¢ jedynie w przypadku wystarczajgcego
stezenia jonow wapnia W otoczeniu transglutaminazy (Kolotylo i wsp., 2023).
Transglutaminazy roslinne uzaleznione sg dodatkowo od §wiatta, co stanowi ich odrebna ceche
(Sobieszczuk-Nowicka i wsp., 2008; Campos i wsp., 2010). Na tle tych wlasciwosci
enzymatycznych wyr6zniajg si¢ transglutaminazy mikrobiologiczne (MTG), ktore nie
wymagajg obecno$ci jondw wapnia, ani §wiatta do aktywnosci katalitycznej. Dzieki temu sg
one bardziej wszechstronne i stabilne w zastosowaniach przemystowych. Warto podkresli¢, ze
niektore biatka (kazeina, miozyna czy globulina sojowa) sg wrazliwe na jony wapnia, a ich
obecnos¢ moze spowodowaé niepozadane wytracanie biatek substratu (Yokoyama i wsp.,
2004). Niezalezno$¢ od czynnikow zewnetrznych, jak wapn lub $wiatlo, sprawia, ze
transglutaminazy mikrobiologiczne zyskuja rosngce znaczenie w przemysle spozywczym

i biotechnologii.

1.2.1 Transglutaminaza mikrobiologiczna

Transglutaminaz¢ pochodzenia mikrobiologicznego (MTG) po raz pierwszy
wyizolowano ze szczepu Streptomyces mobaraensis (wczesniej klasyfikowanego jako
Streptoverticillium mobaraense) (Ando i wsp., 1989). Ando i wsp. (1989) przebadali okoto 500
szczepdw wyizolowanych z roznych probek gleby. Sposrod badanych mikroorganizmow,
zdolno$¢ do syntezy tego enzymu wykazat szczep Streptoverticillium S-8112. Badania
przeprowadzone przez Motoki i wsp. (1989) pokazaly, ze dany enzym moze by¢
syntetyzowany takze przez inne mikroorganizmy z rodzaju Streptoverticillium:
S. griseocarneum, S. cinamoneum subsp. cinnanoneum czy S. mobaraensis (Zhu i wsp., 1995).
Rozwdj technik badawczych i analitycznych sprawia, Zze obecnie §wiat nauki jest w stanie
izolowa¢ kolejne szczepy zdolne do produkcji transglutaminazy. Co wigcej, niektore ze
znanych mikroorganizméw poddaje si¢ modyfikacjom genetycznym celem stworzenia
szczepdw cechujacych si¢ wydajniejszg syntezg tego enzymu w porownaniu do naturalnych

producentéw (Wang i wsp., 2018) (Tab. 1).
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Tab. 1 Mikroorganizmy zmodyfikowane genetycznie zdolne do produkcji transglutaminazy

Szczep

Szczep

Podloza i warunki Aktywnosé Zrédlo
gospodarz dawca genu
Streptomyces Glicerol, ekstrakt
1 mobaraensis Streptomyces drozdzowy, pepton, MgSO4 375 U/mL Huang i wsp.
TX1 mutant mobaraensis TX1 x 7 H20, KoHPO4 x 3 HL0, ' (2022)
Sm2-1 (NH4)2SO4; pH 7,4
Podtoze BMGY, pozywka z
kwasem cytrynowym . .
) Pichia pastoris Streptomyces (glicerol, NHsHPO4, MgSO4 9.1 U/mL Tlglzzzﬁilu
X33 mobaraensis x 7 H0, KClI, CaCl; x ' i wsp. (2019)
2H,0), biotyna; '
pH 5,0; temp 28 °C
Escherichia coli Bacillus Bulion TB (trypton, ekstrakt .
; . . . Duarte i wsp.
3 BL21 amyloliquefaciens drozdzowy, glicerol, 37 mU/mg (2020a)
(DE3)pLysS DSM7 KH2PO4, K:HPO4)
. N Streptomyces Skrobia kuk.urydziana, .
4 Bacillus subtilis mobaraensis pepton, mocznik, KoHPO4 x 29,6 U/mg Mu i wsp.
168 CGMCC 4.5591 3 H20, KH2PO4, MgSOs4, (2018)
NaCl, sacharoza
Podtoze R2YE agarowe lub
Streptomyces podtoze ptynne (gl?ct?rol, o
5 ?t_reptomyces hygroscopicus pepton, ekstrakt drozdzowy, 57 U/mL Liu i wsp.
lividans TK24 WSH03-13 MgSO4, KoHPO4, KH2PO4, ' (2016)
CaCly); temp. 30 °C; 200
obr/min; 2-3 dni
Modyfikowane podtoze PPB
Streptomyces (glukoza, ekstrakt
Yarrowia . drozdzowy, NH4Cl, KH2POs, Liu i wsp.
6 . . hygroscopicus S i 5,3 U/mL
lipolytica Polh WSHO3-13 MgSO., tiamina); pH 6,0; (2015)
temp. 28 °C; 200 obr/min; 5
dni
Ekstrakt drozdzowy, pepton,
7 Pichia pastoris Escherichia coli af:g;g‘;ggﬁiﬁ:;g:gjv 4,4 mg/L; Li i wsp.
GS115 DH5 ’ 0,9 U/mg (2013)

biotyna, CH30H; temp. 28
°C; 250 obr/min; 96 h

Poczatek intensywnego rozwoju badan nad mikrobiologiczng transglutaminazg

przypada na koniec lat 80. ubieglego stulecia (Serafini i wsp., 2009). Wspotczesnie

transglutaminaza pozyskiwana jest gltownie z wykorzystaniem gatunku Streptomyces

mobaraensis. Sekwencjonowanie biatek ujawnito, ze pierwszorzedowa struktura MTG sktada

si¢ z 331 aminokwasow w pojedynczym tancuchu polipeptydowym (Kanaji i wsp., 1993;

Yokoyama i wsp., 2004). Struktura drugorzedowa sktada si¢ z osmiu B-harmonijek otoczonych

11 a-helisami, z kolei struktura trzeciorzgdowa ma struktur¢ dyskowa z centrum aktywnym

W szczelinie apoenzymu, sktadajacg si¢ z triady Cys-Asp-His, co jest kluczem do wydajnosci
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sieciowania (Duarte i wsp. 2020b). MTG posiada te¢ samg triade katalityczng co
transglutaminaza pochodzenia zwierzecego, ale inng kolejnos¢ sekwencji (MTG: Cys-Asp-
His; TGz: Cys-His-Asp) (Yokoyama i wsp., 2004; Jaros i wsp., 2006; Romeih i Walker, 2017,
Duarte i wsp., 2020D).

Transglutaminazy mikrobiologiczne wykazujg niskg mase czasteczkowa (ok. 38 kDa),
nie zawierajg ugrupowan sacharydowych 1 lipidowych, co sprawia, ze masa czgsteczkowa
MTG jest o okoto potowe mniejsza od TGz (transglutaminaza zwierzeca) (Yokoyama i wsp.,
2004; Poulsen i Bindslev-Jensen, 2007). Optymalne pH dla aktywno$ci MTG miesci si¢
w zakresie pH od 5,0 do 8,0. Ando i wsp (1989) udowodnili, ze MTG wykazuje aktywno$¢
nawet przy wartosciach pH 4,0 i 9,0 — enzym jest stabilny w szerokim zakresie pH.
Zakwaszenie srodowiska ponizej pH 4,0 powoduje, ze enzymy ze Streptomyces spp. wytracaja
si¢. Jako temperature optymalng aktywnosci enzymatycznej MTG stwierdzono 55 °C (przez
10 min przy pH 6,0) — enzym traci petng aktywno$¢ w temperaturach skrajnych (40 °C oraz 70
°C) (Duarte i wsp., 2020b). Dodatek weglowodandéw takich jak maltodekstryna, sacharoza,
mannoza, trehaloza czy zredukowany glutation zwigkszaja stabilno$¢ termiczna
transglutaminazy. W temperaturach bliskich 0 °C transglutaminaza zachowuje calkowita
aktywnos$¢ enzymatyczng (Ciu i Zhang, 2007; Kieliszek i Misiewicz, 2014). Nowsze badania
(Fuchsbauer, 2022) dostarczaja informacji, ze optymalng temperaturg dla transglutaminaz jest
37 °C, a aktywnos$¢ jest zwykle tracona w temperaturach powyzej 50 °C. Z kolei badanie
Yokoyama i wsp. (2004) wykazalo, ze MTG moze rowniez wykazywaé aktywno$¢
w temperaturze 10 °C. Przedstawione informacje sugeruja, ze MTG cechuje si¢ aktywnoscia
w szerokim zakresie temperatury, co jest istotng kwestia w kontekScie wykorzystania
w roznych galeziach przemystowych. Tak szerokie zakresy temperatury oraz pH moga
wskazywac na potrzebe prowadzenia doktadniejszych badan, ktore dostarczg precyzyjnych

informacji w zaleznosci od badanego szczepu mikroorganizmu.

1.3 Wykorzystanie transglutaminazy na skale przemystowa

Transglutaminaza mikrobiologiczna zdobywa coraz wigksze uznanie w przemysle
spozywczym ze wzgledu na swojg wszechstronnos¢ i efektywnos$é. Najpowszechniej
stosowana jest mikrobiologiczna transglutaminaza (MTG), pozyskiwana glownie
Z promieniowcow, ze wzgledu na prostote 1 szybkos¢ hodowli, wysoka wydajnos¢ produkcji
oraz niskg specyficznos¢ substratowa (Sadowska i Diowksz, 2016). Krzyzowe wigzania

kowalencyjne powstajace w wyniku dzialania transglutaminazy mozna wykorzysta¢ do
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modyfikacji wlasciwosci fizycznych i chemicznych biatek, na przyktad, ich rozpuszczalnoSci,
zdolnosci zatrzymywania wody, stabilnosci termicznej, zdolnosci emulgowania 1 pienienia,
lepkosci, elastycznosci i zelowania (Poulsen i Bindslev-Jensen, 2007; Ryszka i wsp., 2009;
Kieliszek i Misiewicz, 2014). MTG poprawia wlasciwosci funkcjonalne biatek spozywczych,
wplywajac na ich strukturg, teksture i trwalo$¢ bez zmiany smaku czy wartosci odzywczej
(Wang i wsp., 2022). Modyfikowa¢ mozna wicle biatek, do najpopularniejszych mozna
zaliczy¢ kazeing mleka, biatka serwatkowe, globuliny sojowe, gluten pszenny, miozyny
migsne oraz proteiny wystepujace w jajach kurzych (Akbari i wsp., 2021). Firma Ajinomoto
(wciaz dziata na rynku) byla prekursorem przemystowego wykorzystania MTG, wdrazajac ja
w produkcji surimi — produktu, ktory stal sie¢ wizytowka japonskiej innowacyjnosci (Kolotylo
I wsp., 2023). Dodatek MTG poprawia elastycznos$¢, wytrzymato$¢ oraz konsumencka jakos¢
wizualng pasty rybnej, zapewniajac jej wysoka biato$¢ 1 spojnos¢ struktury produktu
koncowego (Romeih i Walker, 2017).

W piekarnictwie MTG poprawia jako$¢ i1 objegtos¢ pieczywa, zwlaszcza z mak
bezglutenowych, wptywajac korzystnie na reologi¢ ciast (Diowksz i Leszczynska, 2016)
i strukture chleba (Sadowska i Dziowksz, 2020). Badania wskazujg na skuteczno$¢ MTG
W poprawie jako$ci wypiekow z uszkodzonych zb6z oraz w produkcji makarondéw i tofu
0 ulepszonej teksturze (Bonet i wsp., 2005; Duarte i wsp., 2020b).

W przemysle migsnym MTG umozliwia restrukturyzacje migsa mielonego,
poprawiajac teksture i spoisto$¢ bez dodatku fosforanow (Kuraishi i Yamazaki, 1997; Atilgan
i Kilic, 2017; Duarte i wsp., 2020b). Enzym ten znajduje zastosowanie w produkcji analogow
migsa na bazie biatek roSlinnych, wspomagajac odwzorowanie struktury migsa
konwencjonalnego (Miwa, 2020; Wen i wsp., 2022).

W mleczarstwie MTG poprawia strukture jogurtu i sera poprzez sieciowanie biatek
mlecznych, co prowadzi do zmniejszenia synerezy i zwigkszenia wydajnosci produkcji (Fox
i wsp., 2017; Monsalve-Atencio i wsp., 2022). Enzym wspiera takze przezywalnos¢ bakterii
probiotycznych w procesach suszenia (Gong i wsp., 2019). Transglutaminaza poprawia
zdolnos$¢ zatrzymywania wody, zelowanie 1 stabilno$¢ termiczng mieszanek biatek roslinnych,
utatwiajgc rozwdj innowacyjnych produktéw spozywczych na bazie roslin (Herz i wsp., 2021;
Zhao i wsp., 2023)

Trwaja badania nad wykorzystaniem transglutaminazy do wbudowywania
odpowiednich aminokwasow w niepelnowartosciowe biatka (podniesienie warto$ci
odzywczej). Proponuje si¢ takze wykorzystanie enzymu do blokowania alergennych, opornych

na proteolizg, peptydow w bialkach sojowych (Xing i wsp., 2024). Transglutaminaza zyskuje
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coraz wigksze znaczenie jako naturalne narzgdzie w poprawie jakosci zywnosci, efektywnosci
produkcji oraz redukcji strat surowcowych, wpisujac si¢ w nowoczesne trendy technologii
Zywnosci 1 zrownowazone rolnictwo (Vasi¢ 1 wsp., 2023).

Transglutaminaza mikrobiologiczna nie tylko jest wykorzystywana w przemysle
spozywczym, ale ma rowniez zastosowania w medycynie (Kim i Keillor, 2020) i inzynierii
biomateriatowej (Porta i wsp., 2015). W biotechnologii enzym ten jest uzywany do modyfikacji
bialek, a takze w badaniach nad terapiami genowymi (Zilda i wsp., 2017). Zastosowanie
transglutaminazy w mikrokapsutkowaniu bakterii probiotycznych stanowi innowacyjne
podejscie do poprawy ich stabilnoS$ci 1 przezywalnosci podczas przechowywania oraz pasazu
przez przewod pokarmowy (Li i wsp., 2021). Li i wsp. (2016) przeprowadzili
mikrokapsutkowanie Lacticaseibacillus rhamnosus GG (dawniej Lactobacillus rhamnosus)
przy uzycu transglutaminazy poprzez usieciowanie izolatu sojowego i1 podzniejsza liofilizacje,
co przetozylo si¢ na wysoka wydajnos¢ mikrokapsutkowania (67,4 %). W badaniu
przeprowadzonym przez Heidebach i wsp. (2009) komercyjne szczepy bakterii probiotycznych
wykazywaly wysoka wydajnos¢ mikrokapsutkowania za pomocg usieciowanego
transglutaminazg zelu kazeinowego, ktoéra wynosita do 70 % (dla Lacticaseibacillus paracasei
ssp. paracasei F19) i do 93 % (dla Bifidobacterium lactis Bb12). Dzi¢ki rozwojowi nowych
technik badawczych mozliwe jest doktadniejsze poznanie potencjatu enzymu, co prowadzi do
odkrywania kolejnych obszarow jego zastosowania w przemysle (Kolotylo i wsp., 2023).

Ze wzgledu na zwigkszone zastosowanie transglutaminazy w produkcji Zywnosci,
pojawity si¢ obawy zdrowotne, naciskajace na potrzeb¢ wprowadzenia regulacji informujacych
ludzi o bezpieczenstwie podczas spozywania produktow zawierajacych ten enzym. Prawie
¢wier¢ wieku temu, na przetlomie XX i XXI stulecia, naukowcy z Japonii Motoki i Seguro
(1998) wykazali, ze jedyng roznicg migdzy biatkami poddanymi wptywowi transglutaminazy
a biatkami natywnymi jest liczba potaczen pomigdzy resztami lizyny i glutaminy (G-L). Taka
modyfikacja chemiczna wystepuje rowniez podczas ogrzewania Zywnosci bogatej w biatko, na
przyktad podczas gotowania. Pod tym wzgledem ludzie spozywaja Zywno$¢ bogata w reszty
G-L od czasu odkrycia ognia i gotowania. Chociaz nie zostato to naukowo udowodnione,
mozna zalozy¢ bezpieczenstwo zmodyfikowanego wigzania G-L poprzez dlugotrwale
spozywanie czasteczek G-L z zywno$ciag poddawanej obrobce termicznej. Jezeli chodzi
0 wchianianie i biodostepno$¢ takich biatek, to 99 % izopeptydow w procesach metabolizmu
przeksztalcana jest w przewodzie pokarmowym do glutaminianu. W tym samym czasie
amerykanski zespot badawczy (Romeih i Walker, 2017) badal mutageneze i ryzyko

toksyczno$ci mikrobiologicznej transglutaminazy, jakie stwarza jej dodatek w preparatach
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spozywczych, testowanych na zwierzetach doswiadczalnych. Badanie zakonczylo si¢
stwierdzeniem, ze mikrobiologiczna transglutaminaza nie stanowi zagrozenia dla zdrowia,
poniewaz nie zaobserwowano zadnej $miertelno$ci, zachorowalno$ci ani oznak toksycznos$ci
przy dawkach 2 g/kg masy ciata (Diowksz i Leszczynska, 2016; Romeih i Walker, 2017). Nie
mozna zapomniec¢ o fakcie, ze mikrobiologiczna transglutaminaza jest bezpieczna do spozycia
przez ludzi i jest uznawana przez Amerykanska Agencje ds. Zywnosci i Lekow (FDA) jako
zwigzek o statusie GRAS (Generally Recognized As Safe) od 1998 roku (Lerner i wsp., 2025).

1.4 Optymalizacja produkcji mikrobiologicznej transglutaminazy

Wprowadzenie enzymoéw przemyslowych do procesow produkcyjnych przyniosto
znaczace oszczgdnos$ci, redukujac zuzycie energii, wody oraz surowcow, a takze zmniejszyto
emisje¢ gazow cieplarnianych (Roy Choudhury, 2020). W poréwnaniu z modyfikacjami
chemicznymi, enzymy oferuja wiele korzysci, m.in. wysoka specyficzno$¢ reakcji oraz
minimalizacje reakcji ubocznych (Vasi¢ i wsp., 2023). Zatem nic dziwnego, ze dany sektor
wykazuje dynamiczny wzrost. W 2020 roku warto$¢ rynku enzymow spozywcezych wyniosta
2,12 miliarda euro, a samego segmentu MTG okoto 184 milionéw euro (Wu i wsp., 2020).
Prognozy sugeruja, ze do 2026 roku rynek mikrobiologicznej transglutaminazy przekroczy
3,04 miliarda euro, a catkowity rynek enzymow (przemyst spozywcezy, rolniczy, detergentow,
tekstylny, kosmetyczny i biopaliwa) — 13,7 miliarda dolarow do 2027 (Wu i wsp., 2020), co
wskazuje na staty wzrost zapotrzebowania na enzymy w przetworstwie zywnosci 1 nie tylko
(Kolotylo i wsp., 2023). Takie parametry, jak mozliwos¢ poprawy struktury biatek oraz
wydajno$¢ produkeji, sprawiaja, ze MTG jest jednym z kluczowych narzedzi stosowanych
w zaawansowanych technologiach zywno$ciowych (Zilda i wsp., 2017).

Enzymy na skal¢ przemystowa sa wytwarzane gtoéwnie poprzez tlenowa biosynteze
przy uzyciu mikroorganizmow. Wsrdd stosowanych gatunkéw do produkceji mikrobiologiczne;j
transglutaminazy znajdujg si¢ m.in. Streptomyces mobaraensis, Streptoverticillium
cinnamoneum, Streptoverticillium lydicus, Streptoverticillium ladakanum, Bacillus subtilis
oraz Bacillus spherules (Ceresino i wsp., 2018; Akbari i wsp., 2021; Kolotylo i wsp., 2024).

Do produkcji enzymdéw mozna wykorzystywac surowce odpadowe jako sktadniki
pozywek mikrobiologicznych, takie jak namok kukurydziany (Kolotylo i wsp., 2025b),
ziemniaczana woda sokowa (Bzducha-Wrébel i wsp., 2018), frakcje glicerolowe (Kot i wsp.,
2020), melasa trzcinowa (Preichardt i wsp., 2019), mioto browarnicze (Ogidi i wsp., 2020),

wytloki owocowe (Bellucci i wsp., 2021). Guerra-Rodriguez i Vazquez (2014) opracowali
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podtoze do produkcji mikrobiologicznej transglutaminazy (dla szczepu Streptomyces
mobaraensis CECT 3230) sktadajgce si¢ wylacznie z odtluszczonego mleka (600 g/L),
odpadowych ziemniakéw (40 g/L) i glicerolu (5 g/L). Po 72 godzinach hodowli otrzymali
$rednig aktywnos$¢ MTG na poziomie 2,95 + 0.3 U/mL, a obliczona wydajnos$¢ ekonomiczna
produkcji wyniosta 8,11 euro transglutaminazy uzyskanej z 1 euro wydanego na sktadniki
podioza (Guerra-Rodriguez i Vazquez, 2014). W tabeli 2 przedstawiono wybrane wyniki
aktywnos$ci enzymatycznej mikrobiologicznej transglutaminazy uzyskane na przestrzeni lat

przez rézne zespoty badawcze.

Tab. 2 Aktywno$¢ MTG uzyskana przez rézne mikroorganizmy

Nr Gatunek Szczep Podloza i warunki Aktywnos¢ Zrédlo
2,5% $ruta sojowa, 2% skrobia
ziemniaczana, 0,1% glukoza,

. . Ceresino
CBMAI 1% pepton bakteriologiczny, .
1 Streptomyces sp. 1617 (SB6) 0.4% KH,PO.XTH,0 6,1 U/mL |2v8/iz.
MgSO4x7H,0; pH 7,0; temp. ( )
30°C; 96h
Skrobia, glukoza pepton,
5 Streptoverticillium ~ CBS 20778  ckstrakt drozdzowy, MgSOa, 33 U/mL Yan i wsp.
mobaraensis (WSH-Z2) K2HPO4, KH;POy4; ' (2005)
pH 6,8; temp. 30°C; 48 h
Ksyloza, pepton, ekstrakt
Streptoverticillium drozdzowy, kazeinian sodu, Tel.lez_
3 ladakanum NRRL-3191  \1050s, KHoPOs, NaHPO,: 03 UM L”SO'OVXSF"
temp. 26°C; 120 h ( )
Skrobia rozpuszczalna, pepton, de Barros
. . ekstrakt drozdzowy, MgSQa, Soares
4 Bacillus circulans BL 32 KoHPO.. KH,PO: 0,69 U/mL i wsp.
pH 7,0; temp. 30°C; 24 h (2003)
Skrobia, pepton, ekstrakt Zheng
5 Streptoverticillium  CBS 20778  drozdzowy, MgSOa, KoHPOa, 29 U/mL i wsp
mobaraensis (WSH-Z2) KH2PQOy; ' (2002')
pH 7,0; temp. 30°C; 7 dni
— Polipeptyd, glukoza, KoHPOs, Ando
6 Streptg"e”'c"."”m 5-5112 MgSOs; 2,5 U/mL i wsp.
mobaraensts temp. 30°C; 48 h (1989)

Wspolczesna optymalizacja medium fermentacyjnego stala si¢ nieodlacznym
elementem efektywnej produkcji enzymow na skale przemystowa. Tradycyjnie stosowana
metoda jednoczynnikowa (OFAT), w ktorej sktadniki sg testowane pojedynczo, okazata si¢
czasochtonna i podatna na btedy (Di Masi i wsp., 2024). Nowoczesne podejscia oparte na

zaawansowanych narzg¢dziach statystycznych i matematycznych znaczaco przyspieszyty ten
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proces, umozliwiajgc maksymalizacje wydajnosci przy jednoczesnym zmniejszeniu liczby
eksperymentow (Singh i wsp., 2017).

Obecnie badacze stosujg wieloczynnikowe modele optymalizacji, takie jak Plackett-
Burman (Ma i wsp., 2016), Taguchi (Freddi i Salmon, 2019), Centralne Plany Kompozycyjne
(Central Composite Design - CCD) (Bayuo i wsp., 2020) i Box-Behnken (Kolotylo i wsp.,
2025a), ktore pozwalajg na wylonienie kluczowych czynnikéw i analiz¢ ich wzajemnych
interakcji. Wprowadzenie metod takich jak Metoda Powierzchni Odpowiedzi (Response
Surface Methodology - RSM) (Ma i wsp., 2016; Bayuo i wsp., 2020; Kolotylo i wsp., 2025b),
Sztuczne Sieci Neuronowe (Artificial Neural Networks - ANN) (Agatonovic-Kustrin
i Beresford, 2000) oraz Algorytmy Genetyczne (Genetic Algorithms - GA) (Al-Saadi i Al-
Jabri, 2020) umozliwia przewidywanie optymalnych warunkow hodowli poprzez jednoczesne
uwzglednienie wielu zmiennych, takich jak pH, temperatura, wilgotnos¢, zrodta wegla i azotu
oraz proporcje sktadnikoéw mineralnych. Przedstawione metody nie tylko skracaja czas
optymalizacji, ale takze dostarczaja doktadnych prognoz efektywnosci réznych konfiguracji
warunkow srodowiskowych i sktadnikow.

Metoda powierzchni odpowiedzi (RSM) jest szeroko stosowana w biotechnologii do
optymalizacji procesow produkcji roznych enzymow i pozostaje aktualnym oraz cenionym
narzedziem na przestrzeni lat (Fasim i wsp., 2021). Metoda powierzchni odpowiedzi zostata
z powodzeniem zastosowana w optymalizacjach sktadu pozywki do produkcji ksantanu
I warunkoéw hydrolizy enzymatycznej jeszcze w latach 90. ubieglego stulecia (Ma i Ooraikul,
1986; Roseiro, 1992). W 2010 metoda zostala wykorzystana do optymalizacji produkcji
pullulanu (Jiang, 2010), w 2023 — do optymalizacji uzyskania stabilnos$ci emulsji (Liu i wsp.,
2023), w 2024 ukazaty si¢ badania nad optymalizacjg procesu ekstrakcji cukrow 1 zwigzkow
fenolowych (de la Lama-Calvente i wsp., 2024). Dodatkowo, zastosowanie RSM umozliwito
zwigkszenie wydajnos$ci proteazy produkowanej przez szczep Bacillus subtilis K-5 poprzez
optymalizacj¢ warunkow fermentacji, takich jak temperatura, pH i wilgotno$¢ substratu (Shad
i wsp., 2024). Podobnie, w przypadku lipazy produkowanej przez Candida rugosa NCIM 3462,
RSM pozwolita na optymalizacje sktadu pozywki zawierajacej serwatke serowa, co
skutkowato zwigkszong aktywno$cig enzymu (Rajendran i Thangavelu, 2013). W innym
badaniu, zastosowanie RSM do produkcji proteazy przez Bacillus subtilis GCU-8 umozliwito
identyfikacj¢ kluczowych czynnikéw wptywajacych na wydajno$¢ enzymu, co pozwolito na
precyzyjng regulacje parametrow procesu fermentacji (Adnan i wsp., 2014). Kolejnym
przyktadem jest synteza a-amylazy przez Trichoderma virens DMS1963, gdzie dzigki

zastosowaniu RSM zoptymalizowano warunki fermentacji stalej z wykorzystaniem skorek
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arbuza jako substratu, co znaczgco poprawito wydajno$¢ produkcji enzymu (Abdel-Mageed
i wsp., 2022). Te przyktady podkreslajg wszechstronno$¢ i skutecznos¢ RSM w doskonaleniu
proceséw biotechnologicznych zwigzanych z produkcjg roznorodnych enzyméow. Wybrane
badania wykorzystujace omawiang metode optymalizacji udowadniaja, ze jest ona
ponadczasowa i nadal aktualna.

Podsumowujac, mikrobiologiczna transglutaminaza jest kluczowym enzymem
biotechnologicznym o szerokim spektrum zastosowan, zarowno w przemys$le spozywczym, jak
I w innych dziedzinach (Duarte i wsp., 2020a). Skomplikowana procedura separacji
i oczyszczania oraz rzadkie zrodlo enzymu pochodzenia zwierzgcego (watroby Swinek
morskich Cavia porcellus) przekonaty naukowcéw do poszukiwania nowych zrodet
transglutaminazy. Tansza oraz niezalezng od jondw wapniowych alternatywa pozyskiwania
enzymu jest jego mikrobiologiczna produkcja w bioreaktorach z wykorzystaniem szczepow
Streptoverticillium/Streptomyces.

Dzigki zaawansowanym metodom fermentacji oraz optymalizacji warunkéw produkeji,
mozliwe jest uzyskanie wysokiej wydajnosci enzymatycznej przy relatywnie niskich kosztach,
co jest osiggane m.in. poprzez zastosowanie odpadowych sktadnikéw podlozy
mikrobiologicznych. Wykorzystanie tanich i tatwo dostgpnych surowcow nie tylko obniza
koszty produkcji, ale takze przyczynia si¢ do zrownowazonego rozwoju poprzez redukcje
odpadow przemystowych. Dalsze badania nad transglutaminazg, oraz mozliwosci jej
komercjalizacji, stanowig istotny krok w kierunku rozwoju przemystu i poprawy jakosci
produktéw zywnos$ciowych na szersza skale.

Chociaz mingto juz 30 lat od momentu odkrycia mikrobiologicznej transglutaminazy
oraz rozwijajacego si¢ obecnie trendu inzynierii genetycznej (Opracowywanie wysoce
wydajnego systemu ekspresji  genéow  wykorzystujac  szczepy Escherichia  coli,
Corynebacterium, Pichia, a nawet Bacillus) nadal jest potrzebna izolacja nowych
mikroorganizméw, optymalizacja pozywek hodowlanych oraz procedury fermentacji w celu
uzyskania transglutaminazy o wyzszej aktywnosci. Nalezy zwrdci¢ uwage, ze mimo licznych
zalet inzynierii genetycznej w produkcji MTG (poprawa aktywnos$ci, termostabilnosci
I wydajnosci) (Juettner i wsp., 2018), nadal sg pewne wady i trudnosci. Cze$¢ spoteczenstwa
nie popiera procesOw inzynierii genetycznej (niektore kraje wprowadzaja zakazy lub surowe
ograniczenia) 1 nieustannie wyraza swoj sprzeciw, miedzy innymi, ze wzgledu na kwestie
etyczne; niezbadane dlugoterminowe konsekwencje; przekonanie o wywotywaniu chordb,
kancerogennosci i alergii przez genetycznie modyfikowane mikroorganizmy (GMM) lub ich

metabolity (Dzhumanova i Nazarova, 2022). Kolejnymi ograniczeniami w produkcji GMM sa
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pracochtonnos¢ i kosztownos¢ badan, tworzenie mutantow na duza skale i nieprzewidziane
skutki uboczne (Akbari i wsp., 2021).

Reakcja sieciowania katalizowana przez opisywany enzym moze poprawic¢ wlasciwosci
fizyczne roznych produktéw zywnosciowych na bazie biatka, a tym samym przyczyni¢ si¢ do
produkcji nowej zywnosci o wysokiej jakosSci. Z perspektywy zaawansowanego wykorzystania
zasobow biatkowych, wkiad transglutaminazy w przemyst spozywczy bedzie bardzo wysoki.
Oczekuje sig, ze rola MTG bedzie kluczowa w tworzeniu zywnosci przysztosci zgodnie z ideg

personalizowanej diety i biotechnologii nowej generacji.
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2. CEL PRACY | HIPOTEZY BADAWCZE

Gtownym celem pracy byt dobor optymalnych warunkéw produkcji mikrobiologicznej
transglutaminazy (MTG) wytwarzanej przez promieniowce z rodzaju Streptoverticillium
w warunkach laboratoryjnych oraz otrzymanie preparatu biatkowego o wysokiej aktywnosci
MTG.

Przeprowadzone badania miaty na celu weryfikacje nastgpujacych hipotez:

H1. Zastosowanie nickonwencjonalnego zrodta azotu jako sktadnika podtoza hodowlanego
pozwoli zwigkszy¢ aktywno$¢ transglutaminazy w poréwnaniu do standardowego podtoza
z aminobakiem.

H2. Poprzez dobdr odpowiednich parametrow hodowli niemodyfikowanego genetycznie
szczepu Streptoverticillium cinnamoneum KKP 1648 istnieje mozliwo$¢ uzyskania aktywnosci

MTG na poziomie przekraczajacym 3 U/mL.

H3. Zmiana skali hodowli z kolby do bioreaktora wptynie na koncowa aktywnos¢ MTG

w supernatancie pohodowlanym.
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3. ZAKRES PRACY, MATERIALY I METODYKA

3.1 Zakres pracy
Badania bgdace podstawg naukowa niniejszej rozprawy byly prowadzone w trzech
gtéwnych etapach, ktore pozwolity na weryfikacje sformulowanych wcze$niej hipotez

badawczych. Ogdlny plan badawczy przedstawiono na rysunku 2.

~
« Studia literaturowe (P1) i badania wstepne (P2), majace na celu:
 dobér sktadu pozywki do namnazania materiatu posiewowego,
* wybor pozywki do biosyntezy transglutaminazy przez badany szczep.
\

* Optymalizacja procesu produkcji mikrobiologicznej transglutaminazy
w kolbach (P3):
» optymalizacja tr6jczynnikowa (czas hodowli, pH poczatkowe podtoza,
dawka Zrodta azotu) metodg RSM (Metodologia Powierzchni Odpowiedzi).

«Optymalizacja procesu produkcji mikrobiologicznej transglutaminazy w
bioreaktorze (P4):

eoptymalizacja tréjczynnikowa (czas hodowli, pH poczatkowe podtoza,
dawka zrodta azotu) metodg RSM,

eotrzymanie preparatu biatkowego o wysokiej aktywno$ci MTG,
echarakterystyka otrzymanego preparatu biatkowego.

_/

Rys. 2. Schemat organizacji badan z uwzglednieniem artykutow, w ktorych opublikowano wyniki

Etap 1 obejmowal opracowanie literaturowe (P1), ktorego celem bylo szczegdtowe
scharakteryzowanie enzymu transglutaminazy (EC 2.3.2.13), jego pochodzenia oraz
mozliwo$ci zastosowania przemystowego. W pracy przegladowej omowiono transglutaminazy
pochodzenia zwierzecego (TGz), roslinnego (TGr) oraz mikrobiologicznego (MTG),
koncentrujagc si¢ na ich wlasciwosciach enzymatycznych, réznicach strukturalnych
I funkcjonalnych. W czesci poswieconej TGz przedstawiono ich klasyfikacje, role w cyklu
v- glutamylowym, potencjalny zwigzek z celiakia oraz oddzialywanie z mikrobiomem
jelitowym cztowieka. Szczegdlng uwage poswiecono mikrobiologicznym transglutaminazom
ze wzgledu na ich szerokie zastosowanie w technologii zywnos$ci. Przedstawiono metody ich
biosyntezy z udziatem drobnoustrojow, znaczenie ekonomiczne oraz potencjal wykorzystania
organizmow modyfikowanych genetycznie w celu zwigkszenia wydajnos$ci produkcji enzymu.
W pracy przeanalizowano réwniez aspekty bezpieczenstwa zywnoSci zawierajacej

transglutaminaze¢ oraz przedstawiono aktualny stan wiedzy na temat jej zastosowania
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w roznych gateziach przemystu: piekarskim, migesnym, mleczarskim i farmaceutycznym.
Opracowanie to stanowito solidng podstawg teoretyczng dla dalszych etapow badan wiasnych,
wskazujac zardwno korzysci, jak 1 wyzwania zwigzane z wykorzystaniem transglutaminazy
w biotechnologii.

W ramach [ etapu przeprowadzono réwniez badania wstepne nad mozliwoscig
biosyntezy mikrobiologicznej transglutaminazy z udzialem niemodyfikowanych genetycznie
szczepow Streptomyces mobaraensis KKP 1659 i Streptoverticillium cinnamoneum KKP
1648. Juz na tym etapie pracy zauwazono istotne réznice w efektywnosci produkcji
transglutaminazy mikrobiologicznej miedzy badanymi szczepami promieniowcoéw. Szczep
S. mobaraensis charakteryzowal si¢ bardzo niskim poziomem aktywno$ci enzymatycznej
w warunkach zastosowanych do§wiadczen laboratoryjnych, co sktonito do podjecia decyzji
0 rezygnacji z jego dalszego wykorzystania na rzecz bardziej perspektywicznego szczepu
S. cinnamoneum.

W przypadku S. cinnamoneum KKP 1658, mimo ograniczonej wiedzy dostgpne;
W literaturze na temat tego mikroorganizmu, uzyskane wyniki zwrédcity uwage na jego
potencjat jako wydajnego producenta transglutaminazy. W badaniach sprawdzano wplyw
roznych zrodet azotu (komercyjnych, odpadowych i nieorganicznych) oraz ich kombinacji
w podtozu hodowlanym na aktywnos$¢ produkowanej transglutaminazy. Badano, jaki efekt
daje zmienna objetos¢, wiek i rodzaj inokulum, czas trwania hodowli doswiadczalnej oraz
poczatkowe pH pozywki. Analizowano zaréwno przyrost biomasy, jak 1 poziom aktywnosci
enzymatycznej] MTG w plynie pohodowlanym, wykorzystujac testy oparte na reakcji
z substratem Z-GIn-Gly (N-benzylooksykarbonyl-L-glutaminylglycyna) i hydroksyloamina.
Wyniki przeprowadzonych analiz dla szczepu S. cinnamoneum KKP 1648 zostaly
opublikowane w artykule P2 i postuzyty do weryfikacji hipotezy 1.

Przeprowadzone doswiadczenia w etapie | stanowity podstawe do dalszych badan nad
zwigkszeniem wydajno$ci biosyntezy transglutaminazy w optymalizacyjnych etapach pracy
doktorskiej (Etapy Il I11).

W drugim etapie pracy doktorskiej skoncentrowano si¢ na okresleniu optymalnych
warunkéw fermentacji w kolbach dla biosyntezy mikrobiologicznej transglutaminazy
z wykorzystaniem szczepu S. cinnamoneum KKP 1648. Do realizacji tego celu zastosowano
metode powierzchni odpowiedzi (RSM). Szczegdlng uwage poswiecono takim czynnikom, jak
dawka zrdédta azotu (stosowanego w postaci potgczenia aminobaku i namoku kukurydzianego),
dhugos¢ prowadzenia hodowli oraz warto$¢ poczatkowego pH pozywki. Projekt do§wiadczen

zostal zaplanowany w taki sposob, aby mozliwa byla jednoczesna ocena zar6wno
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indywidualnego, jak i synergistycznego wptywu tych zmiennych na aktywnos$¢ enzymatyczng
produkowanej MTG. Otrzymane wyniki z tego ctapu zostaly opublikowane w artykule P3
I postuzyly do weryfikacji hipotezy 2.

W ostatnim etapie (Etap I11) pracy doktorskiej zoptymalizowano proces biosyntezy MTG
przez S. cinnamoneum KKP 1648 w warunkach bioreaktorowych. Z wykorzystaniem metodyKki
powierzchni odpowiedzi dokonano oceny wptywu tych samych czynnikow, co w etapie II. Po
wyznaczeniu optymalnych warunkéw hodowli model zostat zweryfikowany w praktyce —
biosyntezg przeprowadzono przy parametrach wskazanych przez model statystyczny. Po
zakonczeniu hodowli biomasa zostata poddana procesowi oczyszczania enzymu (ultrafiltracja,
frakcjonowanie siarczanem amonu). Kolejnym etapem byto oznaczenie masy czasteczkowej
enzymu metodg SDS-PAGE. Przeprowadzono takze analizy wplywu temperatury, stabilnosci
termicznej i zakresu pH uzyskanego preparatu biatkowego. Wyniki opublikowano w artykule
P4, na podstawie ktorego rowniez zweryfikowano hipoteze 2. W oparciu 0 uzyskane dane

zZ etapOw opisanych w artykutach P3 i P4 zweryfikowano hipoteze 3.
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3.2 Material i metodyka

3.2.1 Materiat badawczy

Badania (P2, P3, P4) zostaly przeprowadzone z wykorzystaniem szczepu
promieniowcoéw Streptoverticillium cinnamoneum KKP 1658 bedacego w zasobach Kolekcji
Czystych Kultur w Katedrze Biotechnologii i Mikrobiologii Zywnosci Szkoty Glownej
Gospodarstwa Wiejskiego w Warszawie. Promieniowce przechowywano w temperaturze -80
°C (Haier Biomedical, Holandia) w bulionie tryptonowo-sojowym z dodatkiem glicerolu.

3.2.2 Metody hodowli — etap | (P2)

W badaniach wykorzystano bulion tryptonowo-sojowy (TSB) jako podtoze
inokulacyjne. Sktad TSB (g/L): pepton kazeinowy - 17; pepton sojowy - 3; NaCl - 5; KoHPO4
- 2,5; glukoza - 2,5. Alternatywnie stosowano rowniez pozywke inokulacyjng O3, zawierajaca
(9/L): ptatki owsiane - 25, aminobak - 2, K;HPOj4 - 2 oraz MgSO4 x 7 H20 - 1 (Pietracha i wsp.,
2015). Poczatkowe pH obu pozywek ustalano na poziomie 7,0 (pH-metr EImetron CP-505,
Poland), a sterylizacj¢ przeprowadzano w temperaturze 121 °C przez 15 min w autoklawie
(Hirayama, Japonia).

Po 72 godzinach namnazania, hodowl¢ inokulacyjng (po odwirowaniu) dodawano do
podtoza do$wiadczalnego w objetosci odpowiadajacej 10 % catkowitej objetosci hodowli.
Hodowle prowadzono w temperaturze 28 °C w czterech przedziatach czasowych: 24, 48, 72
1 96 godzin. Sktad pozywki doswiadczalnej wynosit (g/L): skrobia rozpuszczalna - 20,
aminobak - 20, ekstrakt drozdzowy - 2, KH2POas - 2, Na2HPO4 - 2, MgS0O4 x 7 H20 - 1.
Poczatkowe pH pozywki ustalano na poziomie 6,5, a proces sterylizacji przeprowadzano
analogicznie - w temperaturze 121 °C przez 15 min (autoklaw Hirayama, Japonia). Wszystkie
hodowle wykonano w trzech powtorzeniach.

W celu okreslenia odpowiedniego zrodta azotu, w kolejnych wariantach pozywki
doswiadczalnej, aminobak zastepowano odpowiednio: siarczanem amonu ((NH4)2SOs),
azotanem amonu (NHsNOs), namokiem kukurydzianym, aminobakiem z namokiem
kukurydzianym. Kazde ze zrodet azotu stosowano oddzielnie, przy zachowaniu jednakowe;j

calkowitej zawartos$ci azotu w pozywce (2 g/100 mL).

3.2.3 Metody hodowli — etap 11 (P3)
Przygotowanie inokulum prowadzono dwuetapowo. W pierwszym etapie

przygotowano hodowle startowa, zaszczepiajac 100 mL podtoza TSB w kolbie o pojemnosci
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500 mL zawiesing komorek badanego szczepu Streptoverticillium cinnamoneum KKP 1658 (6
— 8 x 107 jtk/mL). Inkubacje prowadzono przez 72 godziny w temperaturze 28°C, na
wytrzasarce o ruchu obrotowym (Eppendorf Innova 44 Incubator Shaker, Germany)
z predkoscig 180 obr./min. W drugim etapie uzyskana hodowlg startowg wykorzystano do
przygotowania hodowli inokulacyjnej, przenosszac 10 mL do 90 mL $wiezego poditoza TSB.
Hodowle inokulacyjng prowadzono przez 24 godziny w temperaturze 28 °C i przy 180
obr./min. Hodowla startowa stuzyta do wstepnego namnozenia komoérek, natomiast hodowla
inokulacyjna stanowita bezposrednie zrédto komorek do zaszczepiania podlozy
doswiadczalnych.

W celu rozpoczecia biosyntezy mikrobiologicznej transglutaminazy hodowle
inokulacyjng odwirowano (3500 obr./min; wirowka MPW-260R, Polska) i przemyto jatlowa
wodg destylowang. Tak przygotowane inokulum wykorzystywano do zaszczepienia podtozy
doswiadczalnych (100 mL).Hodowle prowadzono w temperaturze 28 °C, przy 180 obr./min,
w trzech jednostkach czasowych: 24, 48 i 72 godziny.

W ramach optymalizacji procesu produkcji mikrobiologicznej transglutaminazy
zbadano wptyw trzech réznych dawek azotu (1 %, 2 % i 4 %) w postaci potgczenia aminobaku
z namokiem kukurydzianym w stosunku 1:1, a takze trzech warto$ci poczatkowego pH
podtoza: 5,5, 6,0 1 6,5. Sktad pozywki dos§wiadczalnej o 2 % zawarto$ci zrodta azotu wynosit
(g/L): skrobia rozpuszczalna - 20, aminobak - 10, namok kukurydziany - 10, ekstrakt
drozdzowy - 2, KH2PO4 - 2, Na2HPO4 - 2, MgSO4 x 7 H20 - 1. W przypadku pozostatych
wariantow (1 % 1 4 %) odpowiednio zmieniano ilosci aminobaku i namoku przy zachowaniu
proporcji 1:1, a pozostate sktadniki pozywki pozostawaly bez zmian. Podloza badawcze
sterylizowano w temperaturze 121 °C przez 15 min (autoklaw Hirayama, Japonia), po

wczesniejszym ustaleniu pH na odpowiednim poziomie.

3.2.4 Metody hodowli — etap 111 (P4)

Przygotowano 3000 mL podtoza badawczego zawierajacego skrobig rozpuszczalng (20
g/L), aminobak (10 g/L), namok kukurydziany (10 g/L), ekstrakt drozdzowy (2 g/L) oraz sole
mineralne (KH2PO4— 2 g/L, NaHPO4— 2 g/L, MgSO4 x 7 H,O — 1 g/L), w wariantach o pH
5,5, 6,0 i 6,5 oraz zawartosci zrodta azotu wynoszacej 1 %, 2 % i 4 % (sumarycznie, jako
mieszanina namoku kukurydzianego i aminobaku w stosunku 1:1). Podloze sterylizowano
w autoklawie (121 °C, 25 min; Hirayama, Japonia), a nastgpnie pozywke w bioreaktorze
zaszczepiono 24-godzinnym inokulum, uprzednio odwirowanym i przemytym woda

destylowang (pochodzacym z hodowli na pozywce TSB). Hodowle prowadzono
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w temperaturze 28 °C, przy mieszaniu z predkoscig 200 obr./min oraz napowietrzaniu
sprezonym powietrzem o nat¢zeniu przeptywu 2,0 vvm. Probki do oznaczenia aktywnosci

transglutaminazy pobierano po 24, 48 i 72 godzinach hodowli.

3.2.5 Oznaczanie plonu biomasy

Plon biomasy S. cinnamoneum KKP 1658 oznaczano po odwirowaniu 30 mL ptynu
pohodowlanego (Eppendorf 5810 Centrifuge, Niemcy; 4500 obr./min, 10 min) w suchych,
uprzednio zwazonych proboéwkach typu falcon. Uzyskany supernatant oddzielano do
oznaczenia aktywnosci transglutaminazy, natomiast osad suszono w suszarce (Suszarka SML
Zalmed, Polska) w temperaturze 80 °C do uzyskania statej masy. Plon biomasy, po przeliczeniu
na 1 L podloza wyrazano w gramach suchej substancji (g s.s./L) 1 oznaczano w trzech

powtdrzeniach.

3.2.6 Oznaczanie aktywnosci transglutaminazy

Aktywno$¢ enzymatyczng transglutaminazy oznaczono z Wykorzystaniem zestawu
komercyjnego Microbial Transglutaminase Assay Kit Art. No. Z009 (Zedira GmbH,
Darmstadt, Germany). Metoda oparta jest na reakcji substratu Z-GIn-Gly (N-
benzyloxycarbonyl-L-glutaminylglycine, CisH19N3Os), dziatajacego jako akceptor aminy,
z hydroksyloaming, bedaca donorem grupy aminyowej. W obecnosci MTG dochodzi do
wiaczenia hydroksyloaminy do substratu Z-GIn-Gly, powstaje Z-glutamylo-hydroksamin-
glicyna, ktora nastepnie tworzy barwny kompleks z zelazem (I11). Kompleks ten wykrywany
jest spektrofotometrycznie przy dtugosci fali 525 nm (Spektrofotometr BIO-RAD SmartSpec
3000, Poland) (Rys. 3).

Z-GIn-Gly Z-Glu-Gly Z-Glu-Gly Z-Glu-Gly

/ MTG Fe'/H’
+ NH.OH —— + NH, «— N M
o o o
OH
HON N

Rys. 3 Szereg reakcji chemicznych przedstawiajacych zasadg dziatania testu enzymatycznego do wykrywania
MTG (Kolotylo i wsp., 2024)

Fe

Jednostke aktywnosci transglutaminazy [U] zdefiniowano jako ilo§¢ enzymu
katalizujgcg powstanie 1 umola hydroksamianu na minute, W reakcji pomiedzy Z-GIn-Gly

a hydroksyloaming przy pH 6,0 w temperaturze 37 °C (Folk i Cole, 1966).
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mL minx mL
gdzie:
AE - absorbancja (525 nm); V — objeto$¢ catkowita (1050 pL); d — dlugosé kuwety (1 cm); t —
czas (10 min); v — objetos¢ probki (50 uL); € - 0,795/umol x cm.

3.2.7 Zageszczanie 1 oczyszczanie transglutaminazy

Po odwirowaniu plynu pohodowlanego z hodowli bioreaktorowej, supernatant
poddawano zageszczaniu i czgsciowemu oczyszczaniu metodg ultrafiltracji. Zastosowano
system Sartorius Vivaflow 200 (Sartorius AG, Niemcy) z membrang PES (polyethersulfone)
0 granicznej masie czasteczkowej (MWCO) 100 kDa i powierzchni filtracyjnej 200 cm?.
Proces prowadzono zgodnie z instrukcjg producenta, w temperaturze ok. 4 °C i przy ci$nieniu
do 3 baréw, az do uzyskania objetosci odpowiadajacej 1/10 poczatkowej objetosci ptynu

pohodowlanego.

3.2.8 Wytracanie biatek

Do wytracania biatek zastosowano siarczan amonu (Chempur, Polska). Probke ptynu
pohodowlanego umieszczano na mieszadle magnetycznym w warunkach chlodzenia
(w lodzie), a nastepnie dodawano nasycony roztwor (NH4)2SO4 (750 g/L) do osiggniecia
koncowego stgzenia 10 %. Inkubacj¢ prowadzono przez okoto 2 godziny. Nastepnie probke
wirowano przez 15 min przy 10000 obr./min (Eppendorf AG 22331, Niemcy), usuwano
supernatant, a osad przemywano zimnym 90 % acetonem i ponownie wirowano. Osad suszono,
po czym zawieszano go w sterylnym buforze cytrynianowo-fosforanowym (50 mM, pH 5,6)

w objetosci odpowiadajgcej pierwotnej objetosci probki (Duong-Ly i Gabelli, 2014).

3.2.9 Oznaczanie zawarto$ci bialek

Stezenie biatka oznaczano metoda Lowry’ego (Lowry i wsp., 1951). Do przygotowania
odczynnika miedziowego uzyto: roztworu A (2 % Na.COsw 0.1 M NaOH), roztworu B (2 %
winian sodowo-potasowy) i roztworu C (1 % CuSOs x 5 H20), mieszanych w proporcji 98:1:1.
Do 1 mL probki (lub wody - préba slepa) dodawano 5 mL odczynnika miedziowego. Po 10
minutach dodawano 0,5 mL odczynnika Folina-Ciocalteu (Merck, Niemcy), inkubowano 30
minut w temperaturze pokojowej, a nast¢pnie mierzono absorbancj¢ przy 750 nm. Pomiar

wykonano trzykrotnie dla kazdej probki.
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Krzywa wzorcowa opracowano na podstawie roztworéw albuminy o stezeniach 100-
1000 pg/mL. Uzyskano réwnanie regresji: Y = 0,000892838x + 0,130276, opisujace

zalezno$¢ absorbancji od stezenia biatka.

3.2.10 Oznaczenie masy czgsteczkowej enzymu

Mase¢ czgsteczkowg enzymu oszacowano metoda SDS-PAGE wedlug procedury
Laemmli’ego (Laemmli 1970). Elektroforeze przeprowadzono w ukladzie zelu
poliakrylamidowego 10 % (rozdzielajacy) i 3 % (zageszczajacy). Probki biatek (25 — 50 uL)
mieszano z buforem redukujacym (2:1) i ogrzewano przez 5 minut w temperaturze 100 °C
(Eppendorf, Thermomixer Comfort). Elektroforeze prowadzono przy nat¢zeniu 40 mA przez
60 min (Bio-Rad PowerPac Universal). Biatka wizualizowano przez barwienie biekitem

Coomassie R-250, poréwnujac z markerami mas czasteczkowych (Broad Range, Bio-Rad).

3.2.11 Oznaczanie wplywu temperatury i pH na stabilnos¢ transglutaminazy

Aby okresli¢ termostabilno$¢ mikrobiologicznej transglutaminazy, enzym inkubowano
przez 2 godziny w temperaturach od 20 °C do 55 °C w buforze fosforanowym o st¢zeniu 50
mM i pH 7,0. Po inkubacji zmierzono aktywno$¢ resztkowg w standardowych warunkach
oznaczenia, zgodnie z punktem 3.2.6. Aktywnos¢ wzgledng (%) obliczono w odniesieniu do
najwyzszej zaobserwowanej Sredniej aktywnosci.

Stabilno$¢ w rdznych wartosciach pH oceniano w podobny sposob: enzym inkubowano
przez 2 godziny w temperaturze 28°C w buforach o zakresie pH 4,0 — 9,0, a nastgpnie mierzono
aktywno$¢ enzymatyczng (punkt 3.2.6). Wyniki wyrazono jako aktywno$¢ resztkowa (%)

wzgledem warto$ci maksymalne;.

3.2.12 Oznaczanie czasowej stabilno$ci termicznej enzymu

Czasowa stabilno$¢ mikrobiologicznej transglutaminazy badano poprzez inkubacje
enzymu w temperaturze 28°C (Binder, Niemcy) w réznych wariantach czasowych — od 30 do
300 minut — w buforze fosforanowym o stezeniu 50 mM i pH 7,0. Wyniki wyrazono jako
aktywno$¢ resztkowa (%) wzgledem wartosci maksymalnej. Aktywnos¢ wzgledna (%)
obliczono w odniesieniu do najwyzszej zaobserwowanej Sredniej aktywnosci. W wybranych
przedziatach czasowych oznaczano aktywnos¢ transglutaminazy zgodnie z procedura opisana

w punkcie 3.2.6.
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3.2.13 Metody statystyczne
Do optymalizacji warunkow produkcji transglutaminazy zastosowano plan

eksperymentalny Box-Behnkena, uwzgledniajgcy trzy zmienne na trzech poziomach. Dane

eksperymentalne w tabeli 3.

Tab. 3 Trojczynnikowy plan Box-Behnken’a —etap I1i 111 (P3 i P4)
Numer Dawka pH Czas (h)
doswiadczenia Zrodla azotu
(%)
1 1 5,5 48
2 1 6,5
3 4 5,5
4 4 6,5
5 2 5,5 24
6 2 6,5
7 2 5,5 72
8 2 6,5
9 1 6,0 24
10 4 6,0
11 1 6,0 72
12 4 6,0
13 2 6,0 48
14 2 6,0
15 2 6,0

Projektowanie eksperymentow, modelowanie oraz analiza statystyczna zostaly
przeprowadzone w programie Statistica 13.1 (TIBCO Software Inc.). Istotno$¢ rdznic
pomiedzy $rednimi warto§ciami analizowano za pomoca testu Tukey’a (HSD) przy poziomie
istotnosci a = 0,05.
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4. NAJWAZNIEJSZE WYNIKI I DYSKUSJA WYNIKOW

4.1 Badania wstepne

4.1.1 Wybor zrodia azotu do pozywki doswiadczalnej

Badania nad Streptoverticillium cinnamoneum KKP 1658 wykazaly istotny wptyw
rodzaju zastosowanego zrodia azotu zarowno na plon biomasy, jak 1 na poziom produkowane;j
mikrobiologicznej transglutaminazy. Przeprowadzone badania wstepne zostaly wykonane
w celu weryfikacji hipotezy 1, a pelne wyniki zostaty opublikowane w artykule P2 niniejszej
rozprawy doktorskiej.

Zbadano jak rozne zrodla azotu wplynegly na plon biomasy badanego szczepu
promieniowcoéw Streptoverticillium cinnamoneum KKP 1658. W badaniu wykorzystano
komercyjne zrédlo azotu (aminobak), odpadowe zrédlo azotu (namok kukurydziany),
potowiczne zastgpienie aminobaku namokiem kukurydzianym, a takze nieorganiczne zrddta
azotu w postaci soli amonowych — siarczanu i azotanu amonu (rys. 3). Podtoze z komercyjnym
aminobakiem traktowano jako probe kontrolng. Dodatkowo wykonano hodowle w podtozu
badawczym bez aminobaku (wyniki plonu biomasy 7,6; 7,9; 7,7 17,4 g s.s./L, odpowiednio po
24, 48, 72 i 96 godzinach hodowli).
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Rys. 3 Wydajnos$¢ biomasy szczepu S. cinnamoneum w warunkach 96-godzinnej hodowli z zastosowaniem
roznych zrodetl azotu. * ¢ Srednie oznaczone ta sama litera nie wykazuja istotnych réznic statystycznych
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Najwyzsze wartosci biomasy uzyskano w podlozach zawierajagcych komercyjny
aminobak, osiggajac po 24 godzinach wartos¢ 19,6 g s.s./L. Wysoki plon biomasy, dla tego
samego czasu, odnotowano rowniez przy zastosowaniu namoku kukurydzianego (CSL) (15,6
g s.s./L). Kombinacja tych dwoch zrédet azotu (aminobak + CSL) dawata stabilny plon
biomasy, lecz istotnie nie przewyzszata samodzielnego wykorzystania jednego z nich.

W przypadku uzycia nieorganicznych form azotu, jak siarczan lub azotan amonu, plon
biomasy byt zdecydowanie nizszy (odpowiednio okoto 9 g s.s./L i 8,3 g s.s./L). Co istotne,
przez caly okres hodowli najnizsza biomasa byta uzyskiwana w pozywkach z azotanem amonu,
ardznica ta byla czgsto istotna statystycznie wzgledem innych wariantéw, a momentami nawet
wzgledem pozywek bezazotowych.

Pomimo wysokiej aktywnosci MTG (rys. 4), nie odnotowano proporcjonalnego
wzrostu plonu biomasy. Po 24 godzinach hodowli najwyzszg aktywno$¢ enzymatyczng
uzyskano przy zastosowaniu namoku kukurydzianego (1,57 U/mL), zauwazalnie wyzszg niz
dlaaminobaku (1,16 U/mL). Po 48 godzinach aktywno$¢ MTG dla CSL wzrosta do 1,94 U/mL.
Jednak dopiero zastosowanie pozywki bedacej mieszaning aminobaku z CSL w stosunku 1:1
pozwolito osiagnac ponadprzecietne wyniki — po 72 godzinach aktywno$é MTG wyniosta 6,59
U/mL, a po 96 godzinach utrzymywata si¢ na poziomie 4,73 U/mL. Synergia tych dwoch
zrddet azotu miala nie tylko efekt technologiczny, ale rdwniez ekonomiczny: zastagpienie
potowy drogiego aminobaku odpadowym namokiem kukurydzianym daje redukcje kosztow,
a jednoczes$nie poteguje produkcje enzymu do poziomow wyzszych niz w badaniach na innych,
niezmodyfikowanych szczepach. Tak wysoka aktywno$¢ MTG w medium mieszanym stanowi
jeden z najwyzszych wynikéw w literaturze dla szczepdw niewykorzystujacych modyfikacji

genetycznych.
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Rys. 4 Aktywno$¢ mikrobiologicznej transglutaminazy wytwarzanej przez szczep S. cinnamoneum w warunkach
96-godzinnej hodowli z zastosowaniem roznych zrodet azotu. ' Srednie oznaczone ta samg litera nie wykazuja
istotnych roznic statystycznych

Jednoczes$nie, w pozywkach z aminobakiem lub CSL jako jedynymi Zrédtami azotu nie
uzyskiwano aktywnosci transglutaminazy przekraczajacej 2 U/mL podczas calego okresu
hodowli. Co ciekawe, najwyzszy przyrost biomasy nie korelowal z najefektywniejsza
produkcja enzymu — w przypadku medium aminobak + CSL najsilniejsze wydzielanie MTG
obserwowano wtedy, gdy biomasa nie byta rekordowa. To potwierdza, ze warunek szybkiego
wzrostu nie przewiduje automatycznie wysokiej syntezy enzymu, a kluczowy pozostaje sktad

pozywki i1 czas prowadzenia hodowli.

4.1.2 Wybor pozywki inokulacyjnej i jej parametry

Podtoze wykorzystywane do przednamnazania promieniowcow odgrywa istotng role
w procesie optymalizacji produkcji transglutaminazy (Kieliszek i Misiewicz, 2014). To dzigki
doborze odpowiedniego podtoza inokulacyjnaego, jego optymalnej dawki 1 czasu
przednamnazania mozna otrzymac odpowiednie inokulum starterowe do p6zniejszej produkcji

MTG. Zbadano jak proces przednamnazania w podtozu inokulacyjnym (O3) (Pietracha i wsp.,
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2015) (o innym sktadzie niz podtoze TSB) wpltywa na plon biomasy i aktywno$¢ uzyskanej
transglutaminazy (rys. 5) badanego szczepu Streptoverticillium cinnamoneum KKP 1658
W podtozu badawczym z aminobakiem i namokiem kukurydzianym (jako glownymi zrodtami

azotu).
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Rys. 5 Zmiany w wydajnosci biomasy oraz aktywnosci mikrobiologicznej transglutaminazy w zalezno$ci od
zastosowanego podtoza inokulacyjnego, przy uzyciu aminobaku i hamoku kukurydzianego w stosunku 1:1 jako
glownego zrodta azotu w 96-godzinnej hodowli. 9 Srednie oznaczone ta sama literg nie wykazuja istotnych réznic
statystycznych

Po 24 godzinnej hodowli wykorzystujac podtoze inokulacyjne O3 uzyskano najwigkszy
plon biomasy szczepu S. cinnamoneum KKP 1658 wynoszacy 18,4 g s.s./L. W przypadku
wykorzystania podtoza TSB wynik otrzymanej biomasy byt istotnie nizszy wobec wyniku dla
podtoza O3 i wynosit 13,25 g s.S./L. Po 48 godzinach hodowli uzyskano poréwnywalne wyniki
plonu biomasy dla obu badanych podtozy przednamnazajacych — 14,32 i 14,39 g s.s./L,
odpowiednio dla TSB i O3. W trzeciej dobie hodowli plon biomasy dla obu przypadkéw
znaczgco zmalat —do 11,771 7,67 g s.s./L, kolejno dla TSB i O3. W ostatnim dniu prowadzenia
hodowli odnotowano jeszcze mniejsze wyniki plonu biomasy — 9,39 g s.s./L dla podtoza TSB

I 55 g s.s/L dla podloza z platkami owsianymi. Mozna zaobserwowac proporcjonalng
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zaleznos$¢ dla wynikéw plonu biomasy wykorzystujac podtoze O3 — wraz ze wzrostem czasu
hodowli, zmniejsza si¢ plon badanego szczepu. Dla podtoza inokulacyjnego TSB maksymalny
przyrost biomasy stwierdzono po 48 godzinach hodowli, ktory wraz z ubiegiem czasu hodowli,
podobnie jak w przypadku pozywki O3, malat. Uzyskane wartos$ci pozwalaja na wyciagnigcie
wniosku, ze po namnazaniu w podlozu z ptatkami owsianymi, badany szczep szybciej osigga
idiofaze. Mozna przypuszczac, ze proces przednamnazania przeprowadzony w podtozu TSB
przeklada si¢ na wydluzenie fazy wzrostu logarytmicznego (wydtluzona trofofaza)
uS. cinnamoneum KKP 1658, dlatego idiofaza jest opdzniona wzgledem podloza
inokulacyjnego z ptatkami owsianymi.

Niewatpliwie produkcja transglutaminazy jest zwigzana ze wzrostem komorek
(Meiying i wsp., 2002), natomiast waznym elementem w obecnej pracy bylo sprawdzenie jak
kazdy zmieniajacy si¢ parametr badan (podtoze inokulacyjne, jego dawka i wiek; zrédto azotu
lub parametry prowadzenia hodowli) wplywa na aktywnos$¢ wydzielanej transglutaminazy.
Niezaleznie od uzytego podtoza przednamnazajacego wyniki aktywnosci MTG po 24
godzinach hodowli nie przekraczaty 1 U/mL (0,77 i 0,93 U/mL dla TSB i O3 odpowiednio)
I nie roznily si¢ miedzy sobg statystycznie. W kolejnej dobie hodowli wyniki istotnie
zwiekszyly sie, osiagajac wartosci 3,94 i 5,05 U/mL, odpowiednio dla podtozy inokulacyjnych
TSB i O3. Po 72 godzinach hodowli zaobserwowano najwyzsza aktywno$¢ transglutaminazy,
uzyskang z podtoza TSB do przednamnazania biomasy (6,59 U/mL). Namnazanie biomasy w
podiozu z ptatkami owsianymi po 72 godzinach hodowli pozwolito uzyska¢ aktywnos¢ MTG
na poziomie 4,1 U/mL, co bylo istotnie mniejsze wzgledem tego samego podtoza
inokulacyjnego z wcze$niejszej doby oraz wzgledem podloza TSB z tej samej jednostki
czasowej. Wyniki uzyskane po 96 godzinach hodowli ksztattowaly si¢ na poziomie 4,731 2,72
U/mL, kolejno dla podtozy TSB i O3.

Uzyskane wyniki pozwolity stwierdzi¢, ze wykorzystanie bulionu tryptonowo-
sojowego pozwala uzyskac istotnie wigksze wyniki aktywnosci transglutaminazy (6,59 U/mL)
wzgledem podloza O3 z platkami owsianymi (5,05 U/mL). Warto zwroci¢é uwage, ze
wytworzenie maksymalnej aktywnosci MTG zajeto 72 godziny dla biomasy namnozonej
W podtozu TSB i 48 godzin — w podiozu O3. Dana obserwacja jest zgodna z wcze$niejszymi
wnioskami, ze komorki S. cinnamoneum KKP 1658 charakteryzuja si¢ wydtuzong poczatkowa
fazg wzrostu w podtozu badawczym po namnozeniu w podtozu TSB w poréwnaniu do podtoza
03. Uzycie podtoza O3 przektada si¢ na szybsze opanowanie $rodowiska i1 rozpoczecie

produkcji transglutaminazy.
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Biorac pod uwage powyzsze badania, podtoze inokulacyjne TSB pozostato pierwszym
wyborem, mimo konieczno$ci prowadzenia hodowli przez 72 godziny. Przeprowadzono
kolejne badania, ktére miaty na celu ustalenie optymalnego czasu przednamnazania komorek
w podtozu inokulacyjnym TSB.

Sprawdzono jak prowadzenie przednamnazania przez 24, 48 1 72 godziny wptywa na

plon biomasy (rys. 6) oraz aktywnos$¢ uzyskanej transglutaminazy (rys. 7).
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Rys. 6 Wpltyw czasu przednamnazania (24, 48 i 72 godziny) szczepu S. cinnamoneum na wydajno$¢ biomasy w
96-godzinnej hodowli. #9 Srednie oznaczone ta samg litera nie wykazuja istotnych roznic statystycznych
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Rys. 7 Wpltyw czasu przednamnazania (24, 48 i 72 godziny) szczepu S. cinnamoneum na aktywno$¢ wytwarzanej

transglutaminazy w 96-godzinnej hodowli. #" Srednie oznaczone ta samg litera nie wykazujg istotnych réznic
statystycznych

Zmierzono plon biomasy w podiozu inokulacyjnym przed zaszczepieniem podiozy
badawczych. Namnazanie przez 48 godz. w podtozu TSB skutkowato otrzymaniem wigkszej
ilosci biomasy (7,1 g s.s./L) w porownaniu do czasu 24 (3,86 g s.S./L) i 72 godzin (4,61 g
s.s./L).

Po 24 godzinach hodowli wlasciwej, najwigkszy przyrost biomasy zaobserwowano
w podiozu, ktore bylo zaszczepione 72-godzinnym inokulum — 13,37 g s.s./L, podioza
zaszczepione 24 i 48-godzinnym inokulum charakteryzowaly si¢ istotnie nizszym plonem
biomasy (9,37 - 9,47 g s.s./L). Najwigkszy plon biomasy uzyskano po 48 godzinach hodowli
w podtozu z dodatkiem 48-godzinnego inokulum (19,97 g s.s./L), a biomasa z pozostatych
podtozy odznaczala sig¢ istotnie mniejszymi wynikami plonu zaréwno w tej, jak i W nastepnych
jednostkach czasowych. Wiekszo$¢ pozostatych wynikow charakteryzowata si¢ plonem
biomasy w przedziale 15,91 - 17,34 g s.s./L.

Po 24 godzinnej hodowli szczepu S. cinnamoneum KKP 1658 w podtozu hodowlanym
z aminobakiem i namokiem kukurydzianym, niezaleznie od wieku zastosowanego inokulum,
aktywnos$¢ oznaczonej transglutaminazy nie przekroczyta 1 U/mL. Istotny wzrost odnotowano

w nastepnej dobie hodowli, gdzie podloza szczepione 48 i 72-godzinnym inokulum
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charakteryzowatly si¢ aktywnoscig transglutaminazy na poziomie, odpowiednio 4,32 i 4,72
U/mL. Najwiekszy przyrost biomasy nie przetozyt si¢ na najwiekszy wynik aktywnosci MTG,
poniewaz taki uzyskano dla podtoza z dodatkiem 24-godzinnego inokulum i prowadzeniem
hodowli wiasciwej przez 72 godziny (5,59 U/mL). Aktywno$¢ transglutaminazy w pozostatych
podiozach w trzeciej dobie hodowli byla istotnie mniejsza, jak rowniez w ostatniej dobie
hodowli.

Przeprowadzone badania dostarczyly istotnych informacji na temat optymalnego czasu
prowadzenia przednamnazania komodrek badanego szczepu promieniowcoOw. Ustalono, ze
najwicksze wyniki aktywnosci transglutaminazy uzyskuje si¢ prowadzac hodowle szczepu
S. cinnamoneum KKP 1658 przez 72 godziny, a proces przednamnazania w podlozu
inokulacyjnym TSB przez 24 godziny.

Kolejnym etapem badan byto sprawdzenie jak zmieniajgca si¢ dawka inokulum wptywa
na aktywno$¢ transglutaminazy. W tym celu do podtoza hodowlanego z aminobakiem
i namokiem kukurydzianym dodano inokulum w objetosci 5, 10 i 15 %, nastgpnie prowadzono
hodowle przez 72 godziny, po zakonczeniu ktorych zbadano aktywno$¢ wytworzonej
transglutaminazy. Dodatek zawiesiny inokulacyjnej w objetosci 5 % do podtoza hodowlanego,
po 72 godzinach hodowli przetozyt si¢ na aktywnos¢ transglutaminazy na poziomie 4,5 U/mL.
Dawka inokulum w objetosci 5 % istotnie obnizyta aktywnos¢ MTG wzgledem podioza
z dodatkiem 10 % inokulum (5,46 U/mL). Odnotowano, ze 15 % dawka inokulum nie wptywa
statystycznie na aktywno$¢ translugtaminazy (5,43 U/mL) wzgledem 10 % inokulum.

Podsumowujac, dodatek zawiesiny inokulacyjnej w dawce 10 % do podtoza
hodowlanego i prowadzenie hodowli przez 72 godziny zapewnia najwicksza wydajnosé
produkowanej transglutaminazy przez badany szczep Streptoverticillium cinnamoneum KKP
1658.

4.1.3 Wplyw poczatkowego pH pozywki na biosynteze MTG

Szybko$¢ produkcji MTG, jej aktywno$¢ oraz wydajnos¢ w podtozach hodowlanych
roznig si¢ w zaleznosci od sktadu medium i1 warunkow §rodowiskowych, w tym pH. Aby
osiggna¢ maksymalng szybko$¢ produkcji MTG, konieczne jest okreslenie optymalnych
warunkow wzrostu komorek i produkcji MTG podczas fermentacji. Wptyw pH na produkcje
MTG jest istotnym, ale stabo zbadanym aspektem (Meiying i wsp., 2002; Kieliszek
i Misiewicz, 2014).

Na podstawie opracowan dostgpnej literatury poczatkowe pH podtoza

eksperymentalnego ustalano na poziomie 6,5, natomiast poczatkowe pH podloza
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inokulacyjnego — 7,0 (Meiying i wsp., 2002; Kieliszek i Misiewicz, 2014; Pietrachha i wsp.,
2015). Zbadano jak poczatkowe pH pozywki na poziomie 5,0; 5,5; 6,0; 6,5 i 7,0 wptyneto na
aktywno$¢ transglutaminazy w  plynie pohodowlanym. Najwicksza aktywnos¢
transglutaminazy uzyskano dla podtoza o poczatkowym pH wynoszacym 6,0 — 4,14 U/mL.
Kolejng grup¢ jednorodng tworzyty podtoza o poczatkowym pH na poziomie 5,0 i 5,5, ktore
charakteryzowaly si¢ aktywnoscia MTG, odpowiednio 3,43 i 3,31 U/mL. Najmniejsza
uzyskang aktywno$¢ mikrobiologicznej transglutaminazy otrzymano po hodowli w podtozu

0 poczatkowym pH wynoszacym, kolejno: 6,51 7,0 — 2,63 i 2,35 U/mL.

4.2 Dyskusja do badan wstepnych

Mikrobiologiczna transglutaminaza jest produkowana przez wiele réoznych rodzajow
bakterii, grzyboéw oraz promieniowcoOw. Przeprowadzono liczne badania w celu
zidentyfikowania mikroorganizméw zdolnych do wytwarzania tego enzymu (Kieliszek
i Misiewicz, 2014; Akbari i wsp., 2021). W wyniku tych badan ustalono, ze szczepy bakterii
Streptomyces sp. CBMAI 1617 (SB6) (Ceresino i wsp., 2018) oraz Actinomycetes (Eshra
I wsp., 2015) wykazuja odpowiednio najwyzsza (~6 U/mL) i najnizszg (~0,04 U/mL)
aktywno$¢ omawianego enzymu.

Odkrycie i wyizolowanie szczepu Streptomyces mobaraense (Washizu i wsp., 1994)
stanowilo pierwszy krok w kierunku szerokiego wykorzystania komercyjnego tego enzymu.
Nastepnie zidentyfikowano wiele roéznych szczepéw mikroorganizméw, takich jak
Streptomyces lydicus (Fergemand i Qvist, 1997), Streptomyces cinnamoneum CBS 683.68
(Duran i wsp., 1998) oraz Streptomyces sp. CBMAI 837 (Macedo i wsp., 2007), ktére moga
produkowaé¢ zewnatrzkomoérkowa transglutaminaze. Okazato sig, ze parametry wydajnosci
oraz biochemicznej charakterystyki syntetyzowanej MTG znacznie rdznig si¢ w zaleznosci od
szczepu (Kieliszek i Misiewicz, 2014; Akbari i wsp., 2021). Nadal trwajg prace nad
izolowaniem nowych szczepéw mikroorganizmow zdolnych do produkcji MTG z wysoka
wydajnoscia, pochodzacych z rd6znych zrodet srodowiskowych (Zhang i wsp., 2009; Ceresino
I wsp., 2018). Warto podkresli¢, ze przy ocenie potencjatu nowych szczepéw do produkeji
enzymoOw kluczowe jest dostosowanie odpowiedniego sktadu pozywki do hodowli tych
konkretnych szczepow (Ceresino i wsp., 2018).

Mimo powszechnego stosowania transglutaminazy w roéznych galeziach
przemystowych (Akbari i wsp., 2021), szczep S. mobaraense nadal jest jedynym

mikroorganizmem wykorzystywanym do komercyjnej produkcji MTG. Niestety obserwuje si¢
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powazny brak wiedzy na temat optymalizacji produkcji transglutaminazy przez
niemodyfikowane genetycznie szczepy z rodzaju Streptoverticillium, w tym, S. cinnamoneum.
Z tego wzgledu wyniki badan niniejszej pracy doktorskiej nalezy porownac¢ do dostgpnych
aktualnie publikacji na temat produkcji i aktywno$ci mikrobiologicznej transglutaminazy
réznych szczepow z rodzaju Streptoverticillium/Streptomyces.

Najwigcej] wynikéw badan w dostepnej literaturze poswigca si¢ modelowemu
przedstawicielowi promieniowcow S. mobaraense. W pracy Kieliszek i Misiewicz (2014)
autorzy przedstawili zestawienie aktualnej, na ten czas wiedzy, na temat aktywnosci
transglutaminazy produkowanej przez S. mobaraense. W badaniach prowadzonych w latach
1994 — 2012 aktywnos¢ MTG uzyskiwana dla tego szczepu miescita si¢ w zakresie 0,9 — 3,4
U/mL. Inne szczepy z rodzaju Streptoverticillium, takie jak S. lividans, S. lydicus, S. platensis,
S. sioyansis, S. griseocarneum charakteryzowaty si¢ aktywnosciag MTG z zakresu 1,3 — 2,2
U/mL.

W pracy Guerra-Rodriguez i Vazquez (2014), ktora skupiata si¢ na optymalizacji
podtoza hodowlanego, odnotowano aktywno$¢ transglutaminazy na poziomie 2,95 U/mL dla
Streptomyces mobaraensis CECT 3230. Dwa lata pozniej Jin i wsp. (2016) oznaczyli
aktywnos¢ MTG wynoszacg 1,75 U/mL dla Streptomyces mobaraensis TX. W 2017 roku
Xavier i wsp. (2017) na drodze optymalizacji pozywek dla Streptomyces sp. uzyskali
aktywnos$¢ transglutaminazy na poziomie 4,1 U/mL, co bylo wynikiem rekordowym w $wietle
literatury tematu.

W 2018 roku Ceresino i wsp. (2018) wyizolowali nowy szczep Streptomyces sp.
CBMALI 1617 (SB6), ktory (w podtozu o sktadzie 2,5 % Sruty sojowej, 2 % skrobi
ziemniaczanej, 0,1 % glukozy, 1,0 % peptonu bakteriologicznego, 0,4 % KH2PO4 x 7TH201i 0,2
% MgSO4 x 7H20, pH 7,0) byt zdolny biosyntetyzowaé MTG o aktywnosci 6,07 U/mL.

Wyniki opublikowane w artykule P2 dostarczaja nowych warto$ci aktywnoSci
transglutaminazy dla rzadko opisywanego szczepu S. cinnamoneum. Badany szczep
charakteryzowatl si¢, na roznych etapach badan, wartosciami aktywnosci MTG w zakresie od
4,14 do 6,59 U/mL. Najwyzszy uzyskany wynik byt o 8,57% wyzszy od wartosci raportowanej
przez zespot Ceresino (2018) dla szczepu Streptomyces sp. CBMAI 1617, co wskazuje na duzy
potencjat do prowadzenia dalszych badan nad szczepem S. cinnamoneum KKP 1658.

Kolejnym bardzo waznym zagadnieniem w badaniach nad otrzymywaniem
transglutaminazy jest sktad podtoza, a co wazniejsze — jego koszty, ktore mogg stanowic
niemal 30 % ogdlnych kosztoéw zwigzanych z procesem biosyntezy (Téllez-Luis i wsp., 2004).

W wigkszosci badan dotyczacych biosyntezy MTG ze szczepow Streptomyces sp., sktad
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pozywek jest niemal identyczny. Glukoza i rozpuszczalna skrobia sg powszechnie
wykorzystywanymi zrodlami wegla, natomiast aminobak, pepton 1 ekstrakt drozdzowy
stanowig popularne zrodta azotu w pozywkach hodowlanych do produkcji MTG (Ando i wsp.,
1989; Akbari i wsp., 2021). Podloza zawieraja takze zrodta niezbednych pierwiastkow, np.:
fosforan sodu, fosforan potasu, siarczan magnezu (Guerra-Rodriguez i Vazquez, 2014).
Okazuje si¢, ze suplementacja solami moze efektywnie zwigkszy¢ biosynteze¢ MTG,
prawdopodobnie poprzez przyspieszenie przeksztatcania pro-MTGazy w dojrzala domeng
enzymatyczng na skutek zwigkszenia ogolnej produkcji proteazy (Fatima i wsp., 2019).
Zgodnie z wynikami Ceresino i wsp. (2018) diwodorofosforan potasu nalezy do sktadnikow
0 najbardziej pozytywnym i znaczagcym wplywie na biosynteze transglutaminazy, dlatego byt
jednym ze sktadnikéw podlozy wykorzystywanych w niniejszej pracy.

W ciaggu ostatnich kilku lat stosowanie surowcoéw odpadowych lub odnawialnych stato
si¢ kluczowym elementem przemystowych procesow produkcyjnych 1 elementem
zrownowazonego rozwoju (Beltran-Ramirez i wsp., 2019). Takie podej$cie umozliwia
efektywna waloryzacje¢ odpadéw rolnych w wysokowartosciowe produkty biotechnologiczne.
Jest to istotne zar6wno z punktu widzenia ochrony §rodowiska, jak i wsparcia przedsiebiorcow
poprzez czgsciowe ograniczenie kosztow produkcji (Lima i wsp., 2023). Do innych produktow
ubocznych z przemystu rolno spozywczego mozna zaliczy¢ melasg z trzciny cukrowej, otrgby
pszenne 1 owsiane, Srut¢ sojowa, ziemniaczang wode sokowa, pulpg ziemniaczang lub make
owocowa, ktore moga by¢ wykorzystane w pozywkach mikrobiologicznych (Preichardt i wsp.,
2019; Kot i wsp., 2020a).

W badaniu Preichardt i wsp. (2019) opracowano pozywke hodowlang na bazie melasy
z trzciny cukrowej (SCM) z dodatkiem ekstraktu drozdzowego (YE) 1 maczki sojowej (SM)
do produkcji biomasy Staphylococcus xylosus AD1. Uzyto do tego celu wieloczynnikowego
projektu optymalizacji Boxa Behnkena. Optymalne warunki hodowli uzyskano przy st¢zeniach
10 % SCM, 2 % YE i 4 % SM, co pozwolito otrzyma¢ maksymalny przyrost zywej biomasy.
Wszystkie pozywki, poza zawierajaca wylacznie SCM, wykazaty lepsza skuteczno$¢
w hodowli S. xylosus AD1 niz komercyjna pozywka Brain Heart Infusion. Pozywka z SCM,
YE i SM wedtug Preichardt i wsp. (2019) jest doskonatg alternatywa dla produkcji biomasy
S. xylosus AD1.

W innym badaniu (Kot i wsp., 2020b) sprawdzono mozliwo$¢ wykorzystania $ciekow
ziemniaczanych i frakcji glicerolowej jako pozywki do biosyntezy lipidow i karotenoidow
przez drozdze Rhodotorula gracilis ATCC 10788 w bioreaktorze. Hodowle prowadzono

w temperaturach 20 i 28 °C przez 96 godzin. Najwyzsza zawarto$¢ lipidow (19 g/100
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g biomasy) wystgpita w trzecim i czwartym dniu, z dominacjg kwasu linolowego (ok. 28 %)
po 96 godzinach. Maksymalng wydajnos¢ biosyntezy karotenoidow (6,24 mg/L) osiggni¢to po
96 godzinach, B-karoten stanowit k. 47 %, torulen ok. 51 %, a torularodyna ponizej 1 %.
Wyniki wskazuja, ze biomasa R. gracilis moze by¢ dobrym zrédtem lipidow i karotenoidow,
a bioreaktorowa metoda hodowli moze zmniejszy¢ szkodliwo$¢ biopaliw z odpadow
przemystowych i skrobi na §rodowisko.

Pozywki mikrobiologiczne stosowane do hodowli szczepow z rodzaju
Streptoverticillium nie sg zazwyczaj ekonomicznie optacalne ze wzglgdu na wysoka ilos¢
kosztownych sktadnikow odzywczych takich, jak ekstrakt drozdzowy i pepton (Kieliszek
i Misiewicz, 2014; Ceresino i wsp., 2018;). W wielu publikacjach omawia si¢ mozliwosc¢
wykorzystania odpadéw rolniczych jako zrodta wegla lub azotu do produkcji transglutaminazy
(Akbari 1 wsp., 2021). Badacze Guerra-Rodriguez i Vazquez (2014) przeprowadzili oceng
biosyntezy MTG przez S. mobaraensis, wykorzystujac podtoze oparte na ziemniakach.
Zgodnie z ich wynikami, najlepsza pozywka okazat si¢ zelowany, niezhydrolizowany
ziemniak, co umozliwito uzyskanie aktywnosci enzymu na poziomie do 2,72 U/mL po 96
godzinach hodowli. W innym badaniu przeprowadzonym przez Téllez-Luis i wsp. (2004)
oceniono biosynteze transglutaminazy przez Streptoverticillium ladakanum NRRL-3191,
stosujac pozywke zawierajaca mieszaning hydrolizatu stomy sorgo i ksylozy w stezeniu 20
g/L. W wyniku tych eksperymentow uzyskano poziom aktywnosci enzymu wynoszacy 0,348
U/mL po 72 godzinach hodowli. W badaniu przeprowadzonym przez Portilla-Rivera i wsp.
(2009) oceniano biosyntezg¢ MTG przez S. ladakanum NRRL-3191 w pozywkach
przygotowanych z melasy, trzciny cukrowej i glicerolu. Wyniki wykazaly, ze najwyzsza
aktywnos¢ MTGazy (0,460 U/mL) uzyskano w pozywce zawierajace] mieszaning melasy
i glicerolu. W podtozach zawierajacych wylacznie melasg z trzciny cukrowej i tylko glicerol
aktywno$¢ enzymu wynosita, odpowiednio: 0,240 U/mL i 0,250 U/mL.

W niniejszej pracy doktorskiej podjeto probe uzycia namoku kukurydzianego jako
zrodha azotu, w celu ograniczenia uzycia kosztownych czystych zrodet tego makroelementu,
np. w postaci aminobaku. Namok kukurydziany (z ang. Corn Steep Liquor - CSL) jest
produktem wytwarzanym w przemy$le mielenia na mokro kukurydzy. Cechuje si¢ on wysoka
zawarto$cig aminokwasow, polipeptydow i witamin z grupy B (Kim i wsp., 2020). Badania
wykazaty, ze namok jest doskonatym zZrédlem azotu dla wigkszoséci mikroorganizmow (Yu
i wsp., 2008), szczegolnie z rodzaju Streptomyces (Nascimento i wsp., 2009). W warunkach
hodowli z wykorzystaniem podtoza zawierajacego namok kukurydziany, szczep

S. cinnamoneum KKP 1658 osiggnat aktywno$¢ transglutaminazy na poziomie odpowiednio
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1,57;1,95; 1,38 oraz 0,88 U/mL po 24, 48, 72 i 96 godzinach inkubacji. Poréwnujac do innych
odpadowych sktadnikéw podtozy opisanych wyzej, uzycie namoku kukurydzianego przektada
si¢ na stosunkowo wysokie aktywnosci MTG.

Warunki $rodowiskowe, takie jak temperatura i pH sg kluczowe dla efektywnej
biosyntezy MTG i muszg by¢ zoptymalizowane, aby poprawi¢ aktywnos¢ tego enzymu. Jednak
rozne badania w tej dziedzinie cze¢sto prezentujg sprzeczne wyniki, co moze by¢ spowodowane
odmiennoscig stosowanych szczepéw mikroorganizmoéow, sktadem pozywek oraz innymi
warunkami eksperymentalnymi. Oto kilka przyktadéw z badan: Zhang i wsp. (2012) hodowali
S. mobaraensis DSM 40587 w temperaturze 30 °C przy pH 7,0; Jin i wsp. (2016) hodowali
S. mobaraensis DSM 40847 w 30 °C, ale przy pH 7,4; Turker i wsp. (2016) ustalili, ze
optymalne warunki dla najwyzszej aktywnos$ci enzymu to pH 6,0 i temperatura 30 °C, przy 14-
dniowym czasie hodowli.

Wydaje sig¢, ze temperatura w zakresie 28 — 30 °C i pH okoto 7,0 jest cz¢sto korzystna
do uzyskania wysokiej aktywnosci MTG. Jednak czas fermentacji moze r6znic si¢ w zaleznosci
od warunkow hodowli i celowanej aktywnosci enzymu i wynosi zazwyczaj 72 — 96 godzin.
Wazne jest, aby eksperymentalnie zoptymalizowaé te parametry w danym przypadku, co
pozwoli uzyska¢ mozliwie najwyzsza wydajnos¢ biosyntezy MTG (Kieliszek i Misiewicz,
2014; Akbari i wsp., 2021).

Ze wzgledu na sprzeczne wyniki literaturowe dotyczace optymalnych warunkéw
prowadzenia hodowli dla szczepoéw z rodzaju Streptoverticillium, a takze braku badan nad
szczepem S. cinnamoneum KKP 1658 postanowiono uzy¢ temperatury 28 °C i na podstawie
wiasnych analiz dobra¢ poczatkowe pH pozywki z zakresu 5,0 — 7,0. Podsumowujac uzyskane
wyniki P2, mozna przypuszczac, ze podtoze o poczatkowym pH 6,0 charakteryzuje gwarantuje
uzyskanie wickszej aktywnoS$ci transglutaminazy niz podtoza o pozostatych wartosciach
poczatkowego pH.

Wyniki przedstawione w publikacji P2 wykazaty, Zze potaczenie komercyjnego
aminobaku z odpadowym namokiem kukurydzianym w stosunku 1:1 moze zapewni¢ wigksza
aktywnos$¢ transglutaminazy niz wymienione zrddta azotu osobno. Takie rozwigzanie pozwoli
uzyska¢ najwyzsza aktywnos¢ MTG — do 6,59 U/mL. Takie rozwigzanie wigze si¢
z wymiernymi korzysciami ekonomicznymi, zastgpujac potowe dawki drogiego aminobaku
lub peptonu odpadowym namokiem kukurydzianym mozna zmniejszy¢ koszty produkcji MTG
o wysokiej aktywno$ci. Wysoki wynik aktywnosci MTG w warinacie aminobak + namok

kukrydziany w stosunku 1:1 moze by¢ zwiagzany ze sktadem surowca odpadowego, ktory jest
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bogaty w witaminy i aminokwasy, tak wazne W metabolizmie drobnoustrojow

i mikrobiologicznej syntezie transglutaminazy.

4.3 Optymalizacja warunkow hodowli w kolbach laboratoryjnych

W kontekscie rosngcego zapotrzebowania na efektywne i ekonomiczne metody
produkcji enzymow, artykut P3 koncentruje si¢ na identyfikacji i optymalizacji kluczowych
czynnikow wptywajacych na wydajno$¢ produkcji transglutaminazy przez Streptoverticillium
cinnamoneum KKP 1658 w hodowlach kolbowych (kolby Erlenmeyera). Wykorzystanie
metody RSM pozwala na systematyczne badanie wplywu réznych parametréw procesowych
oraz ich interakcji, co umozliwia ustalenie optymalnych warunkéw hodowli. Ponizsze wyniki
1 ich omdwienie wyjasniajg proces produkcji oraz sugeruja ulepszenia, ktére moga zwiekszy¢
wydajnos¢ i obnizy¢ koszty wytwarzania transglutaminazy. Aby znalez¢ optymalne warunki
hodowli Streptoverticillium cinnamoneum KKP 1658 w hodowlach okresowych nalezy
okresli¢ kluczowe czynniki wptywajace na produkcje mikrobiologicznej transglutaminazy. Na
podstawie wczesniejszych eksperymentow (Kolotylo i wsp., 2024) wytypowano glowne
czynniki wplywajace na biosyntez¢ transglutaminazy przez szczep Streptoverticillium
cinnamoneum KKP 1658. W tabeli 4 przedstawiono wybrane zakresy dawek zrodta azotu (A),
czasu hodowli (B) i poczatkowego pH (C) (kodowanych jako -1, 0i 1, gdzie -1 oznacza warto$¢

minimalng danego zakresu, 1 - warto§¢ maksymalng zakresu) wykorzystanych w niniejszej

pracy.

Tab. 4 Poziomy zakodowane dla czynnikow niezaleznych zastosowanych w projekcie eksperymentalnym

Czynnik (zmienna niezalezna) Symbol Rzeczywiste wartosci odpowiadajace

zakodowanym poziomom czynnikéw

-1 0 1

Dawka zrodla azotu (%) A 1 2 4
Czas hodowli (h) B 24 48 72
Poczatkowe pH pozywki C 55 6 6,5

W celu optymalizacji warunkéow do produkcji transglutaminazy przez szczep
Streptoverticillium cinnamoneum KKP 1658 zaprojektowano doswiadczenie zgodnie
z zatozeniami dla planow frakcyjnych trojwartosciowych wedtug Box-Behnken'a dla trzech
czynnikow. W sumie przeprowadzono 15 eksperymentow, sktadajacych si¢ z 12 rdéznych

kombinacji trzech czynnikow 1 3 powtorzen w punkcie centralnym. Dane eksperymentalne
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wykorzystano do wygenerowania wspotczynnikow modelu wielomianu kwadratowego,
natomiast dla kazdej zmiennej zaleznej skonstruowano wykresy powierzchniowe w celu
zobrazowania pola powierzchni odpowiedzi. Dane eksperymentalne dla planu statystycznego
Box-Behnken’a przedstawiono w tabeli 3 (p. 3.2.13). Obliczono wartosci wspotczynnikow
regresji oraz dopasowane rownania do przewidywania aktywnosci transglutaminazy (X =
—294,69 + 112,76 x A — 4,88 x A*> + 96,62 x C — 8,08 x C?> —34,45x A x C+ 2,69 x A x C* +
0,71 x A>x C— 0,02 x Bx A+ 0,002 x B x 4>+ 0,03 x B x C+ 1,74, gdzie A to dawka zrodta
azotu, B — czas hodowli, C — poczatkowe pH pozywki). Wartosci prognozowane obliczone
Z powyzszego roéwnania wykazywaty doskonata zgodno§¢ z danymi doswiadczalnymi.
Otrzymane wartosci wskazujg na przydatnos¢ opracowanego modelu kwadratowego dla
obecnej konfiguracji do$wiadczalnej do produkcji transglutaminazy przez szczep
S. cinnamoneum KKP 1658.

Stuszno$¢ dopasowania modelu eksperymentu do uzyskanych wynikow aktywnos$ci
transglutaminazy zostala wyrazona wspotczynnikiem determinacji R%. W tym przypadku
warto$¢ R? wynoszaca 99,4 % wskazuje, ze model odpowiedzi moze wyjasni¢ ponad 99 %
wszystkich wariancji. Do okreslenia istotnosci czynnikéw modelowych zastosowano poziom
istotnosci 0,05 (p-value), gdzie wartosci powyzej tego progu s3 uznawane za nieistotne,
a warto$ci ponizej wskazuja na istotno$¢. Wykorzystujac wartosci F-value okreslono stopien
wplywu badanych czynnikoéw na aktywno$¢ produkowanej transglutaminazy. Bardzo niskie
wartosci prawdopodobienstwa (p-value < 0,0001) sugeruja, ze wysokie wartosci F-value nie
wynikaja jedynie z przypadkowych szuméw, ktore sa nieodtagcznym elementem doswiadczen

laboratoryjnych (Liu i wsp., 2023).
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dawka azotu, B — czas hodowli, C - poczatkowe pH

W celu wizualizacji wptywu poszczegdlnych sktadnikow na aktywno$¢ otrzymanej
transglutaminazy wygenerowano wykres Pareto (rys. 8), na ktérym zamieszczono wartosci
bezwzgledne standaryzowanego testu t-studenta i naniesiono lini¢ odpowiadajacg poziomowi
istotnosci 0,05. W omawianym do$wiadczeniu liniowy wpltyw czynnika A (dawka zrodta
azotu) jako jedyny okazal si¢ by¢ nieistotny, natomiast efekt kwadratowy tego czynnika byt
trzeci z kolei wedlug warto$ci bezwzglednej standaryzowanego testu t-studenta. Dla kazdego
badanego czynnika (tab. 4) wplywajacego na produkcje transglutaminazy przez
S. cinnamoneum KKP1658 na rysunku 8 przedstawiono efekty liniowe, nieliniowe
(kwadratowe) oraz ich interakcje. Istotna kolejnos¢, w jakiej badane czynniki liniowo
wplywaja na wartos¢ aktywnosci transglutaminazy jest nastepujaca: poczatkowe pH (C) > czas
hodowli (B) > dawka zrédta azotu (A), natomiast efekty kwadratowe prezentujg si¢
W nastepujacy sposob: czas hodowli (B) > dawka zrodta azotu (A) > pH (C). Analizujac
uzyskane wyniki mozna zaobserwowac, ze najwigkszy wptyw na produkcj¢ MTG ma efekt
kwadratowy czynnika B (czasu hodowli), czyli najwigksza wydajno$¢ osiaga si¢ po okoto 48
godzinach hodowli. Warto zwrdci¢ uwage na wplyw liniowej interakcji czynnikow AC (dawki

zrodia azotu wraz z czasem hodowli), ktéra wedtug analizy statystycznej miata drugi co do
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waznos$ci wptyw na aktywno$¢ uzyskanej MTG. Na rysunkach 9, 10 i 11 przedstawiono

trojwymiarowe wykresy pola powierzchni odpowiedzi predykcyjnego modelu kwadratowego.
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Rys. 9 Powierzchnia odpowiedzi dla aktywnosci MTG po 24 godzinach hodowli przez szczep

Streptoverticillium cinnamoneum KKP 1658 — interakcja migdzy dawka Zrodla azotu a poczgtkowym pH. (A-
wykres 2D, B — wykres 3D)
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Rys. 10 Powierzchnia odpowiedzi dla aktywnosci MTG po 48 godzinach hodowli przez szczep

Streptoverticillium cinnamoneum KKP 1658 — interakcja migdzy dawka zrodta azotu a poczatkowym pH. (A-
wykres 2D, B — wykres 3D)
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Rys. 11 Powierzchnia odpowiedzi dla aktywnosci MTG po 72 godzinach hodowli przez szczep
Streptoverticillium cinnamoneum KKP 1658 — interakcja migdzy dawka zrodta azotu a poczatkowym pH. (A-
wykres 2D, B — wykres 3D)

Wykorzystano wykresy powierzchni odpowiedzi 3D w celu okreslenia optymalnych
warunkow produkeji transglutaminazy. Hodowla Streptoverticillium cinnamoneum KKP 1658
przez 24 1 72 godziny prowadzi do produkcji MTG o aktywnosci nie przekraczajacej 4 U/mL
(rys. 9 i1 11). Ponadto zaobserwowano, ze warto$ci aktywnosci transglutaminazy > 4 U/mL
uzyskano po 48 godzinach hodowli doswiadczalnej, co potwierdzaja wyniki rzeczywiste oraz
wyniki przewidywane przez model. Najwyzsze aktywnosci MTG po 48 godzinach hodowli na
rysunku 10 sg umiejscowione w obszarach odpowiadajacych poczatkowemu pH z zakresu 6,4
— 6,6 oraz wysokim dawkom zrodta azotu > 4 %. Tak wyznaczone warunki, uzyskane przy
uzyciu modelu statystycznego RSM, umozliwityby osiagnigcie aktywnosci MTG
przekraczajacej 6 U/mL, co potwierdzito hipoteze¢ 2 dotyczaca mozliwosci zwigkszenia
wydajnosci biosyntezy enzymu poprzez odpowiedni dobdr parametrow hodowli.

W celu zweryfikowania uzyskanych w warunkach laboratoryjnych wynikéw, a takze
oceny ich powtarzalno$ci przy zmianie skali procesu, przeprowadzono kolejne badania
Z wykorzystaniem fermentacji w bioreaktorze. W do$wiadczeniach tych celowo zastosowano
identyczne poziomy zmiennych niezaleznych (dawka zZrodta azotu, poczatkowe pH, czas
hodowli), aby umozliwi¢ bezposrednie porownanie danych z obu etapéw eksperymentow oraz
potwierdzi¢ hipotez¢ 3 dotyczaca wplywu skali produkcji na koncowa aktywnosé
enzymatyczng. Ponizej zaprezentowano wyniki badan prowadzonych w warunkach
bioreaktorowych, wraz z analizag zmian aktywno$ci MTG w zalezno$ci od zastosowanych

warunkéw hodowli.
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4.4 Zmiana skali procesu produkcji MTG — hodowla w bioreaktorze
laboratoryjnym

Optymalizacja proceséw biotechnologicznych jest kluczowa dla zwigkszenia wydajnosci
produkcji enzymow, takich jak mikrobiologiczna transglutaminaza. Precyzyjne dostosowanie
parametrow hodowli mikroorganizméw umozliwia uzyskanie wyzszej aktywnos$ci
enzymatycznej oraz poprawe jakosci produktu koncowego. Wstepne badania nad
optymalizacjg produkcji MTG przez szczep Streptoverticillium cinnamoneum KKP 1658
przeprowadzono w skali laboratoryjnej, stosujac objetos¢ robocza podtozy na poziomie 100
mL (artykut P2 i P3). Artykul P4 oraz wyniki opisywane w tym rozdziale koncentrujg si¢ na
przeniesieniu procesu produkcji mikrobiologicznej transglutaminazy do skali bioreaktorowej
z objetoscig roboczg 3 L, przy zachowaniu tych samych parametréw procesowych (tab. 3, p.
3.12.13) optymalizowanych w skali laboratoryjnej.

Aby  zoptymalizowa¢ warunki produkcji  transglutaminazy przez szczep
Streptoverticillium cinnamoneum KKP 1658, przeprowadzono eksperyment oparty na
frakcyjnym planie trojwartosciowym zgodnie z metodologia Box-Behnkena. W ramach
badania nastawiono 15 hodowli bioreaktorowych, obejmujacych 12 roéznych kombinacji
zmiennych oraz 3 powtorzenia w punkcie centralnym. Na podstawie uzyskanych danych
eksperymentalnych wyznaczono wspotczynniki dla modelu kwadratowego, dopasowane
rownanie do przewidywania aktywno$ci MTG (X = 230,26 — 96,66 x A + 8,31 x A% — 68,48 x
C+5xC%+2498xAxC-153xA%xC>-132xA°xC+0,06%xBxA-0,01%BxA%+
0,05 x B x C — 14,67, gdzie A to dawka zrodta azotu, B — czas hodowli, C — poczatkowe pH
pozywki), a wykresy powierzchni odpowiedzi postuzyly do wizualizacji wptywu
poszczegolnych czynnikow.

Dopasowanie modelu eksperymentalnego do wynikow aktywnosci transglutaminazy
oceniono na podstawie wspotczynnika determinacji R%. Wartoéé R? wynoszaca 95,34 %
wskazuje, ze model jest w stanie wyjasni¢ ponad 95 % catkowitej zmienno$ci wynikow. Do
oceny istotnosci czynnikow w modelu zastosowano poziom istotnosci 0,05 (warto$¢ p-value),
gdzie wartosci przekraczajgce ten prog uznano za nieistotne, natomiast wartosci ponizej
wskazywaly na istotnos¢.

Aby zobrazowa¢ wpltyw poszczegolnych sktadnikow modelu oraz ich interakcji,

zarowno liniowych, jak i kwadratowych, przygotowano wykres Pareto, ktory przedstawia
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wartosci bezwzgledne standaryzowanego testu t-Studenta oraz lini¢ odpowiadajaca poziomowi

istotnosci 0,05 (rys. 12).
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ﬁZC L 5_2 2844?
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Rys. 12 Wykres Pareto znormalizowanych efektéw (odpowiedz: aktywnosé transglutaminazy U/mL), gdzie A —
dawka azotu, B — czas hodowli, C - poczatkowe pH

Na podstawie analizy wykresu Pareto mozna stwierdzi¢, Ze najistotniejszym
czynnikiem wptywajacym na aktywnos$¢ mikrobiologicznej transglutaminazy (MTG) byla
interakcja pomiedzy dawka azotu a czasem hodowli (A’B), co wskazuje na znaczenie
zaleznosci nieliniowych w optymalizacji procesu. Wynik ten podkresla, ze zarowno poziom
dawki azotu, jak i czas inkubacji w istotny sposob decyduja o efektywnosci produkcji
enzymow, a ich odpowiednie dostosowanie jest kluczowe dla uzyskania wysokiej wydajnosci
enzymatycznej. Wspotczynnik kwadratowy czynnika A wskazuje na najistotniejszy wptyw
srodkowego poziomu dawki zrodta azotu (2 %). Natomiast czynnik liniowy B wskazuje, ze
wplyw tego czynnika na produkcje transglutaminazy wzrasta wraz z wydluzeniem czasu
hodowli (72 h). Kolejnym krytycznym czynnikiem jest poczatkowe pH pozywki (C), ktore
wykazato silny liniowy wplyw na aktywno$¢ MTG. Wysoki poczatkowy poziom pH (6,5)

istotnie wptywa na produkcje MTG wsrdd badanych zakreséw kwasowosci. Potwierdza to
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wczesniejsze badanie, ktore wskazywalo na koniecznos$¢ precyzyjnej regulacji poziomu pH
W celu zapewnienia optymalnych warunkéw do zachodzgcych reakcji enzymatycznych.

Istotny wptyw odnotowano rowniez dla wspotczynnika liniowego dawki azotu (A) oraz
interakcji migdzy pH a czasem hodowli (BC), co wskazuje na wzajemne oddzialywanie tych
parametrOw w procesie fermentacji. Warto podkresli¢, ze przedstawione interakcje, cho¢ mniej
znaczace niz A’B 1 C, nadal majg zauwazalny wpltyw na aktywno$¢ enzymow i nie powinny
by¢ ignorowane w dalszych krokach optymalizacyjnych.

Czynniki o mniejszym znaczeniu, takie jak czas hodowli (B) oraz interakcja dawki
azotu z czasem (AB), mialy ograniczony wptyw na wydajno$¢ procesu, co sugeruje, ze ich
doktadna regulacja moze nie by¢ krytyczna. Niemniej jednak nalezy zauwazy¢, ze niska
istotnos$¢ tych zmiennych moze by¢ wynikiem specyficznych warunkow eksperymentalnych
I powinna zosta¢ zweryfikowana w dalszych badaniach.

Podsumowujac, optymalizacja procesu produkcji MTG powinna koncentrowaé si¢
przede wszystkim na precyzyjnym dostosowaniu poziomu poczatkowego pH pozywki oraz
zrozumieniu i kontrolowaniu nieliniowych oddziatywan migdzy dawka azotu a czasem
hodowli. Skupienie si¢ na tych kluczowych zmiennych moze znacznie zwigkszy¢ wydajnosc
enzymatyczng, jednocze$nie zmniejszajac potrzebe nadmiernej kontroli mniej istotnych
czynnikow. Wyniki te stanowig cenng wskazowke dla dalszego doskonalenia procesu

fermentacji na wigkszg skale przemystowa.

4.4.1 Analiza wptywu parametrow hodowlanych na aktywno$¢ enzymatyczna

W celu graficznego przedstawienia zalezno$ci migdzy zmiennymi niezaleznymi
a aktywnoscig transglutaminazy opracowano powierzchnie odpowiedzi, ktore pozwalaja lepiej
zrozumie¢ wzajemne interakcje miedzy badanymi parametrami hodowli. Rysunki 13, 14 i 15
ilustrujg tréjwymiarowe wykresy powierzchni odpowiedzi opracowane na podstawie
predykcyjnego modelu kwadratowego. Na wykresach przedstawiono interakcje miedzy
poczatkowym pH podtoza a stgzeniem azotu w trzech jednostkach czasowych hodowli: 24h
(rys. 13 A, B), 48h (rys. 14 A, B) i 72h (rys. 15 A, B). Takie podejscie pozwala na oceng
oddziatywan dwuczynnikowych przy jednoczesnym utrzymaniu stalego trzeciego czynnika,

zgodnie z zasadami wieloczynnikowego projektowania eksperymentalnego.
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Rys. 13 Powierzchnia odpowiedzi dla aktywno$ci MTG po 24 godzinach hodowli przez szczep

Streptoverticillium cinnamoneum KKP 1658 — interakcja migdzy dawka zrodla azotu a poczatkowym pH. (A-
wykres 2D, B — wykres 3D)
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Rys. 14 Powierzchnia odpowiedzi dla aktywnosci MTG po 48 godzinach hodowli przez szczep

Streptoverticillium cinnamoneum KKP 1658 — interakcja migdzy dawka zrodta azotu a poczatkowym pH. (A-
wykres 2D, B — wykres 3D)
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Rys. 15 Powierzchnia odpowiedzi dla aktywnosci MTG po 72 godzinach hodowli przez szczep

Streptoverticillium cinnamoneum KKP 1658 — interakcja migdzy dawka zrodta azotu a poczatkowym pH. (A-
wykres 2D, B — wykres 3D)
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Na wykresie przedstawiajacym pole powierzchni odpowiedzi po 24 godzinach hodowli
bioreaktorowej stwierdzono (rys. 13), ze najwyzsza aktywno$¢ enzymatyczna jest osiggana
przy niskim pH (okoto 5,5 — 6) oraz wyzszych dawkach azotu w przedziale 3 —4 %. W tej fazie
hodowli enzymatycznej nizsze wartosci pH zdaja si¢ sprzyjac intensywniejszej aktywnos$ci
transglutaminazy (ok. 4 U/mL), co sugeruje konieczno$¢ precyzyjnej kontroli pH we
wczesnych etapach fermentacji.

Wykres pola powierzchni odpowiedzi po 48 godzin hodowli (rys. 14) wskazuje, ze
optymalne warunki dla maksymalnej aktywno$ci enzymu (ok. 4 U/mL) przesuwaja si¢
w kierunku wyzszego pH (okoto 6,0 — 6,5) przy zachowaniu stosunkowo wysokich dawek
azotu (2 — 4 %). Obszary niskiej aktywnos$ci enzymatycznej (< 1,25 U/mL) widoczne sg przy
niskim pH 1 niskim st¢zeniu azotu, co podkresla kluczowa rolg tych parametrow
W pdzniejszych fazach hodowli. W tym etapie aktywno$¢ enzymu wzrasta w miarg
stabilizowania warunkéw §rodowiskowych, takich jak pH 1 dostgpnos¢ sktadnikow
odzywczych.

Na wykresie pola powierzchni odpowiedzi po 72 godzinach hodowli (rys. 15)
zaobserwowano, ze najwyzsza aktywnos¢ transglutaminazy (ok. 5 U/mL) wystepuje przy pH
wynoszagcym okoto 6,5 oraz dawkach azotu zblizonych do 3 %. W tym czasie hodowli
drobnoustroje osiggaja maksymalng zdolno$¢ do biosyntezy transglutaminazy, co przektada si¢
na najwyzsza warto$¢ aktywnos$ci enzymatycznej, zgodng z trendami obserwowanymi na
wczesniejszych etapach. Warto rowniez zauwazy¢, ze niskie pH (ponizej 6,0) 1 nizsze dawki
azotu (ponizej 2 %) skutkuja wyraznym spadkiem aktywnoS$ci enzymu, co moze wskazywacé
na ograniczong zdolno$¢ komorek do efektywnej produkcji enzymu w takich warunkach.

Podsumowujac, nalezy zaznaczy¢, ze kluczowymi parametrami wplywajgcymi na
aktywno$¢ transglutaminazy s pH oraz dawka azotu, a ich znaczenie zmienia si¢ w zaleznos$ci
od czasu hodowli. Na podstawie analizy mozna stwierdzi¢, ze optymalne warunki dla produkcji
enzymu obejmuja pH okoto 6,5, dawke azotu w zakresie 2,5 — 3 %, z kolei czas hodowli
powinien wynosi¢ 72 godziny. Taka kombinacja parametréw pozwala na osiggnigcie

maksymalnej aktywnos$ci enzymatycznej, co potwierdzajg uzyskane dane eksperymentalne.

4.4.2 Poroéwnanie wynikoéw z 111 III etapu

Analiza wynikéw uzyskanych podczas hodowli szczepu Streptoverticillium
cinnamoneum KKP 1658 w kolbach laboratoryjnych oraz w bioreaktorze ujawnita zar6wno
istotne podobienstwa, jak i1 zauwazalne réznice w odpowiedzi systemu biologicznego na

badane czynniki. W obu przypadkach zastosowano identyczne poziomy trzech zmiennych
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niezaleznych: dawki zrodta azotu (A), czasu hodowli (B) oraz poczatkowego pH pozywki (C),
co umozliwito bezposrednie poréwnanie wynikow oraz weryfikacje hipotezy 3 o wptywie
skali procesu na wydajnos$¢ enzymatyczna.

W warunkach kolbowych najwyzsza aktywnos¢ MTG (powyzej 6 U/mL) uzyskano po
48 godzinach hodowli przy poczatkowym pH wynoszacym 6,4 — 6,6 oraz wysokiej dawce
zrodla azotu przekraczajacej 4 %. Model statystyczny wskazal, ze najwigkszy wplyw na
produkcje enzymu miat kwadratowy efekt czasu hodowli (B?), natomiast liniowy wptyw dawki
azotu (A) byl nieistotny statystycznie. Szczego6lnie silna okazata si¢ takze interakcja miedzy
dawka azotu a poczatkowym pH pozywki (AC), co podkresla znaczenie synergistycznego
dziatania tych czynnikow.

W warunkach bioreaktorowych maksymalna aktywnos¢ transglutaminazy osiagnicta
po 72 godzinach hodowli wyniosta 4,29 U/mL. Kluczowym czynnikiem wptywajacym na
poziom tej aktywno$ci okazata si¢ nieliniowa interakcja pomigdzy dawka azotu a czasem
hodowli (A?B). W odroznieniu od uktadu kolbowego, istotny byt takze wptyw liniowy
poczatkowego pH (C) oraz liniowy wptyw dawki zrodta azotu (A), ktory wykazywat tendencje
wzrostowg az do 72 godziny. Co ciekawe, podczas gdy w kolbach najwyzsze wartosci
aktywno$ci notowano po 48 godzinach, w bioreaktorze wyzsze wyniki uzyskano dopiero po
72 godzinach, co moze by¢ zwigzane z inng kinetykg wzrostu komorek i1 produkcji enzymu w
systemie o lepszym natlenieniu i kontroli parametrow $§rodowiskowych.

Warto zwrdci¢ uwage na réznice w znaczeniu efektow zwigzanych z czynnikiem A
(dawka zrodta azotu) w zaleznosci od skali procesu. W warunkach hodowli kolbowej efekt
liniowy czynnika A byl statystycznie nieistotny, podczas gdy jego efekt kwadratowy znajdowat
si¢ na trzecim miejscu pod wzgledem wptywu na aktywnos$¢ transglutaminazy. Moze to
sugerowac, ze w kolbach wptyw azotu na produkcje enzymu byt nieliniowy 1 istotny jedynie
w skrajnych warto$ciach — zaréwno niedobor, jak i nadmiar mogly negatywnie wplywac¢ na
biosyntez¢ enzymu, natomiast wartoSci posrednie zapewnialy korzystne warunki
metaboliczne.

W bioreaktorze zaobserwowano inny wzorzec — efekt liniowy czynnika A zajat trzecie
miejsce pod wzgledem istotno$ci, natomiast jego efekt kwadratowy byt jednym z najmnie;j
znaczacych, znajdujac si¢ na granicy poziomu istotno$ci statystycznej. Taka zmiana moze
wynika¢ z bardziej jednorodnych warunkoéw srodowiskowych w bioreaktorze, gdzie efekty
nieliniowe moga ulec splaszczeniu z powodu lepszego mieszania 1 kontroli parametrow.

W  efekcie, réznice pomigdzy skrajnymi warto§ciami dawki azotu mogly mie¢ bardziej
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przewidywalny, liniowy wptyw na aktywno$¢ enzymatyczng, a wptyw wartosci posrednich nie
byt juz tak wyraznie korzystny jak w kolbach.

Powyzsze obserwacje mogg sugerowac, ze skalowanie procesu fermentacji wigze si¢
nie tylko z koniecznoscig dostosowania parametrow technologicznych, ale rowniez ze zmiang
charakterystyki odpowiedzi metabolicznej mikroorganizméw na sktadniki pozywki.
Potwierdza to znaczenie indywidualnej weryfikacji modelu optymalizacyjnego po przej$ciu z
hodowli laboratoryjnej do bioreaktorowe;.

Pod wzgledem dynamiki zmian, w kolbach wartosci aktywnosci enzymatycznej >4
U/mL pojawialy si¢ juz po 48 godzinach, natomiast w bioreaktorze poziom ten osiggano
stopniowo. Roznice te moga wynikaé z wigkszej lepkosci medium w bioreaktorze lub innych
czynnikow fizykochemicznych zwigzanych ze skalg procesu. Trend wplywu gléwnych
zmiennych pozostat zblizony w obu systemach — zaréwno pH, jak i dawka azotu odgrywaly
kluczowa role w ksztattowaniu aktywnosci transglutaminazy.

Podsumowujac,

e w warunkach hodowli w kolbach najwigkszy wplyw mial czas hodowli (B?), co
wskazuje, ze przedtuzanie inkubacji do 48 h bylo kluczowe dla uzyskania
wysokiej aktywnosci MTG. W bioreaktorze natomiast czas wchodzi w istotng
interakcje z dawka azotu, co sugeruje bardziej ztozong dynamike procesu.

e W hodowli w warunkach bioreaktorowych efekt liniowy dawki zrodta azotu (A)
nabrat istotnego znaczenia, co moze wynika¢ z bardziej stabilnych warunkoéw
srodowiskowych, lepszego napowietrzania i mieszania, ktore umozliwiaja
promieniowcom petniejsze wykorzystanie dostgpnego azotu.

o Efekt kwadratowy A (A?), istotny w hodowlach prowadzonych w kolbach,
W bioreaktorze okazat si¢ czynnikiem o niewielkim znaczeniu, co wskazuje, ze
w skali bioreaktora nie obserwuje si¢ tak wyraznego optimum w Srednim
poziomie azotu jak w kolbach.

e W obu przypadkach pH wykazato istotny wplyw (C), ale jego znaczenie
wzrastalo z czasem hodowli 1 miato bardziej wyrazny charakter liniowy
w bioreaktorze. To wskazuje, ze precyzyjna kontrola pH jest bardziej krytyczna
w warunkach fermentacji na wigksza skale.

Przeprowadzone eksperymenty w skali kolby i bioreaktora pozwolily potwierdzi¢
hipoteze 2 i 3. W hodowli kolbowej maksymalna aktywnos$¢ enzymatyczna MTG (6 U/mL)

zostala osiagnigta po 48 godzinach. W bioreaktorze koncowa aktywno$¢ enzymu w
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supernatancie wyniosta 4,29 U/mL, (przy zastosowaniu nast¢pujgcych pozioméw zmiennych
niezaleznych: pH 6,5, dawka azotu 2,75 %, czas hodowli 72 h). Roznica ta jednoznacznie
wskazuje, ze przejscie z hodowli w kolbach do skali bioreaktorowej spowodowato spadek
aktywno$ci enzymatycznej w plynie pohodowlanym oraz wydtuzylo optymalny czas
prowadzenia hodowli, potwierdzajac hipoteze 3.

Hipoteza 2 zakladata, ze poprzez odpowiedni dobor parametrow hodowli mozliwe
bedzie uzyskanie aktywno$ci transglutaminazy przekraczajacej 3 U/mL. Zaréwno
W hodowlach prowadzonych w kolbach, jak i w bioreaktorze uzyskano aktywnos$ci wyraznie
przekraczajace ten poziom — odpowiednio ponad 6 U/mL oraz 4 U/mL. Wyniki te potwierdzaja
stuszno$¢ postawionej hipotezy i $wiadcza o wysokim potencjale produkcyjnym szczepu
Streptoverticillium cinnamoneum KKP 1658 w zakresie biosyntezy transglutaminazy przy

optymalnie dobranych warunkach srodowiskowych.

4.4.3 Weryfikacja optymalnych warunkéw hodowli w bioreaktorze

Uwzgledniajac uzyskane wyniki, optymalne warunki hodowli okre$lono jako pH
wynoszace 6,5, dawke azotu na poziomie 2,75 % (potaczenie aminobaku i namoku
kukurydzianego w stosunku 1:1, wedtug badan wstepnych (P2 i P3) oraz 72 godzinny czas
hodowli. Warunki te zostaly wybrane na podstawie analizy statystycznej wykresow
powierzchni odpowiedzi, co pozwolito na zidentyfikowanie stabilnego zakresu roboczego.
Nastepnym etapem bylo przeprowadzenie hodowli stosujac wybrane optymalne parametry
oraz uzyskanie enzymu, ktory po wytraceniu z ptynu pohodowlanego zostat poddany dalszej
czesci badan (masa czasteczkowa, termo- i pH-stabilno$¢) (tab. 5). Proces wytracania biatek z
roztworu opiera si¢ na zastosowaniu czynnika precypitujacego, ktory destabilizuje czasteczki
biatek. Dodanie tego czynnika powoduje usunigcie stabilizujgcej otoczki wodnych dipoli, co
prowadzi do ujawnienia hydrofobowych obszaréw w czasteczkach biatek. W efekcie staja sie

one mniej rozpuszczalne, co sprzyja ich agregacji i wytraceniu z roztworu (Goldring, 2019).
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Tab. 5 Wyniki analizy ptynu pohodowlanego

Aktywno$¢  Zawartos¢ Akty\ynosc o Wydajnosé¢
Parametry MTG bialek specyficzna Stopien odzysku*
enzymu oczyszczenia o
(U/mL) (mg/mL) (Uimg) (%)
Plyn
(72 h)
Plynpo  1087+0,15 9,09+0,71 1,20 1,71 253
ultrafiltracji
Bialka wytracone
siarczanem 22,0+ 0,05 13,40+0,31 1,64 2,34 513
amonu

*Ze wzgledu na efekt zageszczenia podczas ultrafiltracji i wytrgcania, wartoéci aktywno$ci wyrazono
w przeliczeniu na 1 mL probki. Rzeczywista wydajno$¢ odzysku moze si¢ r6zni¢ w zaleznosci od objetosci
koncowej poszczegolnych frakcji.

Tab. 6 Walidacja modelu RSM do estymacji aktywnosci transglutaminazy

Wartos¢ Wartos¢

Parametr
y prognozowana  zaobserwowana

95 % przedzial ufnosci

Aktywnos¢ MTG

U/mL]) 4,47 4,29 4,18 -4,76

Analiza ptynu pohodowlanego wykazata, ze po 72 godzinach inkubacji wydajnos¢
biomasy S. cinnamoneum KKP 1648 wynosita 14,62 + 0,56 g/L, a aktywnos¢ transglutaminazy
po odwirowaniu 4,29 U/mL, przy zawartosci biatka 6,17 mg/mL. Przewidywana aktywnosc¢
transglutaminazy, okreslona na podstawie metody modelowania powierzchni odpowiedzi
(RSM) wynosita 4,47, z 95 % przedziatem ufnosci w zakresie od 4,18 do 4,76 (tab. 6).
Obserwowana doswiadczalnie warto$¢ 4,29 miescita si¢ w tym zakresie, co wskazuje na
zadowalajacg zgodnos¢ migdzy przewidywaniami modelu a wynikami eksperymentu. Wyniki
te potwierdzaja wiarygodno$¢ opracowanego modelu do szacowania aktywnos$ci
transglutaminazy w badanych warunkach.

Po procesie ultrafiltracji (Sartorius Vivaflow 200, MWCO 100 kDa) aktywno$¢
enzymu wzrosta do 10,87 U/ml, a aktywno$¢ wlasciwa wzrosta z 0,7 do 1,2 U/mg. Najwyzsze
wartosci parametréw uzyskano po wytraceniu biatek siarczanem amonu. Po tym procesie
aktywnos¢ MTG wynosita 22 U/ml, co przekladalo si¢ na najwyzsza aktywnos¢ wtasciwag
wynoszaca 1,64 U/mg.
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Zastosowanie procesow ultrafiltracji i odsalania biatek poprawito aktywnos$¢ 1 czystos¢
otrzymanej mikrobiologicznej transglutaminazy, co bylo niezbednym krokiem do dalszych

analiz preparatu enzymatycznego.

444 Wilasciwosci wyizolowanej transglutaminazy

Wyizolowana transglutaminaza wykazata wyrazne pojedyncze pasmo biatkowe
w analizie SDS-PAGE (rys. 16). Mase czasteczkowg bialka oszacowano na 43 kDa na
podstawie jego ruchliwosci elektroforetycznej w pordwnaniu z zastosowanymi standardowymi

biatkami.

120 kDa

85 kDa

wa
bt
-~
.

PR ;o

35kDa

25kDa

20 kDa "

Rys. 16 SDS-PAGE oczyszczonej transglutaminazy wyprodukowanej przez Streptoverticillium cinnamoneum
KKP 1658

Chociaz ultrafiltracja znacznie zwigkszyta aktywno$s¢ MTG, analiza SDS-PAGE
ujawnila obecno$¢ matych pasm ponizej 20 kDa, co sugeruje obecno$¢ zanieczyszczen
resztkowych. Moze to wptyna¢ na doktadno$¢ oszacowanej aktywnosci specyficznej, dlatego
w przyszto$ci wazne jest przeprowadzenie dalszego procesu oczyszczania przy uzyciu
nizszych membran MWCO w celu poprawy czysto$ci otrzymanego enzymu.

W dalszej cze$ci badania otrzymang transglutaminaze (przechowywang w temperaturze
-80 °C) o aktywnosci 22 U/mL rozmrozono i rozcienczono buforem cytrynianowo-
fosforanowym w celu uzyskania wigkszej objetosci enzymu do doswiadczen. Po rozcienczeniu
buforem otrzymano roztwor transglutaminazy o aktywnosci 3,20 + 0,23 U/mL. Stabilno$¢

badanej transglutaminazy w zaleznos$ci od czasu oceniano przez inkubacje w temperaturze 28

60



°C przez 300 minut (tab. 7 oraz rys. 17). Aktywno$¢ enzymu osiggneta maksymalng wartosé
po 120 minutach inkubacji (5,54 U/mL), natomiast istotne spadki aktywnosci zaobserwowano
pod koniec eksperymentu — po 240 minutach. Uzyskane wyniki wskazujg na wysoka stabilno$¢
enzymu uzyskanego z badanego szczepu S. cinnamoneum KKP 1648.

Tab. 7 Wyniki stabilno$ci mikrobiologicznej transglutaminazy w czasie oraz aktywno$ci wzgledne

Srednia Aktywnos$¢ wzgledna , .
ZC‘;‘;;SS aktywno$é MTG (% wartoci ((f‘l:m‘:s’:flg antlf;i‘lz.)
(U/mL) maksymalnej) ° !
Kontrola 3,2+0,23 57,8 100
30 min 3,50+0,16 63,2 109,4
60 min 4,70 £0,17 84,8 146,9
120 min 5,54 +0,15 100 173,1
180 min 3,83+0,17 69,1 119,7
240 min 3,06 £ 0,07 55,2 95,6
300 min 2,47 +£0,24 44,6 77,2
6
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Rys. 17 Wyniki stabilno$ci mikrobiologicznej transglutaminazy w czasie

Termostabilno§¢ enzymu oznaczono po 2-godzinnej inkubacji  roztworu

transglutaminazy w temperaturach 20 — 60 °C. Badany enzym wykazal szeroki zakres
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stabilno$ci termicznej (tab. 8 oraz rys. 18), gdyz podobng $rednig aktywno$¢ enzymatyczng
(3,87 — 3,97 U/mL) uzyskano w zakresie 20 — 37 °C. Istotne zmniejszenie aktywnoS$ci badane;j
transglutaminazy nastgpito w temperaturze 50 °C, przy spadku aktywnosci o 75 % (1,09 U/mL)
w poréwnaniu z wynikami dla zakresu temperatury 20 — 37 °C. Temperatura 60 °C catkowicie
dezaktywowata badany enzym. Co cickawe, aktywno$¢ MTG wzrosta w ciggu pierwszych 120
minut inkubacji, co moze wskazywa¢ na przejSciowy efekt aktywacji termicznej. To
zachowanie jest nietypowe dla transglutaminaz bakteryjnych, ale wcze$niej zaobserwowano je
w badaniach de Souza i wsp. (2009). Autorzy wykazali, ze transglutaminaza wyizolowana
z Bacillus circulans BL32 wykazuje zwigkszong aktywno$¢ enzymatyczng po krotkotrwatym
podgrzaniu w temperaturze 40 — 45 °C przed rozpoczeciem jego termicznej inaktywacii.
Thumaczy si¢ to mozliwymi zmianami Konformacyjnymi enzymu prowadzacymi do lepszego
dostepu do miejsca aktywnego. Podobne zachowanie zaobserwowano w niniejszym badaniu,

co moze wskazywa¢ na podobny mechanizm aktywacji.

Tab. 8 Wyniki termostabilnosci mikrobiologicznej transglutaminazy oraz aktywnos$ci wzgledne

remperaura Sttt TG ol At vt
maksymalnej)

Kontrola 3,20+0,23 80,6 100
20°C 3,87+ 0,20 97,6 121,1
25°C 3,97+ 0,30 100 1241
30°C 3,93+0,22 98,9 122,8
37°C 3,91 +0,36 98,4 122,1
50°C 1,09 £0,21 27,5 34,1
60°C 0,0 0,0 0,0
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Rys. 18 Wyniki termostabilnosci mikrobiologicznej transglutaminazy

Transglutaminaza charakteryzowata si¢ wysokg aktywnoscig resztkowa w szerokim
zakresie pH 5,0 — 8,0 (3,45 — 3,67 U/mL) (tab. 9 oraz rysunek 19). Srodowisko kwasowe
(ponizej pH na poziomie 5,0) drastycznie zmniejszato aktywnos$¢ enzymu do wartosci 1,03
U/mL (o 70 % wobec wyniku aktywnosci dla pH 5,0), w poréwnaniu do pH zasadowego, gdzie
w buforze o pH 9,0 obserwowano tagodne zmniejszanie aktywnosci (3,3 U/mL). Badana
transglutaminaza wykazata maksymalng aktywnos$¢ w buforze o pH 7,0, gdzie uzyskata srednia

wartos¢ 3,67 U/mL.

Tab. 9 Wyniki pH stabilno$ci mikrobiologicznej transglutaminazy oraz aktywnos$ci wzgledne

Zakres Sred,ltla Aktywno$¢ wzgledna (% Aktywno$¢ wzgledna
aktywnos¢ MTG . . - .
pH (U/mL) warto$ci maksymalnej) (% wartos$ci kontrolnej)
Kontrola 2,95+ 0,07 80,4 100
4,0 1,03 +£0,05 28,1 34,9
5,0 3,61 £0,02 98,4 122,4
6,0 3,45+0,11 94,0 116,9
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7,0 3,67+ 0,52 100 124,4
8,0 3,5+0,07 95,4 118,6
9,0 3,3+0,36 89,9 111,9
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Rys. 19 Wyniki pH termostabilno$ci mikrobiologicznej transglutaminazy

4.5 Dyskusja do badan wlasciwych

Produkcja MTG na skal¢ przemystowa odbywa si¢ gtownie w bioreaktorach, ktore
zapewniaja precyzyjna kontrole nad warunkami fermentacji. Bioreaktory umozliwiaja
utrzymanie statych parametréw hodowli, co jest kluczowe dla uzyskania wysokiej wydajnosci
enzymu. W niniejszej pracy doktorskiej przeprowadzono optymalizacje warunkow hodowli
bioreaktorowej Streptoverticillium cinnamoneum KKP 1658 w celu zwigkszenia produkcji
transglutaminazy. Maksymalng aktywnos¢ transglutaminazy (4,29 U/mL) uzyskano przy pH
6,5, dawce azotu 2,75 %, czasie hodowli wynoszacym 72 h i przy mieszaniu o predkosci 200
obr./min. W badaniach Zilda i wsp. (2017) optymalna produkcja MTG w bioreaktorze dla
szczepu Streptomyces thioluteus TTA 02 SDS 14 zostala osiggni¢ta przy predkosci mieszania
wynoszacej 150 obr./min oraz inkubacji przez 48 h. Optymalne warunki produkcji MTG dla
S. thioluteus TTA 02 SDS 14 to pH 6,0 oraz temperatura 30 °C. Warto zaznaczy¢, ze po
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procesie optymalizacji autorzy otrzymali maksymalng aktywno$¢ transglutaminazy na
poziomie 0,135 U/mL.

Chociaz predko$¢ mieszania nie byla uwzglgdniona w procesie optymalizacji dla
S. cinnamoneum KKP 1648, odgrywa ona wazng role¢ w produkcji enzymow, w tym
mikrobiologicznej transglutaminazy. Mieszanie wptywa na poziom natlenienia hodowli, co
jest istotnym czynnikiem dla wzrostu mikroorganizmow i biosyntezy enzymow. Jak wykazano
w badaniach Aidaroos i wsp. (2011), Streptomyces hygroscopicus WSHO03-01 wymagat
intensywnego mieszania na poziomie 500 rpm w bioreaktorze, aby osiggna¢ optymalng
produkcje transglutaminazy po 72 godzinach inkubacji (wzrost aktywnosci o 71,75 %
w poréwnaniu do wynikéw sprzed optymalizacji). Z kolei Streptomyces mobaraensis
uzyskiwal najwyzsza aktywno$¢ enzymatyczng (3,2 U/mL) przy predkosci mieszania 200
obr./min (Guerra-Rodriguez i Vazquez, 2014). Nizsze predkosci mieszania mogg prowadzié
do wydluzonego czasu produkcji enzymu, co bylo obserwowane przy 100 obr./min, gdzie
osiggnigcie maksymalnej aktywno$ci transglutaminazy wymagato dtuzszego okresu inkubacji
w przypadku badan Zilda i wsp. (2017). W niniejszej pracy, mimo ze szybko$¢ mieszania nie
byla zmienng w modelu optymalizacyjnym, najwyzsza aktywno$¢ transglutaminazy
wynoszacg okoto 5,0 U/mL osiagnieto po 72 godzinach hodowli przy pH 6,5 i dawce azotu
2,75 %, jak pokazano na powierzchniowych wykresach odpowiedzi. Warto$¢ ta znacznie
przekracza maksymalne aktywnos$ci odnotowane dla S. mobaraensis lub S. hygroscopicus, co
wskazuje na wysokg efektywno$¢ biosyntezy enzymoéw przez S. cinnamoneum KKP 1658
w zastosowanych warunkach. Sugeruje to, ze starannie dobrany sklad podloza i pH moga
czgSciowo zrekompensowaé brak optymalizacji napowietrzania. Niemniej jednak
W przysztych pracach nalezy rozwazy¢ uwzglednienie predkosci mieszania, aby zweryfikowac
jej potencjalny wptyw na S. cinnamoneum KKP 1648.

W badaniu nad mikrobiologiczng transglutaminaza wyizolowano 200 szczepdéw bakterii
z probek gleby i Sciekow, z czego pie¢ wykazywato zdolno$¢ do syntezy enzymu (Sorde
i Ananthanarayan, 2019). Najwyzsza aktywnos¢ uzyskano dla szczepu Bacillus nakamurai
NRRL B 41091 (B4) — 3,95 £+ 0,04 U/mL oraz Bacillus subtilis BCRC 10255 (C2) — 2,65 +
0,17 U/mL, po optymalizacji warunkow fermentacji (wzrost z poczatkowych 1,71 £ 0,2 U/mL
11,61 +0,17 U/mL, odpowiednio dla izolatu B4 i C2). Maksymalna aktywnos$¢ enzymatyczna
szczepodw B4 1 C2 zostala uzyskana w pozywce zawierajgcej pepton (20 g/L), skrobig (20 g/L),
ekstrakt drozdzowy (2 g/L) oraz sole mineralne (Mg>SO4 x 7H20 — 2 g/L, KoHPO4 — 2 g/L,
KH2PO4 -2 g/L). Optymalne parametry hodowli obejmowaty pH 6,5 — 7,5 dla izolatu B4 oraz

7,5 dla C2, temperature 35 °C i predkos¢ mieszania na poziomie 180 obr./min. Maksymalna
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aktywno$¢ enzymu byta osiggana w fazie stacjonarnej wzrostu, miedzy 48 a 60 godzing
hodowli. Wyniki potwierdzaja, ze warunki $rodowiskowe maja kluczowe znaczenie dla
efektywnej produkcji MTG, a odpowiednia optymalizacja moze znacznie zwigkszy¢
wydajnos$¢ enzymu.

Po 72 godzinach inkubacji szczep Streptoverticillium cinnamoneum KKP 1658
hodowany w warunkach pH 6,5 osiggnal maksymalng aktywno$¢ enzymatyczng na poziomie
5,0 U/mL, co wykazano na podstawie analizy wykreso6w powierzchni odpowiedzi.Przewyzsza
to wartos$ci zgloszone dla obu szczepoéw Bacillus (Sorde i Ananthanarayan, 2019) wskazujace
na wyzszy potencjal produkcyjny w ramach zastosowanego sktadu podtoza. Co wigcej, testy
termostabilnosci i stabilnosci pH dla S. cinnamoneum KKP 1658 wykazaty, ze enzym
zachowuje wysoka aktywnos$¢ w roznych warunkach. Maksymalng aktywno$¢ resztkowa po
2-godzinnej inkubacji zaobserwowano w temperaturze 25 — 30 °C (aktywnos$¢ wzgledna > 95
%). Analiza stabilno$ci pH wykazala, Zze enzym utrzymywat wzgledna aktywnos¢ > 90 %
w zakresie pH 5,0 — 8,0, ze szczytowa aktywnoscig przy pH 7,0 (3,67 U/ml). W testach
stabilno$ci zaleznej od czasu aktywno$¢ transglutaminazy wzrosta w ciagu pierwszych 2
godzin inkubacji, osiggajac 5,54 U/mL, co potwierdza wysoka stabilno$¢ funkcjonalng enzymu
i jego przydatno$¢ do przedtuzonych warunkéw przetwarzania.

Stabilno$¢ enzymu w réznych zakresach pH stanowi istotny czynnik determinujacy
aktywno$¢ mikrobiologicznej transglutaminazy oraz jej przydatno$¢ w zastosowaniach
biotechnologicznych. Jak wykazali Macedo i wsp. (2011), transglutaminaza produkowana
przez szczep Streptomyces sp. CBMAI 837 wykazuje najwyzsza aktywno$¢ w przedziale pH
6,0 — 6,5, co jest zgodne z wynikami uzyskanymi w niniejszej pracy. Warto jednak zauwazy¢,
ze niektore szczepy moga charakteryzowac si¢ odmiennymi wymaganiami $rodowiskowymi.
Na przyktad, Bacillus subtilis wytwarza transglutaminaze o maksymalnej aktywno$ci w pH 8,2
(Suzuki 1 wsp., 2000). Réznice te wynikaja najprawdopodobniej ze specyfiki strukturalnej
enzymu i optymalnych warunkéw dla wzrostu poszczegdlnych mikroorganizmow. Otrzymane
w niniejszej pracy wyniki, wskazujgce na optymalne pH 6,5 dla szczepu Streptoverticillium
cinnamoneum KKP 1658, sg zgodne z wcze$niejszymi doniesieniami, w ktorych réwniez
wykazano, ze lekko kwasne warunki sprzyjaja maksymalnej aktywno$ci mikrobiologicznej
transglutaminazy. Podkres$la to znaczenie precyzyjnej kontroli tego parametru w procesie
fermentacji, aby uzyska¢ maksymalng aktywnos$¢ enzymatyczng.

W badaniu Sorde i Ananthanarayan (2019) wykazano, ze optymalne pH dla aktywnoS$ci
transglutaminazy wytwarzanej przez oba izolaty Bacillus nakamurai NRRL B 41091 (B4) oraz
Bacillus subtilis BCRC 10255 (C2) wynosito 6,0. Enzym wykazywat stabilno$¢ w szerokim
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zakresie pH (5,0 — 9,0), jednak aktywno$¢ MTG szczepu B4 gwaltownie zmniejszata si¢
w warunkach o obnizonym pH, zachowujgc wigkszg stabilno$¢ w srodowisku zasadowym, co
bylo odwrotne w poréwnaniu do izolatu C2. Optymalne pH dla dziatania MTG dla szczepu
Streptomyces hygroscopicus WSHO03-13 oznaczono w zakresie 6,0 — 7,0, enzym ten wykazat
si¢ pH-stabilnoscig w zakresie 5,0 — 8,0 (Cui i wsp., 2007). Transglutaminaza wyizolowana
w niniejszej pracy z S. cinnamoneum KKP 1648 charakteryzowata si¢ pH-stabilno$cig podobng
do B. nakamurai NRRL B 41091 oraz S. hygroscopicus WSHO03-13. Zauwazono stabilno$¢
MTG w zakresie pH 5,0 — 9,0, natomiast srodowisko kwasowe (pH < 5,0) gwaltownie obnizato
oznaczang aktywno$¢. Stabilno$¢ transglutaminazy szczepow B4 i C2 utrzymywata si¢ w
zakresie temperatury 0 — 50 °C, po czym nastgpowat spadek aktywnosci. W badaniach Zilda
i wsp. (2017) transglutaminaza otrzymana w bioreaktorze o objetosci roboczej 2 L ze szczepu
Streptomyces thioluteus TTA 02 SDS 14 byta najbardziej aktywna w temperaturze 45 — 50 °C
oraz przy pH na poziomie 6,0. W badaniu Wan i wsp. (2017) transglutaminaza szczepu
Streptomyces hygroscopicus H197 wykazata optymalng aktywno$¢ przy pH 6,0 — 8,0
I wykazywata najwyzszg stabilnos¢ w temperaturze 40 °C. Transglutaminaza otrzymana ze
szczepu Streptomyces sp. CBMAI 837 cechowata si¢ optymalng aktywnosciag w temperaturze
35-140 °C, enzym ten byt stabilny w szerokim zakresie pH (4,5 — 8,0) i do 45 °C. W przypadku
niniejszej pracy aktywno$¢ MTG byta zachowana w zakresie temperatury do 40 °C, po czym
obserwowano dezaktywacj¢ enzymu. Podobne wyniki otrzymali Cui i wsp. (2007) dla
transglutaminazy wyizolowanego z gleby szczepu Streptomyces hygroscopicus WSH03-13.
Enzym wykazywatl optymalng aktywno$¢ w temperaturze 37 — 45 °C, a wzrost temp. powyzej
50 °C catkowicie dezaktywowal enzym. Wyniki te podkreslaja roznice w charakterystyce
enzymow wytwarzanych przez poszczegdlne szczepy oraz ich potencjalne zastosowanie
w réznych warunkach przemystowych. Warto podkreslié, ze poziom aktywnosci
enzymatycznej okoto 17 % i 42 % MTG zostat zachowany w temperaturze 70°C odpowiednio
dla izolatow B4 i C2, natomiast dla transglutaminazy otrzymanej w naszych badaniach
pochodzacej z S. cinnamoneum KKP 1648 oznaczono zerowa aktywno$¢ juz w temperaturze
60 °C, co $wiadczy o wyzszej termostabilnosci MTG produkowanej przez bakterie Bacillus.
W niniejszym badaniu masa czgsteczkowa oznaczonej transglutaminazy wynosita 43
kDa, co jest zgodne =z wartoSciami podawanymi dla innych transglutaminaz
mikrobiologicznych. Dane przedstawione przez Macedo 1 wsp. (2011) wykazaly, ze masa
czasteczkowa enzymu wynosita okoto 45 kDa, co jest zblizone do wyniku uzyskanego w tym
badaniu. Jin i wsp. (2016) oznaczyli mase czasteczkowa transglutaminazy MTG-TX, uzyskana
z uzyciem Streptomyces mobaraensis TX, na poziomie 37,82 kDa (na podstawie wynikoéw
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chromatografii cieczowej i spektrometrii mas). Zhang i wsp. (2012) oznaczyli mase
czasteczkowg MTG wytworzonej przez Streptomyces mobaraensis DSM 40587 jako 38 kDa
przy uzyciu SDS-PAGE. Podobne wartos$ci zanotowali rowniez Cui i wsp. (2007) oraz Yu
I wsp. (2008), ktorzy okreslili mase¢ MTG na poziomie 38 kDa. Warto jednak zauwazy¢, ze
réznice w masie czgsteczkowej mogg wynika¢ zaréwno z roéznic mi¢dzygatunkowych, jak
I zastosowanych metod oczyszczania oraz warunkow elektroforezy. Z kolei Wan i wsp. (2017)
opisali mutanta MTG o zwigkszonej masie czasteczkowej 67 kDa, co moze sugerowac roéznice
w strukturze biatka wynikajace z modyfikacji genetycznych. Uzyskane wyniki potwierdzity,
7ze masa czasteczkowa transglutaminazy moze si¢ rézni¢ w zaleznosci od Zrddia
mikrobiologicznego oraz sposobu jej izolacji i oczyszczania.

Opublikowano wiele badan zwigzanych z mikrobiologiczng transglutaminazg, ale nie ma
ustalonej konkretnej metodologii oczyszczania tego enzymu. Wedtug Zhang i wsp. (2012), po
oddzieleniu kultury od podtoza mikrobiologicznego przez odwirowanie lub filtracje,
supernatant zageszcza si¢ przez ultrafiltracje lub wysolenie statym siarczanem amonu lub
etanolem.

W celu zwigkszenia aktywnosci transglutaminazy S. cinnamoneum KKP 1658 oraz
zwigkszenia czysto$ci otrzymanego preparatu enzymatycznego, odwirowany ptyn hodowlany
poddano ultrafiltracji przy uzyciu systemu Sartorius Vivaflow 200 z membrang odcigcia masy
czasteczkowej (MWCO) 100 kDa, co pozwolito na eliminacj¢ wigkszych peptydow
I zanieczyszczen. Po tym etapie uzyskano aktywno$¢ specyficzng enzymu na poziomie 1,2
U/mg, co stanowi wzrost 0 71,4 % w stosunku do ptynu hodowlanego. Nast¢pnie, w celu
wytracenia transglutaminazy, przeprowadzono proces frakcjonowania siarczanem amonu,
ktory doprowadzit do wzrostu o 134,3 % (1,64 U/mg) w poroéwnaniu z wartos$cig ptynu
hodowlanego (0,7 U/mg).

Ultrafiltracja jest czgsto stosowana jako pierwszy lub posredni etap w procesie
oczyszczania enzymow, takich jak lipaza (Ghutake i wsp., 2025), endopektynaza (Krsti¢ i wsp.,
2007) fitynaza (Rodriguez-Fernandez i wsp., 2013), reduktaza ksylozowa (Krishnan i wsp.,
2022), bromelaina (Nor i wsp., 2017 ), laktaza (Antecka i wsp., 2019), dekstranosacharaza
(Flérez Guzman i wsp., 2018) czy proteaza (Hemici i wsp., 2017). Ghutake i wsp. (2025)
zwickszyli wydajnos¢ produkcji  surowej lipazy 2,29-krotnie poprzez zastosowanie
ultrafiltracji z membrang o porach 5 kDa MWCO. W badaniach Ozera i wsp. (2018) poréwnano
skuteczno$¢ trzech metod izolacji PB-laktoglobuliny (B-Lg) pod wzgledem czystosci,
wydajnosci oraz zachowania natywnej struktury biatka. Zastosowanie ultrafiltracji z membrang

MWCO 30 kDa zapewnito najwyzszy stopien oczyszczenia (43,6-krotny wzrost wzgledem
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serwatki), znacznie przewyzszajac wyniki uzyskane za pomoca chromatografii jonowymiennej
oraz hydrolizy z pepsynag — odpowiednio 6,6- oraz 1,4-krotny wzrost w poroéwnaniu do
serwatki. Autorzy podkreslili, ze ultrafiltracja pozwala réwniez na zachowanie natywnej
struktury biatek B-Lg oraz skutecznie eliminuje zanieczyszczenia o wysokiej masie
czasteczkowej, takie jak albumina surowicy bydlecej czy immunoglobuliny.

Yongsawatdigul i Piyadhammaviboon (2007) badali biatka sarkoplazmatyczne (SpC)
pochodzace z tilapii (Oreochromis niloticus), zawierajace znaczng ilo$¢ transglutaminazy.
W badaniu zastosowano ultrafiltracje z membrang MWCO 30 kDa, co skutkowato 3,6-krotnym
wzrostem calkowitej aktywnoS$ci transglutaminazy w koncentracie biatlek SpC. Warto
zauwazy¢, ze mimo wzrostu aktywnosci enzymatycznej z 137 U/mL do 498,6 U/mL,
aktywno$¢ specyficzna enzymu zmniejszyla si¢ z 16,4 do 14,4 U/mg, co moze $§wiadczy¢
o0 tym, ze ultrafiltracja jedynie koncentrowata biatka SpC, bez zwigkszania czystosci
transglutaminazy.

Ultrafiltracja jest szeroko stosowana do koncentracji enzymow 1 uznawana za
podstawowy etap oczyszczania (Rodriguez-Fernandez i wsp., 2013). Potaczenie ultrafiltracji
Z innymi technikami (np. chromatografig, immobilizacja na zywicach syntetycznych) czgsto
zwigksza wydajno$¢ oczyszczania i stabilno$¢ enzymu (Ghutake 1 wsp., 2025). Potwierdzaja
to badania nad oczyszczaniem transglutaminazy, w ktorych zastosowano alkoholowe
I siarczanowe stracanie bialek, ultrafiltracje oraz chromatografie zelows, uzyskujac enzym
0 aktywnosci specyficznej wynoszacej 107,86 U/mg. Ponadto oczyszczony enzym wykazywat
wysoka stabilnos¢ — jego aktywno$¢ utrzymywata si¢ powyzej 90 % po 2 godzinach inkubacji
w temperaturze 40 °C, a zakres stabilnosci pH miescit si¢ w przedziale 5,0-7,0.

Zhang 1 wsp. (2012) scharakteryzowali transglutaminaz¢ produkowang przez
Streptomyces mobaraensis DSM 40587. Preparat zostat oczyszczony przy uzyciu ultrafiltracji
(MWCO 30 kDa) w potaczeniu z chromatografia zelowa (Sephadex G-75) oraz chromatografia
cieczowa wysokiej rozdzielczosci (SP Sepharose). Ze wzgledu na znaczng ilo$¢ chlorku
magnezu obecnego w pozywce, dodatek siarczanu amonu powodowatby nadmierne stracanie
si¢ tej soli. Autorzy zrezygnowali rOwniez z etanolowego stracania enzymu, uzasadniajac to
mozliwg utrata aktywnos$ci transglutaminazy. Aktywnos$¢ specyficzna MTG w ptynie
pohodowlanym wynosita 2,93 U/mg 1 wzrosta do 3,24 U/mg po zastosowaniu ultrafiltracji —
co stanowi wzrost 0 10,6 %. Zastosowanie chromatografii zelowej pozwolitlo uzyskaé
aktywno$¢ specyficzng MTG na poziomie 8,14 U/mg, natomiast chromatografia cieczowa
wysokiej rozdzielczosci umozliwita uzyskanie wartosci 17,2 U/mg, co stanowi wzrost

odpowiednio 0 177,8 % i 487,4 %. Oczyszczona transglutaminaza wykazywata najwyzsza
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aktywno$¢ w temperaturze 55 °C oraz przy pH 6,0. Enzym tracit aktywno$¢ w temperaturze
powyzej 50 °C. Byl stabilny przez 12 godzin w zakresie pH 5,0 — 10,0 w temperaturze 4 °C
oraz przez 30 minut w zakresie pH 5,0 — 9,0 w temperaturze 37 °C.

Jiniin. (2016) oczyszczali MTG z S. mobaraensis TX wyizolowanego z gleby stosujac
strgcanie etanolem, uzasadniajac ten wybor wyzsza oplacalnos$cig procesu w porownaniu
Z ultrafiltracjg. W ptynie pohodowlanym aktywno$¢ specyficzna transglutaminazy wynosita
1,75 U/mg, natomiast po straceniu etanolem uzyskano warto$¢ 7,02 U/mg (wzrost o0 301,1 %).
W kolejnych etapach oczyszczania zastosowano chromatografi¢ jonowymienng (AKTA
Purifier) oraz chromatografi¢ hydrofobowa (kolumna fenyl Sepharose), uzyskujac, kolejno:
37,9 oraz 39,2 U/mg. Oczyszczona transglutaminaza wykazywata stabilno$¢ w szerokim
zakresie pH 5,0 — 10,0, a optymalna temperatura jej dzialania miescila si¢ w przedziale 45 —
50 °C.

Powyzsze wyniki wskazuja, ze zastosowanie wieloetapowego procesu oczyszczania nie
tylko wspomaga koncentracj¢ enzymu, ale rowniez umozliwia jego dalsze przetwarzanie bez
utraty aktywno$ci, co jest kluczowe w opracowywaniu stabilnych preparatow
enzymatycznych. Wzrost aktywnos$ci specyficznej uzyskany w niniejszym badaniu po
ultrafiltracji (o 71,4 %) oraz po straceniu siarczanem amonu (o 134,3 %) potwierdza
skuteczno$§¢ tych metod oczyszczania enzymu, co znajduje rowniez potwierdzenie
W przytoczonych badaniach. Warto jednak zauwazy¢, ze pomimo wzrostu aktywnos$ci
transglutaminazy z 4,29 do 22 U/mL, maksymalna okreslona aktywno$¢ specyficzna nie
przekroczyta 1,64 U/mg, co jest warto$cig nizsza w poroéwnaniu do wynikow Jin i wsp. (2016)
oraz Zhang i wsp. (2012), odpowiednio: 39,2 U/mg i 17,2 U/mg. W przysztosci zastosowane
w niniejszym badaniu metody oczyszczania powinny zosta¢ zintegrowane z technikami

chromatograficznymi w celu uzyskania konkurencyjnych wartosci aktywnosci specyficzne;j.
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5. PODSUMOWANIE I WNIOSKI

Przedmiotem niniejszej rozprawy byla analiza wplywu warunkéw hodowli
mikroorganizmu Streptoverticillium cinnamoneum KKP 1658 na aktywno$¢ transglutaminazy
mikrobiologicznej (MTG) oraz wilasciwosci uzyskanego enzymu. Badania zostaly
zaplanowane w oparciu o zalozenie, ze odpowiedni dobor parametréw srodowiskowych (dawki
zrodia azotu, poczatkowego pH pozywki oraz czasu prowadzenia hodowli) moze przyczynic¢
si¢ do istotnego zwickszenia wydajnosci biosyntezy enzymu, zarowno w skali laboratoryjnej
(hodowle w kolbach), jak i pottechnicznej (bioreaktory).

Kluczowym etapem rozprawy byla optymalizacja fermentacji w bioreaktorze
z uzyciem metod DoE (metod planowania eksperymentu) i RSM (modelowania powierzchni
odpowiedzi), majaca na celu potwierdzenie skalowalnos$ci procesu i stabilnej aktywnosci
MTG. Enzym uzyskany w optymalnych warunkach zostal nastepnie poddany oczyszczaniu
oraz scharakteryzowany pod katem stabilnos$ci temperaturowej i pH, a takze stabilno$ci
W czasie, co umozliwilo wstepna ocen¢ jego ewentualnej przydatnosci w przysztych
zastosowaniach przemystowych.

Na podstawie literatury przedmiotu oraz przeprowadzonych badan eksperymentalnych
dokonano weryfikacji postawionych hipotez, co pozwolito na sformutowanie nastgpujacych
stwierdzen lub wnioskow:

1. Zastosowanie niekonwencjonalnego zrodla azotu w postaci namoku
kukurydzianego, stosowanego w polaczeniu z aminobakiem w proporcji 1:1,
pozwolilo na istotne zwigkszenie aktywnosci mikrobiologicznej transglutaminazy
w poroéwnaniu do standardowego podloza zawierajacego jedynie aminobak.
W przeprowadzonych badaniach zaobserwowano, ze uzycie surowca odpadowego
wplyneto korzystnie na wydajnos¢ biosyntezy enzymu. Wyniki te potwierdzaja
zasadno$¢ wprowadzania alternatywnych, przemystowo dostepnych i korzystnych
ekonomicznie substratow do podlozy hodowlanych. Tym samym hipoteza 1
zakladajaca mozliwo$¢ zwickszenia aktywno$ci MTG poprzez zastosowanie
niekonwencjonalnych Zrodet azotu zostala w petni potwierdzona.

2. Statystyczna optymalizacja warunkow hodowli mikrobiologicznej
transglutaminazy (MTG) z wykorzystaniem metody RSM moze przezwyciezyé
ograniczenia klasycznych metod empirycznych. Dzigki optymalizacji parametrow
hodowli, mozliwe jest zwigkszenie wydajnosci biomasy lub produkcji pozadanych

metabolitow, co potwierdza zatozenie hipotezy 2.
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Hodowla szczepu Streptoverticillium cinnamoneum KKP 1658 z zastosowaniem
optymalnych parametrow $srodowiskowych (dawka zrodta azotu, poczatkowe pH
pozywki 1 czas prowadzenia hodowli) pozwala na efektywna produkcje
transglutaminazy mikrobiologicznej. W skali laboratoryjnej (hodowle w kolbach)
uzyskano aktywno$¢ MTG przekraczajaca 6 U/mL, natomiast w bioreaktorze -
ponad 4 U/mL. Potwierdza to potencjat szczepu do przemystowej biosyntezy
enzymu przy zachowaniu optymalnych warunkéw hodowli i §wiadczy o jego duzej

aktywnos$ci metabolicznej wzgledem wynikow dostepnych w literaturze naukoweyj.

. Najwyzsze aktywnosci MTG w kolbach uzyskano po 48 godzinach hodowli,

stosujac poczatkowe pH podloza w zakresie 6,4 — 6,6 oraz wysokie dawki zrédia
azotu > 4 %. Najwigkszy wplyw na produkcje transglutaminazy odnotowano dla
czasu prowadzenia hodowli oraz interakcji dawki azotu wraz z poczatkowym pH

podioza.

. Wyznaczono optymalne parametry hodowli bioreaktorowej: pH poczatkowe rowne

6,5, dawka Zrodta azotu na poziomie 2,75 % oraz czas prowadzenie hodowli 72
godziny. Po procesie ultrafiltracji zaobserwowano wzrost aktywnosci specyficznej
enzymu o 71,4 % wzgledem ptynu pohodowlanego, co potwierdza efektywnos¢ tej
metody w konteks$cie zwigkszenia czystosci biatkowego preparatu. Dalsze
wytracanie siarczanem amonu umozliwito uzyskanie aktywnosci specyficznej na
poziomie 1,64 U/mg biatka.

Skalowanie procesu z hodowli kolbowej do bioreaktora doprowadzito do spadku
aktywnos$ci enzymu w ptynie pohodowlanym oraz wydluzenia optymalnego czasu
fermentacji, co potwierdzito hipoteze 3.

Oczyszczony enzym wykazywat korzystne wtasciwosci stabilnosci temperaturowe;j
I pH. Maksymalng aktywno$¢ zaobserwowano po 120 minutach inkubacji
w temperaturze 28 °C, przy czym zakres temperatury, w ktorych stabilno$¢ byta
najwieksza wynosit 20 — 37 °C. Calkowita dezaktywacja enzymu nastepowata przy
temperaturze 60 °C. Transglutaminaza zachowywala wysokg aktywnos$¢
w szerokim zakresie pH (5,0 — 8,0), osiagajac maksimum przy pH 7,0. Gwaltowny
spadek aktywnosci odnotowano ponizej pH 5,0, natomiast w Srodowisku

zasadowym (pH 9,0) aktywno$¢ obnizala si¢ nieznacznie.

. Uzyskane wyniki wskazuja, ze S. cinnamoneum KKP 1648 moze by¢ efektywnym

producentem MTG w warunkach bioreaktorowych, a zoptymalizowany proces

fermentacji pozwala na uzyskanie enzymu o stabilnych wtasciwosciach w szerokim



zakresie temperatury i pH. Warto podkresli¢, ze zastosowanie odpadowego namoku
kukurydzianego jako sktadnika pozywki hodowlanej przyczynitlo si¢ do
optymalizacji procesu. W przysztych badaniach warto skupi¢ si¢ na mozliwosci
wykorzystania jeszcze wigkszej liczby odpadowych surowcow jako sktadnikoéw
pozywek mikrobiologicznych, co pozwolitoby na dalsze ograniczenie kosztow
produkcji oraz zmniejszenie obcigzenia S$rodowiskowego. Kolejne badania
powinny réwniez koncentrowaé si¢ na praktycznym zastosowaniu uzyskanej
transglutaminazy w technologii zywnosci, szczego6lnie w produktach migsnych,
piekarniczych czy nabiale, gdzie enzym ten moze znaczaco poprawia¢ teksturg

i jakos¢ finalnego produktu.
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corn steep liqour by Streptoverticillium cinnamoneum KKP 1658. X Ogoélnopolska
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on-line, jezyk polski. Katedra Biotechnologii, Mikrobiologii i Oceny Zywnosci,
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Kolotylo V., Sek W. M., Kalisz S., Kieliszek M. Piwowarek K., Kot A. M., Ocena
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S¢k W. M., Kolotylo V., Kalisz S., Kieliszek M. Piwowarek K., Kot A. M., Evaluation
of selected quality characteristics of polish fruit wines. Preveda ,,XIV Interaktywna
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Poster, Jezyk Angielski. Katedra Biotechnologii, Mikrobiologii i Oceny ZywnoSci,
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Sek W. M., Kot A. M., Kolotylo V., Kieliszek M, Wplyw selenu na aktywnos¢
fizjologiczng komoérek drozdzy. Dokonania Naukowe Doktorantéw X —,,Wielka Sesja
Posterowa”, Krakow, Polska, 24-26.06.2022. Poster, Jezyk polski. Katedra
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Kolotylo V., S¢k W. M., Kalisz S., Kieliszek M. Piwowarek K., Kot A. M., Ocena
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24-26.06.2022. Poster, Jezyk polski. Katedra Biotechnologii, Mikrobiologii i Oceny
Zywnosci, Wydziat Nauk o Zywnosci, Szkota Glowna Gospodarstwa Wiejskiego.



Odbyte staze naukowe oraz otrzymane stypendia naukowe

1.

Staz: Program PROM: The effect of anhydrobiosis and some chemical elements upon
the physiological activity of yeast cells. 28.11.2022 — 09.12.2022 University of Latvia,
Riga, Latvia. Opiekun: prof. Alexander Rapoport.

Stypendium: Program STER: stypendium dla najlepszych doktorantow w ramach
Projektu ,,Actions towards internationalization of the Doctoral School of the Warsaw
University of Life Sciences — SGGW” (DocSGGW — Doctoral School Goes Gladly
Worldwide).

Nagrody i wyrdznienia

1.

2.

Dyplom uznania za dzialanie na rzecz spolecznosci studentow Wydziatu Technologii
Zywnosci oraz uczestnictwo w organizacji licznych wydarzeh promujacych Wydziat

w roku akademickim 2022/2023.
Nagroda zespotowa III stopnia JM Rektora SGGW za osiaggnigcia badawcze, 2024

Dzialalno$¢ organizacyjna i dodatkowa

1.

Udziat w Dniach SGGW (2022/2023/2024/2025) — reprezentowanie Zaktadu
Biotechnologii i Mikrobiologii Zywnoéci na stoisku wydzialowym oraz
reprezentowanie Szkoly Doktorskiej

Udziat w Dniach Otwartych Wydziatu (2024/2025)

Udziat w Festiwal Nauki (2022/2024/2025) — prowadzenie zajg¢ lekcyjnych
I warsztatow dla szkot podstawowych.

Reprezentowanie Katedry Biotechnologii i Mikrobiologii Zywno$ci w ramach
podpisanej umowy o wspotprace z przemystem fermentacyjnym (Manufaktura Win
Owocowych DiWine)

Reprezentowanie Katedry w Migdzywydziatowej Sekcji Winogrodnikéw 1 Enologow.
Czynny udziat w Projekcie ,,Winiarnia SGGW” oraz ,,Cydry SGGW” realizowanymi
w ramach dziatalno$ci Kota Naukowego Technologéw Zywnosci.

Wykonano recenzje artykutu naukowego pt. ,,Optimization and Characterization of
Microbial Transglutaminase Production from Streptomyces fradiae and Its Usage in the
Dairy Industry and Medical Applications” dla czasopisma International Journal of
Biological Macromolecules.

Wykonano ekspertyze dotyczaca ,,Przygotowania i charakterystyki fermentowanej
herbaty czarnej typu kombucha” wykonane zgodnie ze zleceniem z dnia
4.09.2024r./Order dated 09.09.2024., Firma MFPL Sp. z o. 0., Rondo Organizacji
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10.

Narodow Zjednoczonych 1, 00-124 Warszawa Polska NIP: 5252990476. Realizacja
zadania ,,Konsultacje 1 ekspertyzy obejmujace ocen¢ jakosci mikrobiologicznej
surowcow, produktéow i1 procesow technologicznych. Wykonywanie opracowan
teoretycznych  dotyczacych  zagrozen jakosSci  mikrobiologicznej.  Analiza
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Abstract: Microbial transglutaminases (mTGs) belong to
the family of global TGs, isolated and characterised by var-
ious bacterial strains, with the first being Streptomyces
mobaraensis. This literature review also discusses TGs of
animal and plant origin. TGs catalyse the formation of an
isopeptide bond, cross-linking the amino and acyl groups.
Due to its broad enzymatic activity, TG is extensively utilised
in the food industry. The annual net growth in the utilisation
of enzymes in the food processing industry is estimated to
be 21.9%. As of 2020, the global food enzymes market was
valued at around $2.3 billion USD (mTG market was esti-
mated to be around $200 million USD). Much of this growth
is attributed to the applications of mTG, benefiting both pro-
ducers and consumers. In the food industry, TG enhances
gelation and modifies emulsification, foaming, viscosity, and
water-holding capacity. Research on TG, mainly mTG, pro-
vides increasing insights into the wide range of applications
of this enzyme in various industrial sectors and promotes
enzymatic processing. This work presents the characteristics
of TGs, their properties, and the rationale for their utilisation.
The review aims to provide theoretical foundations that will
assist researchers worldwide in building a methodological
framework and furthering the advancement of biotechnology
research.
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1 Introduction

Protein is not only one of the main macronutrients but also
a key structural component of many food products. In
recent decades, due to concerns about global food shortages
(including population growth), there has been a growing
interest in the advanced utilisation of food proteins [1].
The application of enzymes in food processing, from the
producers’ perspective, should be associated with commer-
cial benefits, and from the consumers’ perspective with
improved product quality. The availability of enzymes on
a large scale and at reasonable prices has led the food
industry to reconsider their use in food processing. Cur-
rently, advancements in biotechnology and genetic manip-
ulation have created new prospects for efficient enzyme
production, leading to the emergence of innovative technol-
ogies for their utilisation [2].

To meet the diverse food needs of consumers, enzy-
matic protein modification techniques are recommended,
which have several advantages over chemical modifica-
tion, including high reaction specificity, the low occurrence
of side reactions, and the absence of the need for high
temperature, pressure, or chemical solvents. Hydrolytic
enzymes with a cleaving action, such as proteases and
amylases, are commonly used. The subject of this review
is transglutaminase (TG; protein-glutamine y-glutamyltrans-
ferase), which catalyses acyl transfer reactions, introducing
covalent cross-links between proteins and forming high-
molecular-weight polymers [3].

The market for industrial enzymes has exhibited steady
growth over the last six decades, expanding from around
USD 0.31 billion in 1960 to a substantial USD 6 billion in 2020.
Within the numerous industries where enzymes have found
utility, the food sector commands the largest share, with
approximately 55% of industrial enzymes finding applica-
tions in various segments of the food industry, including
baking, beverages, brewing, dairy, oil refining, food packa-
ging, and fruit and vegetable juice processing. As of 2020, the
global food enzymes market was valued at around USD 2.3
billion, constituting roughly 40% of the total value of the
industrial enzymes market. Predictions indicate that by
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2026, the global food enzymes market will exceed USD 3.3
billion. This projection suggests that microbial enzymes with
uses in the food industry will continue to experience demand.
As of September 2021, the microbial transglutaminase (mTG)
market was estimated to be around $200 million USD on a
global scale. It is worth noting that these figures are subject to
change over time due to shifts in market dynamics, techno-
logical progress, and other influencing factors [4].

Until the late 1970s, proteases were the main class of
enzymes used for protein modification. However, with the
discovery of TG, the diversity of this technology expanded
[5]. The topic of TG holds a specialised yet important posi-
tion in today’s times for several reasons. TG is an enzyme
with a specific role in biochemical processes, playing a
crucial role in various physiological functions. Studying
and understanding the function of this enzyme is of para-
mount importance for a better grasp of different aspects of
biology and biochemistry. TG catalyses the formation of
inter- and intramolecular covalent bonds between proteins
[6]. The covalent cross-links generated by this enzyme can
be utilised to modify the physical and chemical properties
of proteins, such as solubility, water-holding capacity,
thermal stability, emulsifying and foaming properties, visc-
osity, elasticity, and gelation [7]. Many proteins can be mod-
ified, and some of the most commonly modified include milk
casein, whey proteins, soy globulins, wheat gluten, meat
myosins, and egg proteins [6,8]. TG finds broad application
in the food industry. It acts as an ingredient that impacts the
texture, durability, and quality of food. Research on dif-
ferent types of TG, including microbial variants, provides
new insights into its potential use in food production. TG
can be utilised to create products with improved sensory
and technological properties, and it holds the potential to
serve as a tool for reducing food waste. In addition to its
widespread use in the food industry, the increasing interest
in TG has led to the discovery of its advantages in other
fields such as medicine, biomedical engineering, materials
science, textiles, and leather processing [9], where it can be
used for protein modification, biomaterial production, or
gene therapy.

Finally, the advancement of new research methods
and technologies enables more precise studies on TG
and the identification of new variants. This contributes
to the development of knowledge about the enzyme and
its potential, which can lead to the discovery of new appli-
cations and innovative solutions in various fields of science
and industry.

In summary, the topic of TG holds a specialised yet
important position in the present era due to its biological
significance, broad application in the food industry, poten-
tial in other fields, and the development of new research
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technologies that allow the exploration of its unique prop-
erties and uses.

2 Characterisation of the protein-
glutamine y-glutamyltransferase
enzyme

TG is a widely occurring enzyme belonging to the trans-
ferase group. The activity of TG was first observed by
Clarke et al. [10] when they extracted the enzyme cata-
lysing the transamidation reaction in the liver of Cavia
porcellus. 2 years later, in 1959, a team of researchers led
by Waelsch assigned the name “transglutaminase” to the
aforementioned enzyme in order to differentiate this spe-
cific enzymatic activity from other enzymes with similar
properties [11]. According to the International Union
of Biochemistry and Molecular Biology Nomenclature Com-
mittee, TG is assigned the EC number 2.3.2.13, which belongs to
aminoacyltransferases (EC 2.3.2), and these enzymes belong to
acyltransferases (EC 2.3) (BRENDA - The Comprehensive
Enzyme Information System). In the available scientific lit-
erature, one can come across the systematic name (protein-
glutamine y-glutamyltransferase) as well as synonyms for
this enzyme, such as fibrinoligase. However, the most com-
monly used name is TG.

TGs are a large family of related and ubiquitous
enzymes that catalyse post-translational modifications of
proteins in plants, animals, and microorganisms [8,9]. TG is
a transferase enzyme responsible for the transfer of an
acyl group (or acyl moiety) between the y-carboxamide
group of glutamine residues bound to peptides (acyl donors)
and various primary amines (acyl acceptors), including the
g-amino group of lysine residues in proteins [9,12]. When a
free lysine residue acts with glutamine as an acceptor for
the acyl group of the protein substrate, the initial protein is
enriched with this exogenous amino acid for humans. TG
can initiate inter- and intramolecular cross-linking reactions
between protein molecules by transferring the acyl group to
a lysine residue that is associated with a polypeptide or
protein [13]. In the absence of amino acid substrates, water
acts as an acyl acceptor, and the y-carboxamide groups are
deamidated to glutamic acid residues, a reaction known as
deamination. Additionally, the enzyme catalyses the addi-
tion of free amines to proteins through conjugation with
glutamine residues [12,14].

According to Alvarez et al. [15], a characteristic feature
of TGs is the active site, which consists of a triad of amino
acids: cysteine, asparagine, and histidine. This catalytic
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triad in the enzyme’s active site interacts with the bound
glutamine in the polypeptide chain, resulting in the forma-
tion of an acyl-enzyme complex (also known as an enzyme-—
protein complex). TGs catalyse diverse reactions that are
important for cell viability (Figure 1). After the formation
of the acyl-enzyme complex and the release of free ammonia,
the transamidation reaction takes place, resulting in the for-
mation of a covalent isopeptide bond by binding the e-amino
group of lysine (Figure 1a). This reaction leads to cross-linking
between glutamine and lysine residues within polypeptide
chains. When the acyl-enzyme complex reacts with a primary
amine, the amine is bound through a y-glutamyl bond,
resulting in the enrichment of the protein chain with hydro-
phobic or hydrophilic fragments (Figure 1b).

The deamination reaction of the y-carboxamide group
of glutaminyl residues in proteins/polypeptides (forming
the acyl-enzyme complex) occurs when water acts as the
substrate, and the product is glutamic acid (Figure 1c). This
reaction is accompanied by the release of ammonia as a by-
product. Additionally, TGs can catalyse other reactions that
are relevant to their biological functions and have implica-
tions in various cellular processes.

Wang et al. [9] demonstrated that the cross-linking reac-
tion between glutamine and lysine occurs faster than acyl
transfer and deamidation in any protein-based system. In
each of these reactions, free ammonia is produced as a
byproduct. To control the progress of TG-catalysed reac-
tions, measurement of the generated ammonia can be
used as an indicator of enzyme activity. Another method
of assessing the activity of the enzyme is by quantifying

Transglutaminase
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Figure 1: Reactions catalysed by TG.
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the production of the dipeptide e-(y-glutamyl)lysine using
HPLC, as described by Rezvankhah et al. [16] and Wang
et al. [9]. This dipeptide formation represents the covalent
isopeptide bond. The control of protein cross-linking reac-
tions can also be performed by evaluating the molecular
weight of the resulting peptide polymers using electrophor-
esis. Rheological methods, which involve measuring the
viscosity or structural parameters of the product, can also
be employed to monitor the cross-linking reaction [17].

3 TGs of animal, plant, and
microbial origin

TGs exist in various forms and can be derived from animal,
plant, and microbial sources. These enzymes can be intra-
or extracellular, which contributes to their diverse and ver-
satile functions. Enzymatic activity of TG has been detected
in the tissues and body fluids of animals, fish, plants, and
microorganisms [18,19]. Protein structures involved in var-
ious metabolic reactions need to interact with each other.
These physical interactions are commonly expressed as
hydrogen bonds, ionic bonds, or van der Waals forces. How-
ever, these intermolecular bonds and forces are relatively
weak. To form stronger covalent connections, plant, animal,
and microbial cells produce enzymes called TGs. This enzyme,
along with aliphatic polyamines, such as putrescine, spermi-
dine, and spermine, participates in processes such as photo-
synthesis in plants, embryogenesis in mammals, cell division

&}
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(gamma-glutamyl)amine bond
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in microorganisms, and is also involved in the stress response
and ageing in each of the mentioned organisms [20,21].

4 Animal transglutaminases (TGa)

4.1 Types of TGa

Various types of TGs are present in most animal tissues and
body fluids, which participate in numerous biological
processes such as blood clotting, skin keratinisation, ery-
throcyte membrane stiffening, and wound healing [22]. In
mammalian tissues, up to eight different types of TGs have
been identified and characterised, including the blood com-
ponent Factor XIII [5]. Until the late 1990s, TG for industrial
use was primarily obtained from animal tissues [23].

In the early stages of TG research, the focus was on the
protein cross-linking involved in human blood clotting.
Subsequently, more attention was given to the cross-linking
of other proteins. TG from guinea pig liver was the most
commonly used enzyme for such studies. Additionally, par-
tially purified TG from bovine blood (Factor XIII) and
human placenta were also investigated [24].

In addition to the presence of the discussed enzyme in
mammalian blood plasma, the presence of TG has been
discovered and purified from erythrocytes. However, the
relatively small amount of human blood and its origin
make this enzyme less suitable for large-scale applications
in food. The abundant availability of bovine and porcine
blood makes isolating TG from these sources a more prac-
tical solution. By utilising two types of TGs — from animal
blood and of microbial origin — cross-linking experiments
with seven proteins (a-lactalbumin, B-lactoglobulin, BSA,
casein, haemoglobin, myosin, and glycinin) revealed signif-
icant differences in substrate recognition and cross-linking
rate [25]. These differences among TG types can be attrib-
uted to their roles in natural processes. The fact that these
enzymes are capable of cross-linking proteins other than
their natural substrates indicates they can be utilised in
various applications where enzymatic protein cross-linking
is desired instead of chemical cross-linking. Applications can
be focused on the development of protein polymers with
modified functional properties, as well as direct applications
in complex systems such as food. Depending on the number
and types of proteins involved in the reactions and the spe-
cific cross-linking needs, the most appropriate source of TG
can be selected [26,27].

In the context of applications related to food products
or protein ingredients, the cross-linking of the described
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substrates appears promising, especially since protein cross-
linking can have a significant impact on functional proper-
ties. The possibility of using different types of TG to achieve
the desired effect can be intriguing, particularly because the
rate and number of cross-links formed will vary depending
on the type of enzyme used. In issues related to erythrocyte
TG, such as self-cross-linking, the need for reducing agents,
and challenges in the purification process, limit the potential
utilisation of this enzyme [3]. Blood plasma TG offers
better possibilities, although purification to a homoge-
neous enzyme preparation may not be necessary. A
good example of the application of partially purified
TG derived from plasma is in the meat processing
industry, where it is used in combination with fibri-
nogen to create a system enabling the cross-linking of
meat components [28,29].

Due to its limitations in terms of application and pro-
duction, TG of animal origin has not found widespread use
in food processing. The complex procedures for extracting
and purifying the enzyme from the tissues or body fluids of
slaughtered animals and other livestock (such as cattle,
pigs, fish, and poultry) result in a high price for the enzyme
(around $80 per 1U), making the use of TG impractical
[22,30]. The current price of this enzyme is $189.96 per 1U
[31]. Ethical considerations (animal welfare) have also
played a role in limiting its use. In addition to the high
price, TG has other limitations. Commercially extracted
Factor XIII (in Europe) from bovine and porcine blood
causes red discoloration of the final treated product, which
is an undesirable visual characteristic. Another drawback
of Factor XIII is that it is obtained in an inactive form.
Thrombin (a serine protease enzyme found in blood plasma)
is required to activate the enzyme [22]. The dependence on
Ca®* is another limitation of TG of animal origin. For the
aforementioned reasons, none of the TGs of animal origin
have been positively received by public opinion [20,23]. Cur-
rently, TG extracted from the liver of domestic fowl is only
used as a laboratory preparation, for example, for com-
paring TG activity.

Despite the lack of homology in amino acid composi-
tion, TG of animal origin exhibits biochemical properties
and catalytic activity very similar to that of TG of microbial
origin [7]. When considering TGs of animal origin, it should
be noted that they participate in many physiological pro-
cesses, including spermatogenesis, bone formation, and the
development of the central and peripheral nervous sys-
tems. TG in the human body is responsible for catalysing
numerous processes such as blood clotting, epidermal ker-
atinisation, tissue healing, and the development of the sali-
vary glands, heart, and lungs [21,24].
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4.2 TG in the y-glutamyl cycle of humans

TG plays an important role in the y-glutamyl cycle, which is
responsible for the synthesis and breakdown of glutathione
(GSH) - the main intracellular antioxidant. TGs in the
animal body indirectly participate in cell protection against
reactive oxygen species [32]. There are at least eight proteins
from the TG family, including TG1, TG2, TG3P, TG4P, TGS,
TG6, TG7, and TG8P. In their work, Samelak et al. [21]
reported the identification of at least nine genes encoding
TGs in the human genome. It is worth noting that TGs
encoded by these genes have analogues in other animals,
even in invertebrates. This fact can be explained by the high
conservativity of these genes, resulting in low genetic varia-
bility, as well as similarities in the secondary and tertiary
structures of TGs [33]. Among the eight human TGs, only TG1
and TG5 exhibit catalytic activity in the y-glutamyl cycle, and
this varies in level. Kinetic analysis has shown that TG1 is 46
times more active than TG5 in the breakdown of GSH.
Genetic analysis has also shown that TG1 dominates among
the family of TG proteins, and its deficiencies can cause a
severe disease called glutathionuria, which involves serious
growth disorders. Defects in the gene encoding TG5 do not
cause glutathionuria symptoms [34]. Impairments in the
activity of this group of enzymes can lead to serious diseases
such as Huntington’s disease, Alzheimer’s disease, or Par-
kinson’s disease [21]. Another TG, TG2, exhibits activity on
cell surfaces and in the extracellular matrix. This enzyme
participates in wound healing, tissue mineralisation, and
skin barrier function. TG2 has the ability to cross-link
high-calcium matrix proteins, which has a crucial impact
on proper bone formation [35,36].

4.3 TG and coeliac disease (CD)

In addition to deficiencies in TG, the products generated
by the enzyme-mediated protein reactions can also have
immunogenic and potentially pathogenic effects, as seen
in individuals suffering from CD. This disease is a complex
condition influenced by various factors such as infections,
food, medications, vaccinations (against influenza and
HPV), toxins (such as aflatoxins), heavy metals, abdom-
inal and gynaecological surgeries, hygiene levels, tobacco
smoking, alcohol consumption, socioeconomic status, and
lifestyle. These factors also contribute to an imbalance
in the gut microbiome, characterised by the abundance of
Proteobacteria and a reduction in Lactobacillus populations,
which are associated with the development or increased
incidence of CD [36-38].
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The literature suggests that additives in processed food
affect the gut microbiome and increase intestinal perme-
ability, thereby contributing to autoimmune responses. In
2015, a hypothesis was proposed suggesting that TG may
play a role in the pathogenesis of CD, and subsequent studies
have provided further evidence supporting this hypothesis
[38]. Given that gluten is rich in glutamine (~30%) and con-
tains lysine (<2%), which serve as the donor and acceptor of
acyl groups, respectively, it is an ideal substrate for post-
translational modification through transamidation or dea-
midation. The current literature indicates that consumption
of products containing mTG leads to reduced immunoreac-
tivity and intolerance to the proteins present in bread pro-
ducts [2,37].

4.4 TG and the human gut microbiome

In addition to endogenous TGs and those added to food,
there is another possibility for the production in the
human body - the gut microbiome. Its dimensions, compo-
sition, diversity, cellular products, and activity have led to
its characterisation as a “superorganism.” One component
of the microbial metabolite represented as mobilome is the
secretion of TG. By using sequence search programs, thou-
sands of bacteria encoding TGs can be detected, with
the majority belonging to the Firmicutes phylum [39]. TGs
are secreted by microorganisms as a survival factor. Ana-
lysis of gut fluid gave positive results for TG activity,
although the authors did not differentiate its origin [40].
In this context, mTG plays a crucial role in the survival of
gut bacteria. It demonstrates anti-protease capabilities, inhi-
bits the activity of antimicrobial peptides, possesses emulsi-
fying properties, acts against phagocytosis, and influences
the equilibrium between Thl and Th2 immune responses
[41,42]. According to the current knowledge, no endogenous
TG activity has been reported in the duodenal lumen,
in contrast to the intestinal mucosa [43]. Extraintestinal
sources of TGs are much broader. Probiotics belonging to
prokaryotes serve as a reservoir of microbiological TG,
representing an active payload that influences the processes
occurring in the intestinal space. It is known that microor-
ganisms can transfer virulence factors to other microorgan-
isms through horizontal gene transfer (HGT) [43,44]. HGT
refers to the sideward transfer of genetic material between
individual unicellular or multicellular organisms. Unlike
vertical gene transfer, which occurs between generations,
HGT facilitates the movement of genetic sequences across
distant species, typically through mechanisms such as trans-
formation, transduction, conjugal transfer, or specific gene
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transfer agents. While the evolution of Eukaryotes is
primarily guided by vertical inheritance, bacteria and
archaea predominantly rely on HGT as a significant
means of genome diversification and acquiring new
functions. This process is vital for their survival under
the influence of natural selection and for achieving suc-
cessful reproduction [45].

Microbes that inhabit food and coexist without causing
harm offer a significant pathway for HGT. For instance,
Lactococcus lactis, found in the Spanish traditional raw
milk product, has been observed transferring genetic mate-
rial to other lactococci and enterococci [46]. Another distinct
facet of industrial food production involves food additives,
which have recently been suggested as potential contribu-
tors to autoimmunity by influencing the integrity of tight
junctions in the intestinal epithelium. There is a suggestion
that mTGs could play a role in the progression of CD [47].
Recent findings indicate that these enzymes are immuno-
genic in individuals with CD, serving as a novel marker that
mirrors intestinal damage [48]. In certain pathogens like
Streptococcus suis, the enzyme functions as a virulence
factor, providing anti-phagocytic traits. Whether mTGs in
other bacteria might also contribute to virulence remains
unclear. Considering the substantial HGT occurrences
within the gut ecosystem and their capacity to infiltrate
human cells, these enzymes could potentially participate
in autoimmune diseases [49].

An additional enzymatic payload of TG delivered to the
intestinal lumen comes from pathobionts. Besides their
ability to post-translationally modify proteins and disrupt
tight junction integrity, they contribute a pathogenic payload
represented by mTG. Environmental pathogenic microorgan-
isms can exchange mobile elements with microorganisms
residing in the human gastrointestinal tract. Increasingly,
contamination of surface waters and soils with animal
waste/faeces is being observed, posing a global health
threat. It is not surprising that commonly consumed
plants and vegetables contain TG. Even if their sequence
homology to mTG is not high, they are capable of cross-
linking peptides, including gluten. They have even been
suggested as possible factors in the pathogenesis of CD,
initiating the process in the intestinal lumen. Examples of
mTG carriers include apples, soy, bean sprouts, fodder beets,
rosemary leaves, Jerusalem artichokes, spinach leaves, and
green peas. Routinely consumed plants, fruits, and vegeta-
bles may exhibit TG activity. It has been shown that polyols,
intensively used in the processed food industry for protein
coating, biofilm formation, product gelling, and bio-packa-
ging, improve the thermal stability and half-life of mTG,
thereby increasing the enzyme’s ability to form cross-links
[50]. As can be observed, both animal and mTGs can coexist
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in the same organism. mTG will be described in more detail
in subsequent chapters.

4.5 Plant transglutaminases (TGp)

In the case of plant-derived TGs, it has also been confirmed
that multiple TGs can function within a single plant. The
role of this enzyme group in plants is equally important as
it involves growth and development processes. These enzymes
participate in cell division, protein storage, and control of cell
membrane stability. TGp can be classified based on the spe-
cific substrates associated with their respective locations. In
the case of plant cells, molecular weights are used instead of
abbreviations to designate the enzymes. For instance, within
chloroplasts, the stromal TG acts on RuBisCo as its substrate,
and has a molecular weight of 150 kDa. Chloroplast thylakoids
have different substrates, mainly the 39 and 58 kDa LHC II
proteins. Another organelle rich in TGs is the cytoplasm,
where the substrates are actin and tubulin, and the character-
istic TG for these substrates has a molecular weight of 80 kDa.
High-molecular-weight proteins present in the cell wall serve
as substrates for the 58 kDa TG [21]. Thus, TGp plays diverse
roles in plants, by being involved in the regulation of cellular
and structural processes, cell division, and maintenance of
membrane integrity and cellular structures. Both animal
and plant-derived enzymes require the presence of calcium
ions to fulfil their functions. By binding to the enzyme mole-
cule, Ca®* ions indirectly contribute to controlling the avail-
ability of substrates at the binding sites. The indirect influence
in this process can be explained by the conformational change
of the protein molecule that occurs after the binding of the
calcium ion, resulting in the exposure of the amino acid resi-
dues in the catalytic centre of TG. This characteristic feature of
the enzyme allows the formation of characteristic cross-links
only when there is a sufficient concentration of calcium ions
in the vicinity of TG. Serafini-Fracassini and Del Duca [51]
confirmed in their studies that a calcium ion concentration
of above 3 mM is necessary for protein cross-linking reactions
by TG. In their research on pea roots and leaves, the scientists
observed that such a concentration of Ca** is normally present
in the cytosol, enabling TGs to function properly. It is worth
noting that during programmed cell death, the calcium
resources increase, which can be utilised by living cells in
an environment with a reduced concentration of these
cations [52]. The dependence of TGa on calcium ions has
been investigated using erythrocytes as an example. Lorand
and Graham [36] described a study in which they eliminated
Ca® ions from the reaction environment, leading to irreversible
changes in the erythrocyte membrane (shape deformation).
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Increasing the concentration of the missing cations stimulated
TG2 to form cross-links between spectrin and ankyrin in the red
blood cell membrane.

An important difference between animal and plant-
derived TG is the dependence of the latter on light [52,53].
This statement is supported by the findings of Campos et al.
[53] who detected the activity of a 58 kDa TG in maize chlor-
oplasts. High activity was observed in the presence of light,
while in darkness, the activity of TG58 was minimal. The
literature reports also indicate the inhibitory effect of mag-
nesium ions and thiol groups on TG activity. The disruption
of disulfide bridges may also contribute to the improvement
of TG activity in animal cells [21,54].

5 mTGs

5.1 Characteristics of mTGs

None of the TGp or TGa enzymes have been commercia-
lised or publicly accepted, which has led to the search for a
suitable commercial source. TG of microbial origin (Figure
2) was first isolated from the Streptomyces mobaraensis
strain (previously classified as Streptoverticillium mobar-
aense) [5,6]. Ando et al. [6] examined approximately 500
strains isolated from various soil samples, and among the
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Figure 2: Presentation of possible localisation, functions, and properties
of microbiologically derived TGs.
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microorganisms tested, the ability to synthesise this enzyme
was demonstrated by the Streptoverticillium S-8112 strain.
Studies conducted by Ando et al. [6] showed that this
enzyme can also be synthesised by other bacteria of the
Streptoverticillium genus, such as S. griseocarneum, S. cina-
moneum subsp. cinnanoneum, and S. mobaraensis [30]. The
development of research and analytical techniques enables
the isolation of additional strains capable of producing TG
(Table 1). Moreover, some of the known microorganisms
undergo genetic modifications to create strains charac-
terised by efficient synthesis of this enzyme [55].

The intensive development of research on mTG began
in the late 1980s [54]. Currently, TG is mainly obtained using
the species S. mobaraensis. Protein sequencing has revealed
that the primary structure of mTG consists of 331 amino
acids in a single polypeptide chain [22,63]. The secondary
structure is composed of eight B-sheets surrounded by 11 a-
helices, while the tertiary structure has a disc-like shape
with the active site located in the cleft of the apoenzyme,
consisting of the cysteine-aspartic acid-histidine triad, which
is key to its cross-linking efficiency [64]. mTG possesses the
same catalytic triad as TGa but in a different sequence order
(mTG: Cys-Asp-His; TGa: Cys-His-Asp) [22,23,64,65].

mTGs have a low molecular weight. mTG is a single
polypeptide with a molecular weight of approximately
38 kDa, without any carbohydrate or lipid groups, making
it about half the size of TGa [22,66]. The isoelectric point
(pD) of mTG has been determined to be pH 9.0. Although the
pl may vary due to glutamine auto-deamidation during
cultivation, the reported data for pI 8.9 and pI 8.0 indicate
that mTG is typically positively charged at pH 6.0. The
optimal pH for mTG activity ranges from pH 5.0 to pH
8.0. Ando et al. [6] demonstrated that mTG exhibits activity
even at pH 4.0, indicating that the enzyme is stable over a
wide pH range. Acidification below pH 4.0 causes enzymes
from Streptomyces spp. to precipitate. The optimal tem-
perature for mTG enzymatic activity has been found to
be 55°C (for 10 min at pH 6.0), and the enzyme loses full
activity at extreme temperatures (40 and 70°C) [64]. The
addition of carbohydrates such as maltodextrin, sucrose,
mannose, trehalose, or reduced GSH increases the thermal
stability of TG. At temperatures close to 0°C, TG retains its
full enzymatic activity [7]. Recent studies provide informa-
tion that the optimal temperature for TGs is 37°C, and
activity is typically lost at temperatures above 50°C [50].
On the other hand, a study by Yokoyama et al. [22] demon-
strated that mTG can also exhibit activity at 10°C, sug-
gesting that mTG is active over a broad temperature range,
which is important for its application in various industrial
sectors. Such a wide temperature range, as well as pH
range, may indicate the need for more detailed studies to
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Table 1: mTG activity obtained by various microorganisms

mTG activity Reference

Strain Substrates and conditions

Species

No.

(6]

2.5U/mL

Polypeptide, glucose, K;HPO,4, MgSO,; temp. 30°C; 48 h

S-SI12

Streptoverticillium mobaraensis

1

[56]

2.90 U/mL

Starch, peptone, yeast extract, MgSO,, K;HPO,4, KH,PO,; pH 7.0; temp. 30°C; 7 days

CBS 20778
(WSH-Z22)

Streptoverticillium mobaraensis

2

[57]

3.30 U/mL

Starch, glucose, peptone, yeast extract, MgSO,4, K;HPO,4, KH,PO,4; pH 6.8; temp. 30°C; 48 h

CBS 20778
(WSH-Z22)

Streptoverticillium mobaraensis

3

[58]
[59]

0.3U/mL

Xylose, peptone, yeast extract, sodium caseinate, MgSO,, KH,PO,, Na,HPO,; temp. 26°C; 120 h

NRRL-3191

Streptoverticillium ladakanum
Streptomyces mobaraensis

4
5

A mixture of soybean meal and wheat bran (1:9), MgSO,, KH,PO,, NH4NOs, NaCl, CoCly, MnSQ,, ZnSO,4, FeSO,4; pH 800 IU/mg

6.0; temp. 30°C; 7 days

NRRL B3729

[59]
[60]

[61]

5,100 IU/mL
0.69 U/mL
6.07 U/mL

Red bean, MgS0,4, KH,PO,4, NH4NO3, NaCl, CoCly, MnSO,, ZnSO,, FeSOy4; pH 6.0; temp. 30°C; 7 days

Soluble starch, peptone, yeast extract, MgSO,, K;HPO,4, KH,PO,4; pH 7.0; temp. 30°C; 24 h

NRRL 2364
BL 32

Streptomyces platensis
Bacillus circulans
Streptomyces sp.

6
7

2.5% soybean meal, 2% potato starch, 0.1% glucose, 1% bacteriological peptone, 0.4% KH,PO4-7H,0 MgSQO,4-7H,0;

pH 7.0; temp. 30°C; 96 h

CBMAI 1617 (SB6)

8

[62]

7.81mU/mg

Dextrose 0.5%, tryptone 0.2%, and starch 0.5%, incorporating lysine, glutamine, lysine-glutamine

Penicillium chrysogenum

10
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provide precise information depending on the specific
microbial strain being investigated.

mTG does not require calcium ions for activation,
unlike TGs of animal and plant origin. This is highly sig-
nificant in an industrial context because some proteins
(such as casein, myosin, and soy globulin) are sensitive to
calcium ions, and their presence can lead to undesired
protein precipitation [22]. The activity of mTG increases
in the presence of ions such as Co®', Ba**, and K*. mTGs
are inhibited by ions such as Zn**, Cu**, Hg*", and Pb*',
which bind to the thiol group of cysteine in the active
centre [67]. mTG also exhibits high sensitivity to disulfide
reagents and electrophilic inhibitors, such as cystamine
(2,2-dithiobisethanamine), 5,5-dithiobis(2-nitrobenzoic acid),
N-ethylmaleimide, iodoacetic acid, and p-chloromercuri-
benzoate. It has also been shown that TGs, including MTG,
are inhibited by the natural macromolecule melanin in
Streptomyces lavendulae, most likely through the nucleo-
philic addition of the catalytic thiolate of cysteine to the
inhibitory molecule’s o-quinone groups [50].

5.2 Production of mTG by microorganisms

The biological functions of TG in microorganisms are not
fully understood. It is known that this enzyme is associated
with the cell wall, and it has been suggested that it may be
involved in protein cross-linking, the formation of cross-
links between cell wall proteins (in Streptomyces, Candida
albicans, Saccharomyces cerevisiae), and the cross-linking
of proteins in spore coats (in Bacillus bacteria) [25]. In
Candida and Saccharomyces yeasts, TG forms cross-links
of structural glycoproteins. In Phytophthora (oomycetes),
it plays a role in the pathogenicity of this organism. In the
case of the algae Chlamydomonas, mTG combines polya-
mines with glycoproteins [55]. Scientists suggest that the
acquisition of mTG production capability may have been
initiated by HGT, as there are no conservative gene clus-
ters, and the TG gene environment differs depending on
the species. The absence of mTG genes in the genomes of
most Streptomycetes, especially in strains such as Strepto-
myces coelicolor A3(2) and Streptomyces griseus subsp. gri-
seus IFO 13350, may further indicate HGT [50].

A strain of Streptoverticillium S-8112, derived from soil,
achieved the highest mTG activity of approximately 2.5
U/mL upon reaching the stationary growth phase. Specific
antibodies revealed the export of mTG as a zymogen when
S. mobaraensis DSM 40847 was allowed to grow for 24 h. In
shaken flasks, activation began after 35-45h and typically
concluded 2 days later. However, based on numerous
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experiments under similar conditions, complete processing
of the zymogen is a rare event, and cultures lasting over
70-90 h lead to the proteolytic degradation of mTG. Prolonged
cultivation further promotes the formation of inactive mTG
through autocatalytic deamidation of glutamine, gradually low-
ering the pI of the TG from pI 8.9 or pI 8.0 to pI 6.4. The recent
purification of two mTG variants differing in charge is consis-
tent with this observation [68].

The metalloprotease TAMP cleaves the zymogen
mTG on the amidic side of phenylalanine, leaving behind
a tetrapeptide, FRAP, at the mature N-terminus. The tetra-
peptide is removed by the specific tri/tetrapeptidyl amino-
peptidase (TAP), which is secreted by S. mobaraensis at the
early stage of cultivation. The flexible loop of FRAP and its
specific recognition sequence also allow chymotrypsin and
trypsin to remove the propeptide by cleaving the peptide
bonds Phe-Arg and Arg-Ala. However, TAP only cleaves
the remaining tripeptide from RAP-mTG. Processing of
AP-mTG fails for unknown reasons, although APpNA is a
useful substrate for TAP. A leucine/phenylalanine amino-
peptidase, secreted by S. mobaraensis, is likely involved in
the final processing of mTG [43].

As mentioned earlier, the active site of all TGs includes
a catalytic triad consisting of cysteine, histidine, and aspar-
agine, which catalyses two consecutive reactions, similar to
cysteine proteases. When the substrate, typically a protein,
serving as a glutamine donor, enters the catalytic core of
TG, the cysteine thiol attacks the y-carbonyl group, forming
a tetrahedral oxyanion (most likely on the residual side) if
the leaving amide group is directed towards histidine or
asparagine. An unknown proton relay system then facili-
tates the elimination of ammonia and ammonium ions to
form an intermediate thioester [38].

Investigation of the structure of the binary transition state is
not possible as the thioester hydrolyses in the absence of pri-
mary amines. Therefore, it remains unclear where the energy
for thioester bond formation comes from. The high-energy com-
plex then reacts with amino nucleophiles, which can bhe the
lysine residues of the donor protein, polyamines, or other pri-
mary amines of any charge. It is worth noting that cross-linking
occurs through a transition state involving three proteins. After
the formation of the second oxyanion intermediate, the catalytic
cysteine thiol is displaced, and the TG dissociates from the pro-
tein conjugate or cross-linked proteins [69].

6 Economic benefits

The use of microorganisms in TG production offers
increasing economic benefits. The costs associated with
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microbial synthesis are significantly lower compared to
the costs of producing TG from animal sources. However,
these are still costs that hinder the widespread use and
full commercialisation of this enzyme. One of the major
cost factors in obtaining mTG is the culture media, which
accounts for approximately 30% of the total costs [7]. To
achieve broad commercialisation of mTG, industrial enzyme
production requires cheaper feedstocks [70]. Therefore, in
recent years, attempts have been made to minimise this cost
segment by using waste biomass as microbial substrates,
generated by industries such as agriculture. Fatima et al.
[31] used wheat bran as an alternative carbon source for
S. mobaraensis bacteria in solid state fermentation. Another
approach aimed at increasing the cost-effectiveness of mTG
production is the design and optimisation of cultivation pro-
cesses. By combining these two approaches, Fatima et al. [31]
achieved a four-fold increase in enzyme activity compared
to that before process optimisation. Fatima and Khare [12]
and Wang et al. [55], using submerged fermentation, obtained
enzymes with activities ranging from 2.0 to 5.7 IU/mL. The
available literature indicates an increasing number of pub-
lications on the biosynthesis of TG. For example, studies con-
ducted by Ryszka et al. [71] demonstrated that the most sui-
table parameters for obtaining mTG included a medium pH
in the range of 6.5-7.0 and nitrogen sources in the form of
amino acids, corn steep liquor, and yeast extract. The activity
of TG produced by S. mobaraensis after 30 h of cultivation
reached 2.0 U/mL. The inoculation medium contained 2.5%
oat flakes. More examples of the microbial biosynthesis of
TG are provided in Table 2.

The use of TGs in industry offers several other advan-
tages. First, it reduces the energy demand during the pro-
duction process. Furthermore, the waste generated from
TG utilisation is non-toxic and biodegradable, making it
environmentally friendly [72]. It is worth noting that one
drawback of using enzymes in industry is that certain pro-
duction conditions may be unsuitable for optimal enzyme
performance. Important aspects for optimal enzyme effi-
ciency include temperature, pressure, pH, and the presence
of potential inhibitors [73]. Microbial sources are preferred
in industrial enzyme production. mTGs are readily available
and easy to produce. Another advantage is that the growth
rate of microorganisms is much faster compared to animals
or plants. Most importantly, in addition to optimising the
production process of natural mTGs, genetic and metabolic
engineering can be employed to increase the efficiency of
enzyme synthesis in microorganisms. Genetic or metabolic
engineering can also aid in obtaining enzymes that can
function under diverse production conditions (pH and tem-
perature) [74].
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7 Genetic modification of
microorganisms and their
significance in mTG production

Genetic modification of microorganisms plays a significant
role in the production of mTG. Currently, the industrial use
of TG is primarily derived from the bacterium S. mobar-
aensis. This mTG is the only one with Generally Recognised
as Safe (GRAS) status [75]. However, the quantities of TG
obtained using this single strain are not sufficient for
global-scale mTG utilisation. In order to achieve more efficient
and cost-effective enzyme production, and thus expand the
commercialisation of mTG, genetic manipulation of microor-
ganisms has been pursued [76]. So far, expression systems
have been developed for bacteria, such as Escherichia coli
[77,78], Streptomyces lividans [79,80], Corynebacterium gluta-
micum [81], and Bacillus subtilis [82], and for yeast species
such as Yarrowia lipolytica [80] and Pichia pastoris [19,83]
(Table 2). Increasing the quantity of enzyme produced
involves both mutagenesis of the original production strains
and genetic manipulations among strains.

Until recently, E. coli was considered unsuitable for
inducing TG expression. The expression levels in E. coli
were low, and the microorganism did not secrete the
enzyme into the culture medium - it was produced intra-
cellularly (in the form of intracellular inclusion bodies). In
such cases, to obtain purified and soluble enzyme, the
inclusion body cells need to be disrupted, and the insoluble
mTG needs to be refolded, making the entire process time-
consuming and uneconomical. Liu et al. [84] developed a
method for the direct production of soluble and active mTG
by E. coli. After purification, the activity of the recombi-
nant enzyme was 22 U/mg [84]. Another successful expres-
sion of the mTG gene in E. coli resulted in a specific activity
of approximately 37 mU/mg protein. Duarte et al. [25] used
genetic engineering techniques to clone the gene encoding
mTG from Bacillus amyloliquefaciens. Mu et al. [82] obtained
an enzyme with an activity of 29.6 U/mg by cloning the gene
encoding mTG from S. mobaraensis into B. subtilis.

Genetic manipulations, in addition to increasing pro-
duction efficiency, also aim to improve the activity and
thermostability of TG [8]. Thermostability, solubility, and,
in some cases, enzyme efficiency, can be manipulated by
altering the amino acid sequence. Improving the thermo-
stability of the enzyme expands its applications and posi-
tively impacts the durability and stability of the resulting
products [8,91]. Increased thermostability was achieved
after a single round of mutagenesis leading to the substitu-
tion of one amino acid in the enzyme [91]. Yokoyama et al.
[92] obtained mTG with a specific activity of 45 U/mg, which
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was 1.7 times higher compared to the wild-type enzyme
(22.7U/mg). The researchers used an innovative method
called wash-rotational mutagenesis [8]. Yin et al. [76] applied
mutagenesis and targeted genetic modification to the bac-
terium S. mobaraensis. The S. mobaraensis DSM40587 strain
was treated with atmospheric and room-temperature
plasma (ARTP) in 25 repetitions, producing approximately
3,000 mutants in each repetition. Among the mutant strains
obtained, the mutant smY2019 was selected, which showed a
5.5-fold increase in mTG activity (19.7 U/mL). Further steps
involved integrating two additional expression cassettes
containing the PsmY2019 promoter with the genome of the
smY2019 strain. The resulting strain, smY2019-3C, showed a
103% increase in mTG production (40 U/mL) compared to
the smY2019 strain. ARTP utilises a plasma stream con-
taining various activated chemical species for DNA muta-
genesis. This new mutation system can induce a higher level
of microbial mutation compared to traditional methods [76].

8 Concerns and controversaries of
mTG usage in the food industries

According to the available literature, the daily consump-
tion of mTG through processed food products can vary,
reaching levels of up to 15mg. Each kilogram of processed
product containing mTG typically contains around 50-100 mg
of the enzyme. Intriguingly, a noteworthy connection can be
observed between the rising yearly consumption of commer-
cial enzymes added to processed bakery items and the con-
current increase in the incidence of CD over the past four
decades. While this relationship suggests an association, a
direct cause-and-effect relationship has not been definitively
established.

A growing body of information is being collected
regarding mTG’s classification as an allergen in occupa-
tional settings [41,93]. In their analysis, the Aaron and Tor-
sten [41] compiled a variety of research that substantiates
TG’s status as an allergen. They noted that products con-
taining wheat/gluten treated with MTG exhibit immunor-
eactivity, raising doubts about its safety. The supporting
argument is safety assessments, producers have primarily
conducted in vitro tests on cell lines and animal models such
as mice, guinea pigs, and rats. However, these evaluations
have not been extended to encompass normal or gluten-
dependent human conditions. Ultimately, the responsibility
for demonstrating mTG’s safety lies with its manufacturers
and suppliers [45,75].

Formally, mTG is classified as a processing aid, allowing
it to avoid being categorised as a food additive. mTG does
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not require labelling, as indicated by the manufacturer’s
assertions. According to them, the enzyme’s activity is neu-
tralised or its substrates are depleted during the production
process of the end product, resulting in the absence of TG in
the final item. This aligns with its role as a processing aid in
accordance with regulation 89/107/EEC, making labelling
unnecessary [41]. Numerous authors express concerns and
caution against the inclusion of mTG in industrially pro-
cessed foods, raising doubts about its safety and its potential
role in the pathogenesis of CD. In Europe, some regulatory
authorities have taken steps to caution the public about the
safety of mTG in food and have recommended labelling of
the enzyme. For example, in Switzerland, food treated with
TG requires authorisation, and the labelling must provide
information about the reconstitution process and the nature
of the used “glue.” In Germany, the BFR Bund authorities
have indicated that there is a potential clinically relevant
risk for CD patients from mTG. Appropriate labelling of
foods produced using mTG would enable these patients to
avoid uncertainties that the scientific community has yet to
clarify [41].

Drawing from the disruption of intestinal tight junc-
tions caused by gluten, the posttranslational modifications
of gluten peptides induced by mTG, and the heightened
immunogenicity of the resulting mTG-gliadin neocomplex
(mTG-gliadin complexes can represent an offending auto-
antigens), a hypothesis has been proposed. This hypothesis
suggests that mTG could potentially serve as a novel envir-
onmental element in the initiation and progression of CD.
However, its role in non-coeliac gluten-sensitive conditions
remains uncertain, posing a significant challenge for future
investigations [47,48].

9 Food safety and TG

Due to the increased use of TG in food production, health
concerns have emerged, emphasising the need for regula-
tions informing people about the safety of consuming pro-
ducts containing this enzyme. Almost a quarter of a century
ago, at the turn of the twentieth and twenty-first centuries,
scientists from Japan (Motoki and Seguro) demonstrated
that the only difference between proteins subjected to the
influence of TG and native proteins is the number of con-
nections between the lysine and glutamine residues (G-L)
[23]. This chemical modification also occurs during the
heating of protein-rich food, such as cooking, generating
G-L bonds. In this regard, humans have been consuming
food rich in G-L residues since the discovery of fire and
cooking. Although not scientifically proven, the safety of
modified G-L bonds can be assumed through the long-
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term consumption of G-L molecules in thermally processed
food. As for the absorption and biocavailability of such pro-
teins, 99% of isopeptides in the gastrointestinal tract are
metabolised into glutamate. At the same time, an American
research team led by Bernard examined the mutagenesis
and risk of microbiological toxicity of TG associated with
its addition in food preparations tested on experimental
animals. The study concluded that mTG does not pose a
health risk, as no mortality, morbidity, or signs of toxicity
were observed at doses of 2g/kg body weight [23]. It is
important to note that mTG is safe for human consumption
and has been recognised by the Food and Drug Administra-
tion as a GRAS substance since 1998 [94].

Following discussions in food articles about the use of TG,
an important aspect is the safety for those people with aller-
gies. Poulson and Bindslev-Jensen [66] performed sequence
matching in protein databases to compare the amino acid
sequence of mTG derived from the S. mobaraense strain
with all known allergens at that time. As a result of their
research, the scientists did not find any homology with any
allergen type that met the decision tree requirements
(matching six adjacent amino acids). It is worth noting
that a match of five adjacent amino acids was discovered
between mTG and the major allergen Gad cl1 from cod
(known for its thermal stability). Further studies were
conducted regarding the potential allergenic activity of
mTG. Targeted screening of mTG was performed using
sera from patients with cod allergy, as well as direct inhi-
bition of RAST. No binding between patients’ IgE and mTG
was observed, leading researchers to conclude that there
are no concerns regarding potential allergic reactions in
humans related to fish products.

There is some evidence of enhanced nutritional prop-
erties in enzymatically modified food using TG. According
to studies, adding mTG to soybean extract for tofu prepara-
tion led to protein modifications that increased satiety and
reduced the allergenicity of soy proteins. In another appli-
cation related to allergenicity, shrimp products processed
using TG showed reduced allergenicity due to protein gly-
cosylation catalysed by this enzyme [64].

10 Utilisation of TG on an industrial
scale

The industrial production of TG for large-scale applications
can be challenging and costly, especially when using animal-
derived TG. Industrial production of TG relies on bacterial
sources (including actinomycetes) as they are easier and
faster to cultivate, and the yield of the TG produced is
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significantly higher. mTG exhibits the lowest substrate spe-
cificity and provides the greatest possibilities for protein
component cross-linking [95].

The first producer of mTG on an industrial scale was
the Japanese company Ajinomoto Co (still active in the
market). The first food product manufactured using mTG
was a frozen fish concentrate called “Surimi” in Japan [23].
The preparation of Surimi fish paste consists of two stages.
The first stage, also known as “binding,” occurs at tempera-
tures below 40°C and leads to the formation of a semi-
transparent and elastic gel. The second stage, carried out
at high temperatures (>80°C), is necessary to strengthen
the gels. Gelation is caused by the cross-linking of myosin
induced by endogenous Ca**-dependent TGase present in
the walleye pollock, the fish used to prepare Surimi. It has
been demonstrated that the addition of exogenous TGs, both
blood isoforms and microbial isoforms, during the bind-
ing process is beneficial for obtaining Surimi paste with
increased elasticity and tensile strength. Furthermore, all
fish products restructured using mTG exhibit high whiteness,
which is considered an important characteristic for consu-
mers. Therefore, the application of TG is desirable for the
efficient restructuring of Surimi-based products [2].

mTG has a potentially wide range of applications in
food products, especially those structured based on proteins.
The enzyme can enhance various properties of food pro-
teins without affecting the pH, colour, taste, or nutritional
value of the food [9]. It acts as a texturising agent, imparting
firmness to finished food products, improving thermal sta-
bility, and the water-holding capacity of food (meat, fish,
seafood, dairy, bakery, and pasta products) [66].

The modification of food proteins by TG helps protect the
lysine in food proteins from adverse chemical reactions,
thereby increasing the shelf life of food. Furthermore, by
cross-linking other proteins containing essential amino acids,
proteins with higher nutritional value can be obtained. TGs can
be used for encapsulating lipids or lipid-soluble substances,
creating heat and water-resistant films. Scientific data also
suggest that TGs improve the quality of wool in felting,
bleaching, and shrink resistance processes. Incorporating dif-
ferent functional groups into the glutamine residues of pro-
teins using TG is highly useful as it enhances and increases the
final utilisation of the protein.

11 Commercial TG preparations

Commercial TG preparations on the market vary due to the
different industrial applications of this enzyme. All pre-
parations contain the enzyme obtained from bacteria of
the species S. mobaraensis [96]. The preparations differ
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in their accompanying additives (maltodextrin, gelatin,
sodium caseinate, and polyphosphate salts), which charac-
terise their suitability for use in specific product groups.
Some preparations are used for the production of sausages
or hot dogs, while others are used for fermented dairy
products. Among the very few companies involved in the
production of commercial TG enzyme preparations, notable
ones include Ajinomoto Co. Inc. (Japan) — ACTIVA® enzyme
preparations [97], BDF Ingredients (Spain) — BDF PROBIND®
preparations, PMT TRADING Sp. z o.0. (Poland) — SAPROVIA
and POLSEVIA preparations [7,97].

12 TG in the baking industry

In the process of creating yeast-leavened products using
low-quality wheat flour, the dough frequently lacks the
desired stability. This type of dough fails to retain the
carbon dioxide gas produced during fermentation. As a
result, it is quite common to introduce oxidizing agents
to the flour in order to enhance its ability to withstand
stretching. Due to the desire to minimise the use of synthetic
chemicals in food production and instead utilise natural
helpers such as enzymes, the challenge emerged in enhancing
the dough’s resilience without resorting to inorganic com-
pounds. Researchers discovered that TG enhances the dough’s
resistance, especially in the case of yeast-based dough made
from wheat flour, in a manner akin to the effects of potassium
bromate [38]. In the baking industry, this enzyme is used to
improve the quality of flour, bread texture, volume, and the
texture of cooked pasta [98]. From a nutritional standpoint,
rice flour contains many valuable nutrients, including protein,
fibre, and vitamins E and B. Studies conducted by Gujral
and Rosell [99] have shown that the addition of TG to rice
flour improves the rheological properties of the dough by
increasing the content of triglycerides.

The applications of TG in cereal proteins, particularly
in wheat proteins (globulins, glutenins, gliadins, and pro-
lamins), have attracted significant interest from the baking
industry. The cross-linking of wheat proteins through the
action of TG greatly influences the characteristics of pro-
ducts, determining their quality, functional properties, and
rheological behaviour, including stability, elasticity, resilience,
water absorption (with the appropriate pore size and dough
volume). The cross-linking reaction promotes aggregation and
polymerisation, leading to the formation of polypeptide net-
works with diverse viscoelastic properties [100].

mTG positively affects the structure of low-gluten wheat
bread, as well as its yield and volume. In the study by
Diowksz and Leszczyniska [101], it was shown that microbial
enzymes contribute to the reduction in immunoreactivity.
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These findings have led to preliminary investigations of the
use of low-gluten flours in the production of gluten-free
products. The enzyme is also proposed for use in blocking
allergenic, protease-resistant peptides in soy proteins [102].
The enzyme can exert beneficial effects during bread produc-
tion, comparable to those of traditional chemical oxidising
improvers. When using small amounts of TG, a positive
impact on the crumb and crust quality of bread, as well as
on the rheological and physicochemical properties of the
dough, has been observed [103]. The release of certain gluten
peptides resulting from mTG activity may also influence the
modulation of the bread microbiota during storage, thereby
increasing the durability of the final product [104].

TG is used in the baking industry to catalyse gluten
cross-linking in wheat, thereby improving the quality,
structure, volume, stability, texture, and durability of the
dough. TGs are currently used in baking technologies to
create connections between polypeptide chains of prola-
mins. Previous studies have shown that transglutaminase
has a positive impact on dough stability and volume, as
well as on improving the baking quality of weak flour,
consequently affecting bread texture [105]. Sadowska and
Diowksz [24] suggest that adding TG to a gluten-free mix-
ture containing buckwheat flour increases the moisture
content of the bread crumb and reduces overall baking
losses. TG improves the rheological properties of the dough
and ensures the proper pore size and elasticity of the bread
after baking. Additionally, TGs have been shown to enhance
water absorption by the dough. Modification of wheat flour
proteins by TG increases dough elasticity and resilience, as
well as bread volume by 14% compared to traditionally
prepared dough [106].

An interesting and unconventional application of TG is
the attempt to restore the functionality of the gluten net-
work in wheat flour obtained from grains damaged by
insects. In many countries, a significant portion of crops
that have been damaged does not meet standards and is
unsuitable for further processing or production, resulting
in waste. Research exploring the possibility of recovering
lost crops is highly promising for farmers facing losses and
for food producers. Damaged wheat flour treated with TG
exhibits parameters similar to undamaged flour [107].

Currently, the microbial isoform of the enzyme is
widely used in the production of pasta in Japan. Pasta
treated with TG has higher firmness compared to untreated
pasta, and this increases with the amount of added enzyme. It
has been shown that reactions catalysed by mTG also effec-
tively influence the functional properties of baked goods
through protein aggregation and polymerisation, leading to
the formation of a polypeptide network with viscoelastic
properties required for bread baking. Gaspar and De Gdes-
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Favoni [108] reported several studies on the physical proper-
ties of bakery products treated with TG, as well as the poten-
tial of this enzyme in modifying rice proteins. There are
numerous reports on the use of TGase for modifying gluten
proteins. Wheat globulins, glutenins, and gliadins were more
effectively modified by transglutaminase than prolamins
from oats, corn, and rice. The gelation properties of wheat
gluten were significantly improved by thermal treatment
followed by TG-catalysed cross-linking reaction [2].

Isolated soy protein (ISP) is widely used as an impor-
tant ingredient in Asian diets and processed foods due to
its nutritional value and functional properties. ISP consists
of glycinin (11S) and B-conglycinin (7S), which make up
about 70% of the total protein content. These globulins are
good substrates for TG activity. The influence of TGase on
the properties and microstructure of ISP films formed using
different plasticisers (glycerol, sorhitol, and a 1:1 mixture of
glycerol and sorbitol) has been investigated. Cross-linking
with this enzyme proved to be an effective method for
improving the casting properties of films with all the tested
plasticisers [64].

Tofu, a typical soy product, is prepared by coagulating
soy proteins with the addition of Ca?** and Mg** and/or
glucono-delta-lactone. The first step in tofu production is
the extraction of soy milk from soybeans and its coagula-
tion. Coagulation or gelation of soy is the most important
stage in tofu production. Traditionally, nigari, a sediment
from seawater rich in minerals such as magnesium and
calcium chlorides, has been used as a coagulant. Modern
producers use TG (together with nigari) to obtain tofu with
a smoother and firmer texture (silken tofu). The addition of
TGase before nigari makes the coagulation process milder
and easier to control. The same effect is achieved by adding
glucono-lactone, but its use imparts an undesirable acidic
taste to the final product [64]. Tofu is a popular food con-
sumed extensively in Asian countries; however, its shelf
life is typically very short due to its soft and smooth tex-
ture, which hinders sterilisation. Introducing mTG into its
processing provides an advantage in texture control and
improves its quality, resulting in a product with better
consistency, silky texture, and the ability to tolerate tem-
perature fluctuations [3]. Studies by Xing et al. [109] demon-
strated that the addition of TG during tofu production
results in protein modification that increases satiety and
reduces the immune response to soy proteins [64,110].

Rice protein enzymatic cross-linking has received lim-
ited scientific research attention. The availability of com-
mercial concentrates and isolates from rice bran is limited
due to the complex nature of rice bran proteins. On one
hand, the crude protein content in rice (5-10%) is signifi-
cantly lower compared to other grains. On the other hand,
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it is important to note that the lysine content, which is one
of the substrates suitable for protein cross-linking reac-
tions with TGase, is over 50% higher compared to wheat.
Rice proteins alone are not capable of forming a strong
enough structure to retain gas produced during fermenta-
tion. The addition of hydrocolloids (hydroxypropylmethyl-
cellulose; HPMC) to the dough recipe allowed for the
production of bread from rice flour. Protein cross-linking
using TGase by Gujral and Rosell [99] enabled the partial
replacement of HPMC and improved the viscoelastic prop-
erties of the dough. According to Gujral and Rosell [99], the
expansion of rice flour applications has significant poten-
tial, mainly due to the global popularity of this raw mate-
rial. Rice proteins cross-linked with TGase to form a stable
network and improve nutritional properties offer promising
prospects for the production of new products intended for
individuals with gluten intolerance, CD, or other specific
dietary requirements [102].

13 TG in the meat industry

TG has gained interest in the food industry for its ability to
enhance the texture of minced meat, resulting in a firmer
steak-like structure. Restructuring meat products provides
greater firmness and minimal quality loss during cooking.
The cross-linking of proteins and other components in the
gel system brings about changes in the protein fraction of
food matrices, leading to improved texture, thermal dena-
turation stability, emulsifying properties, gelation, and
increased water-binding capacity. The application of
TGase yields a final product with organoleptic properties
similar to conventional meat in terms of aroma, texture,
appearance, and taste [64].

In addition to its positive impact on product texture,
TG enables strong cohesiveness of meat blocks without the
need for heat treatment or the addition of salt and phos-
phates. Reducing sodium content in meat products is an
important health concern, and to meet these requirements,
the meat industry focuses on developing techniques to
reduce the use of salt in processed meat products without
compromising quality. Strategies such as the use of TG can
be employed in low-sodium meat products. The impact of
TG, fibrin/thrombin (fibrimex), alginate, and their combi-
nations on the quality of low-salt cooked meat has been
studied. The results indicate that the combination of fibrin/
mTG improved the texture properties of low-salt ground
beef [3,111].

The use of TG in meat processing significantly improves
the texture of the final product, resulting in increased firmness,
among other benefits. Additionally, this enzyme enhances the
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texture of homogenised sausages made from pork, beef, or
poultry. The addition of TG enables the utilisation of lower-
quality raw materials, such as collagen, blood proteins, and
mechanically deboned meat, to produce meat products with
higher nutritional value by complementing them with amino
acids (e.g., exogenous lysine) [2]. Several studies have reported
the application of TG in meat products [64,111]. The enzyme can
be used over a wide range of temperatures, from 10 to 50°C.
Some of these studies also demonstrated that supplementing
the enzyme can increase gel strength in meat products and
have a positive impact on the development of proteins in pork,
beef, chicken, and fish. As meat products are highly proteinac-
eous, myofibrillar proteins have a significant influence on
their textural quality. Actin and myosin, which constitute
the majority of myofibrillar proteins, are important sub-
strates for TG and can be polymerised through its addition,
improving the textural properties of structured meat pro-
ducts. The use of TG has created new technological possibi-
lities for the production of finely and coarsely comminuted
sausages and processed meats. Instead of using high-quality
meat, lower quality raw materials and additives, such as
defatted milk powder, soy flour, or wheat flour, can now
be employed. The interaction of the enzyme with the pro-
teins in these raw materials produces products that do not
differ in appearance, consistency, aroma, taste, or nutri-
tional value from analogous products made exclusively
from high-quality meat [2,112].

In the meat industry, the use of TG has expanded
beyond the reconstruction of lower quality minced or
mechanically deboned meat into steaks or larger meat
cuts. Research in the industrial application of TG focuses
on current dietary trends and consumer preferences for
healthy food choices. An example of such an application is
the production of meat analogues. The production of meat
analogues is a response to the growing demand for alterna-
tive food products among vegans, vegetarians, and health-
conscious consumers who seek substitutes for animal
products [5]. Producing meat analogues poses a challenge
for food manufacturers due to the difficulties in replicating
the texture and taste of the base products. Studies focus on
combining plant proteins (e.g., pea protein) with TG to
improve their structural properties, potentially replicating
the structure of animal-based products. In the study by
Moreno et al. [113], the impact of TG on the structural quality
of pea protein isolates was examined. The structure of the
analogue was improved, and a reduction in the levels of
biogenic amines (histamine and tyramine) was achieved [5].
A modern approach to producing meat analogues involves
the use of 3D printers. The study by Wen et al. [114] aimed to
develop a beef analogue that mimics the textural properties
of the raw material using 3D printing and the addition of TG.
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In addition to developing the recipe itself, the study tested
various methods of heat treatment (steaming, microwaving,
baking, and frying) for the created analogue. As a result,
technological guidelines for the production of such meat ana-
logues were developed [114].

14 TG in the dairy industry

In the highly competitive market of dairy products, com-
panies constantly strive to capture consumers’ attention.
Improving the quality and functionality of products in this
industry is an ongoing race, where promoting biofunc-
tional properties holds an increasingly prominent position.
One of the most promising strategies for promoting bio-
functional properties in dairy products is the cross-linking
of milk proteins using TG. The application of TG can be an
effective strategy for enhancing the nutritional and tech-
nological properties of dairy products while lowering pro-
duction costs by reducing the amount of fat and stabiliser
in the final product. This enzyme has the ability to create
intra- and intermolecular covalent cross-links between
two amino acid residues in the structure of milk proteins.
Both casein and whey proteins, such as a-lactalbumin and
B-lactoglobulin, are excellent acyl donors and/or acceptors
for TG, although there are some differences between them
regarding cross-linking reactions [64].

In the cascade reaction, TG catalyses the cross-linking
of x-casein (k-CN) and B-casein (B-CN) before proceeding to
the cross-linking of serum albumin, a-lactalbumin, asl-
casein, as2-casein, and B-lactoglobulin (B-LG). In this parti-
cular case, caseins seem to be easily cross-linked due to
their flexible, randomly coiled structures and the absence
of any disulfide bonds. Whey proteins, due to their com-
pact globular structure, tend to cross-link less efficiently. B-
LG is more susceptible and exhibits a higher cross-linking
rate than a-LA, with B-LG capable of cross-linking with the
reduction of its disulfide bonds, while a-LA can be cross-
linked without reduction [2].

The polymerisation of milk proteins is an essential
process in the production of certain dairy products. TG is
added to milk proteins to catalyse the polymerisation pro-
cess, aiming to enhance the nutritional and functional
properties of dairy products [115]. Lorenzen et al. [116]
reported the use of TG in the dairy industry to prevent
syneresis and impart proper softness and firmness to dairy
products. TG-modified casein enables the production of
dairy products with improved structure and consistency.
The enzyme can be added before or during the fermenta-
tion process. Using this method, TG is added to milk for
incubation, resulting in yogurts with a homogeneous, firm,
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and creamy consistency, as well as a smooth and dry curd-
like surface, which is a result of reduced syneresis. Such
yogurts serve as a base for the production of creams,
frozen desserts, ice creams, dairy beverages, and dressings
[117]. Furthermore, recent studies have shown that enzy-
matic cross-linking of milk proteins by TG improves the
consistency and microstructure of goat milk yogurt gel
[3]. Interestingly, microbiological analyses have demon-
strated that enzymatic modification of goat milk proteins
plays a positive role in the survival of probiotic bacteria
used for yogurt production.

An intriguing application of TG is its use to enhance
the survival of lactic acid bacteria during spray drying and
to increase microencapsulation efficiency [5]. The tradi-
tional method of spray drying lactic acid bacteria is fast
and inexpensive, but unfortunately, the survival rate of
bacteria is only around 31%. Treating a mixture of soy
proteins and milk proteins with TG increased the survival
rate of Lactobacillus bulgaricus to 84.7% (during spray
drying) [118].

Another type of dairy product with enormous poten-
tial for the application of TG is cheese. Cheese holds a
significant position in the dairy industry’s commercial
market. Global cheese production reaches approximately
19 million tons annually, accounting for 35% of total milk
consumption [119]. One of the major challenges faced by
the cheese sector is production efficiency, which ranges
from 9 to 20% depending on the type of cheese, and for
fresh farmer’s cheese, it falls between 10 and 13%. Cheese
yield is a crucial parameter from an economic standpoint
for producers [120]. In the study conducted by Fox et al.
[119], cheese yield is defined as the kilograms of cheese
produced from 100 kg of milk with specific levels of fat
and protein. For example, the typical yield for cheddar
cheese (with a moisture content of 39% and a fat content
in dry matter of 50%) is 10 kg of cheese per 100 kg of milk
standardised to protein and fat levels of 3.3 and 3.6%,
respectively [119].

In addition to the economic benefits, increasing cheese
production efficiency helps reduce environmental pollution by
generating smaller amounts of by-products (whey). Enzymatic
modification of milk proteins is a crucial element in strategies
aimed at enhancing cheese production efficiency. TG and phos-
pholipases are primarily utilised for this purpose, as their
application does not lead to sensory defects but rather opti-
mises the efficiency and desired properties of the product. The
cross-linking of milk proteins using mTG is gaining increasing
popularity. It improves the rheological and physical properties
of acid milk gels, as well as production efficiency by reinforcing
emulsifying capacity, water-binding abilities, and solubility
[120,121].
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Three models for the production of natural cheese

with TG are proposed [94]:

(a) Addition of TG to milk, heating the milk for pasteurisa-
tion, and deactivation of the enzyme, followed by the
addition of rennet.

(b) Addition of rennet to milk, followed by the addition
of TG.

(c) Addition of TG to milk simultaneously with rennet.

Cozzolino et al. [122] examined these models in their
study. The results indicated that transglutaminase plays a
significant role in improving cheese yield and properties. It
was observed that adding TG before rennet prevented milk
coagulation, while simultaneous addition of the enzyme
and rennet significantly reduced cheese hardness. The
potential advantage of TG treatment is considered to be
the improvement in texture and water-holding capacity
of both fresh and ripened cheese. It has been demonstrated
that protein cross-linking enhances curd yield, and the
addition of mTG during the manufacturing process enables
the production of protein-enriched cheese with increased
firmness [95].

15 TG in the pharmaceutical
Industry

Increasing consumer awareness of health and nutrition,
which are undoubtedly interconnected, has led to growing
demand for bioactive compounds, particularly antioxi-
dants [123]. One such compound is curcumin, a low mole-
cular weight polyphenol that exhibits strong antioxidant
properties. Curcumin has positive effects on the treatment
of certain chronic diseases by reducing oxidative stress,
making it of interest to scientists and pharmaceutical com-
panies involved in nutraceuticals. There are also reports of
promising possibilities for the use of curcumin as a bioac-
tive agent in food packaging systems [124]. Unfortunately,
the poor water solubility and lack of stability of curcumin
pose challenges in its direct application. In their study, Xia
et al. [125] examined the use of curcumin with improved
bioavailability in Pickering emulsions based on oleogels. A
Pickering emulsion is one stabilised by solid particles accu-
mulated at the droplet surfaces. This type of emulsion has
gained significant interest among researchers in recent
years due to its high potential for applications in fields
such as medicine, food industry, and petroleum industry
[126]. To create a curcumin-containing Pickering emulsion,
the researchers chose lactoferrin as the emulsifier. Lacto-
ferrin is a single-chain glycoprotein with antimicrobial
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properties and the ability to scavenge free radicals and
regulate cell growth. TG was necessary in the experiment,
as it facilitated protein cross-linking reactions, enabling the
formation of lactoferrin particles (LF-TG). The resulting LF-
TG particles acted as stabilisers for the formed emulsion.
The optimal parameters for obtaining TG -induced lacto-
ferrin particles through cross-linking were a pH of 8.0, TG
concentration of 100 U/g LF, a temperature of 50°C, and a
cross-linking time of 2h [125]. This study confirms the
potential application of TG in creating Pickering emulsions,
which, in turn, can enhance the efficiency of delivering
nutraceuticals.

Preparations containing TG can offer solutions to
numerous technological challenges associated with food effi-
ciency and texture. It is widely known that the use of phos-
phates in meat processing technology on a large scale has been
abandoned due to health concerns. The available literature
emphasises the importance of reducing phosphates in meat
processing. In response, various enzymatic preparations of
microbial origin containing TG derived from the S. mobar-
aensis strain are available on the market. TG enables the
neutralisation of texture changes caused by freezing in raw
materials such as chicken meat or chicken fillings. Other ingre-
dients containing TG are also used in the production of salami,
as they enable faster product ripening. The use of TG in the
food industry, regardless of its source, represents a natural
technological method. Enzymatic modification of food ingredi-
ents has a greater chance of acceptance by the food industry
compared to commonly used chemical methods.

16 Conclusion

Although 30 years have passed since the discovery of mTG
and the current trend of genetic engineering (developing
highly efficient gene expression systems using strains such
as E. coli, Corynebacterium sp., Pichia sp., and even Bacillus
sp.), there is still a need for isolating new microorganisms,
optimising growth media, and fermentation procedures to
obtain TG with higher activity. Biotechnological advance-
ments enable metabolic engineering of microorganisms to
produce tailored TGases with unique properties. However,
a complete understanding of the impact of TGs with dif-
ferent properties on the functionality of food systems is still
lacking. Currently, commercial TG is produced through fer-
mentation by S. mobaraensis, although there are increasing
reports of new TGs from other species of actinomycetes.
Unfortunately, this system has certain limitations, including
low efficiency and problems associated with protease pre-
sence (which can hydrolyse the target proteins). Therefore,
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it is necessary to develop an efficient biosynthesis system for
mTG without these limitations. The cross-linking reaction cat-
alysed by the enzyme described can improve the physical
properties of various protein-based food products and con-
tribute to the delivery of high-quality, health-promoting new
food. From the perspective of advanced protein resource uti-
lisation, the contribution of TG to the food industry will con-
tinue to grow. Moreover, this enzyme can be useful in fields
beyond the food industry. It is expected that TG will con-
tinue to drive innovation in multiple industries, including
increased production using new technologies, protein engi-
neering modifications, and the search for TGs from novel
sources.

Despite advertisements and publications asserting its
complete safety, the enzyme is recognised as a known
occupational allergen, immunogenic substance, and poten-
tially pathogenic factor in CD. If substantiated, it could
emerge as a novel environmental trigger for CD. Until
further information is available from ongoing research, it
is recommended that any applications of mTG in commer-
cial food processing or baking be disclosed on packaging
labels to ensure transparency for consumers. Gluten-free
products are already acknowledged for potential contam-
ination. The addition of mTG could further elevate risks for
gluten-sensitive populations.
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ABSTRACT

Transglutaminase finds broad applications in the food industry, influencing texture, shelf life and overall food
quality. It can be utilized to create products with enhanced sensory and technological properties and serves as a
tool to reduce food waste. The aim of this study was to optimize the production of microbial transglutaminase
(MTG) by the genetically unmodified strain of Streptoverticillium cinnamoneum KKP 1658. Tryptone soy broth
(TSB) was chosen as the optimal inoculation medium due to its high MTG activity in the cultivation substrate.
The optimal inoculum incubation time was determined as 24 hours, with a dosage of 10 %. Various nitrogen
sources were investigated while maintaining a consistent nitrogen dosage (0.2 %) (including aminobak, corn
steep liquor, ammonium nitrate and ammonium sulphate) to achieve the highest microbiological transglutami-
nase activity. The combination of aminobak with corn steep liquor and a cultivation period of 72 hours (28 °C;
pH 6.0-6.5) yielded the highest MTG activity at 6.59 U/mL.

Keywords: Microbial transglutaminase, Streptoverticillium cinnamoneum, biosynthesis, waste products

INTRODUCTION strain of streptomycetes from the genus
Streptoverticillium. Transglutaminase en-
zyme (E.C. 2.3.2.13) is currently one of the
most widely utilized enzymes in protein
cross-linking processes (Lerner et al., 2023).
MTG stimulates the formation of both intra-
and intermolecular cross-links by creating
durable, covalent bonds between lysine ami-
no acids and glutamine residues in proteins
(Ceresino et al., 2018).

It is worth noting that despite the numer-
ous advantages of genetic engineering in
MTG production (enhanced activity, thermo-

Genetically modified microorganisms
(GMMs) have found applications across var-
ious industries, including agriculture, phar-
maceuticals, environmental management (in
pollution control contexts) and in sectors
such as food, paper and textiles manufactur-
ing (Mallikarjuna and Yellamma, 2019). En-
zymes in the food industry are increasingly
gaining significance (Raveendran et al.,
2018), with particular attention directed to-
wards microbial transglutaminase (MTG)
produced by the genetically unmodified
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stability, and efficiency) (Juettner et al.,
2018), there are still certain drawbacks and
challenges. A segment of society opposes
genetic engineering processes (some coun-
tries impose bans or strict restrictions) and
consistently expresses resistance, partly due
to ethical concerns, unexplored long-term
consequences, beliefs in the induction of dis-
eases, carcinogenicity and allergies to
GMMs or their metabolites (Dzhumanova
and Nazarova 2022). Additional limitations
in GMM production include labor-intensive
and costly research, the creation of mutants
on a large scale and unforeseen side effects
(Akbari et al., 2021).

Producing food products involving
GMMs raises questions about their safety for
human health and the environment. GMMs
may pose risks; therefore, it is crucial to pro-
vide adequate data when conducting risk as-
sessments associated with them (EUR-Lex
2009; EFSA, 2011). Newly expressed pro-
teins from GMMs are assessed for similarity
to allergenic proteins and are also tested for
horizontal gene transfer (antibiotic resistance
markers). The transfer of antibiotic re-
sistance to other microorganisms can threat-
en the effectiveness of antibiotics. GMMs
may have the ability to colonize the human
gastrointestinal tract, potentially affecting
the normal microbiome (a collection of mi-
croorganisms, mainly bacteria, in the human
digestive tract that plays a crucial role in di-
gestion, metabolism, immunity and overall
health) (Dzhumanova and Nazarova, 2022;
Wesseler et al., 2023).

Owing to the ongoing concerns surround-
ing GMMs in certain circles, it is imperative
to explore alternative solutions, particularly
in the food industry, without the use of ge-
netically modified organisms and their me-
tabolites. Microbial transglutaminase repre-
sents a significant area of interest in the food
industry due to its practical benefits (such as
improving food quality, expanding product
ranges and increasing product shelf life) and
economic advantages (e.g., reducing produc-
tion costs, minimizing waste and decreasing
the need for chemical additives). On an in-

dustrial scale, transglutaminase is utilized in
the baking, meat, fish, dairy and even phar-
maceutical industries. Many scientists rec-
ommend the use of MTG in various food
products, including low-fat and low-salt
meat products, fish products (fish paste),
cheeses (tofu, cottage cheese and aged
cheeses), yogurts, breads and pasta (Kolotylo
et al., 2023). Commercial transglutaminase is
produced by Streptoverticillium mobaraensis
on an industrial scale, but this system has
certain drawbacks, including low enzyme ef-
ficiency and high costs associated with nutri-
ent media (Akbari et al., 2021).

In the current study, an attempt was
made to obtain natural production of MTG
by the strain Streptoverticillium cinnamone-
um KKP 1658 by selecting appropriate pro-
duction parameters to achieve the best possi-
ble MTG activity while maintaining the eco-
nomic benefits associated with expensive
components of research substrates (e.g.,
aminobak, peptone, yeast extract (Kieliszek
and Misiewicz, 2014; Akbari et al., 2021).
The emphasis of this work is on using a ge-
netically unmodified strain and naturally en-
hancing MTG activity with the goal of po-
tential industrial-scale utilization, offering
advantages such as food safety (no risk of
unpredictable side effects), consumer ac-
ceptance and trust, cost reduction and cir-
cumventing GMO regulations in countries
with stringent rules, facilitating the produc-
tion process and the introduction of new
products to the market.

METHODOLOGY

Biological material

The research utilized the streptomycete
strain Streptoverticillium cinnamoneum KKP
1658 obtained from the Culture Collection of
the Department of Biotechnology and Food
Microbiology, Warsaw University of Life
Sciences. The strain was stored at -80 °C in
Tryptone Soy Broth (TSB) liquid medium
with glycerol.
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Cultivation methods

Inoculation medium used for the study
was TSB. TSB composition [g/L]: casein
peptone 17; soy peptone 3; NaCl 5; KoHPO4
2.5; glucose 2.5. An additional inoculation
medium (O3) consisted of [g/L]: oat flakes
25, aminobak 2, Ky;HPOs 2, and
MgSO4*7H>0 1. The initial pH of the media
was adjusted to 7.0 (pH meter Elmetron CP-
505, Poland). Media were sterilized at
121 °C for 15 minutes (Autoclave Systec D-
45, De Ville, Poland).

The inoculation medium was inoculated
with the Streptoverticillium cinnamoneum
KKP 1658 strain (6-8x107 CFU/mL) and
placed on a shaker (Eppendorf Innova 44 In-
cubator Shaker, Germany) for cultivation at
28 °C, with rotary shaking at 180 revolutions
per minute for 72 hours for adaptation and
biomass multiplication. After 72 hours, the
inoculum was transferred to the research
medium (the inoculum constituted 10 % of
the medium volume), and cultivations were
conducted at four time points (24, 48, 72 and
96 hours) at 28 °C. Composition of the re-
search medium [g/L]: soluble starch 20,
aminobak 20, yeast extract 2, KH,PO4 2,
Na;HPO4 2, MgS04*7H>0 1. The pH of the
medium was adjusted to 6.5 and sterilised at
121 °C for 15 minutes (Autoclave Systec D-
45, De Ville, Poland). Cultivations were
conducted in triplicates.

To determine the appropriate nitrogen
source in subsequent research media, amino-
bak was replaced with: ammonium sulphate
(NH4)2SO4), ammonium nitrate (NH4NO3),
corn steep liquor and aminobak with corn
steep liquor. The nitrogen sources were ap-
plied separately, maintaining the nitrogen
content in the research media at the same
level (0.2 %).

Z-GIn-Gly

/} o

Z-Glu-Gly

MTG
 —

HOHN

ot

Fe'/H
H, «—— B —— /H
OH 0.
HON N Fe

Biomass yield determination

The biomass yield of the S. cinnamone-
um KKP 1658 strain was measured after cen-
trifugation (Eppendorf 5810 Centrifuge,
Germany) (4500 rpm; 10 min) of 30 mL of
post-culture fluid in pre-weighed and dried
50 mL Falcon tubes. The supernatant was
decanted for transglutaminase activity de-
termination, and the sediment was dried
(SML Zalmed Dryer, Poland) (80 °C) to a
constant mass. The biomass yield after cen-
trifugation and drying was calculated per 1 L
of medium and expressed in grams of dry
substance (gd.w./L) in three repetitions.

Transglutaminase activity determination

The enzymatic activity of transglutami-
nase was determined using commercial tests,
Microbial Transglutaminase Assay Kit Art.
No. Z009 (Zedira GmbH, Darmstadt, Ger-
many). The kit for microbial transglutami-
nase determination utilizes the substrate Z-
GIn-Gly (N2-[(phenylmethoxy)carbonyl]-L-
glutaminyl-glycine, CisH19N3Os) as the
amine acceptor and hydroxylamine as the
amine donor. In the presence of MTG, hy-
droxylamine is incorporated into the Z-Gln-
Gly substrate, forming Z-glutamyl-hydro-
xamic-glycine, which forms a colorful com-
plex with iron (III) detectable spectrophoto-
metrically (BIO-RAD SmartSpec 3000 Spec-
trophotometer, Poland) at a wavelength of
525 nm (Figure 1 and 2).

One unit of transglutaminase activity (U)
is defined as the amount of enzyme that cata-
lyzes the formation of 1 pmole of hydroxam-
ic acid per minute in the reaction between Z-
GIn-Gly and hydroxylamine at pH 6.0 and a
temperature of 37 °C (Folk and Cole, 1966).

Z-GIu-Gly Z-GIu-GIy

3

Figure 1: Chemical reaction series illustrating the principle of the enzymatic test for detecting MTG.
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Figure 2: Schematic representation of the procedure for performing the MTG assay.

Evaluation of inoculum material impact

The study investigated how the pre-
cultivation process in the inoculation medi-
um (O3) with a different composition (sub-
section, as described earlier) than the TSB
affects the biomass yield and the activity of
transglutaminase produced by the examined
strain of Streptoverticillium cinnamoneum
KKP 1658 in the research medium with ami-
nobak and corn steep liquor.

To assess the influence of the age of the
inoculum material on the biomass yield and
the activity of the produced transglutami-
nase, pre-cultivation of S. cinnamoneum
KKP 1658 was carried out for 24, 48 and 72
hours, followed by a 96-hour research culti-
vation. The effect of the inoculum dose on
MTG activity was examined based on results
obtained for 5, 10 and 15 % inoculum doses
relative to the volume of the research medi-
um.

Assessment of initial pH influence on
medium

Changes in pH values during the 96-hour
cultivation of S. cinnamoneum KKP 1658 in
the experimental medium with the addition
of aminobak and corn steep liquor, inoculat-
ed with a 24-hour inoculum at a dose of
10 %, were examined. The initial pH levels
0of 5.0, 5.5, 6.0, 6.5 and 7.0 were investigated
to determine their impact on the activity of
the produced transglutaminase.

Statistical analysis

The obtained research results underwent
analysis of variance using the Statistica 13.3
software. All analyses were performed in
triplicate. Significance differences between
means in individual groups were verified us-
ing Tukey's HSD test at a significance level
of a = 0.05. The normal distribution was
confirmed by conducting the Shapiro—Wilk
test.

RESULTS

A biomass yield of S. cinnamoneum KKP
1658 in media with different nitrogen
sources

Determining the biomass yield provides
insight into the relationship between this pa-
rameter and the activity of the obtained
transglutaminase. This is a crucial aspect be-
cause an increased biomass yield does not
always translate to higher enzyme activity.
The impact of various nitrogen sources on
the biomass yield of the examined strain of
Streptoverticillium cinnamoneum KKP 1658
was investigated. A commercial nitrogen
source (aminobak), a waste nitrogen source
(corn steep liquor), partial substitution of
aminobak with corn steep liquor and inor-
ganic nitrogen sources in the form of ammo-
nium salts — sulphate and nitrate (Figure 3) —
were utilized in the study. The medium with
commercial aminobak was treated as the
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Figure 3: Biomass yield for S. cinnamoneum strain with various nitrogen sources in a 96-hour cultiva-
tion. 9 Means with the same letter did not differ significantly.

control sample. Additionally, a cultivation
was conducted in the research medium with-
out aminobak, yielding stabilized biomass
results of 7.6, 7.9, 7.7 and 7.4 gqw./L after
24, 48, 72 and 96 hours of cultivation, re-
spectively.

The highest biomass yield reaching 19.59
g daw/L was obtained after a 24-hour cultiva-
tion period in a medium supplemented with
aminobak. Similarly statistically significant
results were recorded for a medium contain-
ing waste corn steep liquor, yielding 15.64 g
dw/L in the same time. The combination of
aminobak and corn steep liquor resulted in a
biomass yield of 13.19 g 4w/L after 24
hours, significantly different from the ami-
nobak-only medium but statistically similar
to the corn steep liquor medium. Biomass
yields from media with inorganic nitrogen
salts were the lowest among the tested sub-
strates, measuring 9.03 and 8.34 g qw/L for

ammonium sulphate and ammonium nitrate,
respectively. These results did not differ sta-
tistically. The biomass yield from media
with inorganic nitrogen sources was only
9.77 % higher than the nitrogen-free medium
(7.6 g aw/L after 24 hours) for ammonium
nitrate, and 18.8 % higher for ammonium
sulphate.

On the second day of cultivation, chang-
es in biomass yield results were observed.
The highest biomass yield (14.17 g qw/L)
was recorded for the medium combining
aminobak and corn steep liquor as the prima-
ry nitrogen source. Biomass yields in four
out of five tested media did not differ statis-
tically. The results for media with aminobak
and corn steep liquor alone were 13.75 and
10.94 g q.w/L, respectively. After 48 hours of
cultivation, the biomass yield in the ammo-
nium sulphate medium (9.53 g ¢w/L) did not
differ statistically from the biomass obtained
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in the corn steep liquor medium. The lowest
yield after 48 hours of cultivation was ob-
served in the ammonium nitrate medium
(8.12 g a.w/L), which was only 2.6 % higher
than the biomass from the nitrogen-free me-
dium (7.9 g a.w./L).

In summary, the highest biomass yields
were obtained for the medium with commer-
cial aminobak. Substrates with corn steep
liquor and a combination of aminobak with
corn steep liquor exhibited slightly lower re-
sults, but these differences were not statisti-
cally significant. Substrates with inorganic
nitrogen forms showed the lowest biomass
yields compared to the others. It is notewor-
thy that ammonium nitrate consistently re-
sulted in the lowest biomass yield in each
time unit, often lower than the nitrogen-free
medium after 72 and 96 hours of cultivation.

MTG activity of S. cinnamoneum KKP
1658

The culture supernatant underwent en-
zymatic assays to determine microbiological
transglutaminase (MTQ) activity. Significant
differences in MTG activity were observed
depending on the nitrogen source used in
cultivation (Figure 4). Like the biomass, sub-
strates with inorganic nitrogen salts exhibit-
ed the lowest activity of the assayed enzyme.
After 96 hours of cultivation, the highest
MTG activity for ammonium sulphate as the
nitrogen source was only 0.24 U/mL, repre-
senting the highest MTG activity for ammo-
nium salts obtained in this study.

After 24 hours of cultivation, the highest
transglutaminase activity was observed in
the medium with corn steep liquor, reaching
1.57 U/mL. Amino peptone resulted in a sig-
nificantly lower activity of 1.16 U/mL. The
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Figure 4: MTG activity produced by S. cinnamoneum strain with different nitrogen sources in a 96-
hour culture. & Means with the same letter did not differ significantly.
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combination of amino peptone with corn
steep liquor after 24 hours of cultivation led
to an MTG activity of 0.77 U/mL. In the
next 24 hours (48 h), the transglutaminase
activity for the corn steep liquor medium in-
creased significantly to 1.94 U/mL, while the
MTG activity in the amino peptone medium
stabilized at 1 U/mL. After 48 hours of culti-
vation, a substantial increase in MTG activi-
ty was observed for the medium with amino
peptone and corn steep liquor, reaching 3.94
U/mL. It is noteworthy that after the next 24
hours of cultivation (72 h), the transglutami-
nase activity reached 6.59 U/mL and de-
creased to 4.73 U/mL on the last day (96 h).
For the media with amino peptone and corn
steep liquor alone, it was not possible to
achieve transglutaminase activity exceeding
2 U/mL throughout the entire cultivation pe-
riod. Referring to the determination of bio-
mass yield, it can be presumed that the high-
est biomass yield does not always translate
into obtaining the highest activity of the se-
creted enzyme.

At this stage of the research, it was found
that by choosing the experimental medium
with amino peptone and corn steep liquor,
the highest transglutaminase activity in the
culture broth can be obtained by cultivating
it for 72 hours. The next stages of the study
aimed to examine the impact of inoculum
material (type, age and dose) and the initial
pH of the medium on transglutaminase activ-
ity. The results of these studies are presented
in the following subsections.

The influence of inoculum material on
biomass yield and MTG biosynthesis

The medium used for pre-culturing acti-
nomycetes plays a crucial role in optimizing
transglutaminase production (Kieliszek and
Misiewicz, 2014). The selection of a suitable
inoculation medium, its optimal dosage and
its pre-culturing time are essential for obtain-
ing appropriate starter inoculum for subse-
quent MTG production.

The impact of pre-culturing in the inocu-
lation medium (Os), which had a different

composition than the TSB medium, on bio-
mass yield and the activity of the obtained
transglutaminase (Figure 5) for the investi-
gated strain Streptoverticillium cinnamone-
um KKP 1658 in the experimental medium
with amino peptone and corn steep liquor (as
main nitrogen sources) was examined.

After a 24-hour cultivation using the O3
inoculation medium, the highest biomass
yield of Streptoverticillium cinnamoneum
KKP 1658 was obtained, reaching 18.4 g
dw/L. In the case of using the TSB medium,
the biomass yield result was significantly
lower compared to the Oz medium, amount-
ing to 13.25 g qw/L. After 48 hours of culti-
vation, comparable biomass yield results
were obtained for both tested inoculation
media — 14.32 and 14.39 g q.w/L for TSB and
O3, respectively. On the third day of cultiva-
tion, the biomass yield significantly de-
creased for both cases to 11.77 and 7.67 g
aw/L, respectively, for TSB and Os. In the
last day of cultivation, even lower biomass
yield results were recorded — 9.39 g q.w./L for
TSB and 5.5 g q.w./L for the medium with oat
flakes. A proportional relationship for bio-
mass yield results using the Os inoculation
medium can be observed — increasing culti-
vation time leads to a decrease in the yield of
the investigated strain. For the TSB inocula-
tion medium, the maximum biomass increase
was noted after 48 hours of cultivation,
which, as with O3, decreased over the course
of cultivation. The obtained values suggest
that after pre-cultivation in the medium with
oat flakes, the investigated strain reaches the
log phase more quickly. It can be speculated
that the pre-cultivation process in the TSB
medium translates into an extension of the
log growth phase (prolonged trophophase) in
S. cinnamoneum KKP 1658; hence, the idi-
ophase is delayed compared to the inocula-
tion medium with oat flakes.

Undoubtedly, transglutaminase produc-
tion is related to cell growth (Zheng et al.,
2002). However, an important aspect in this
study was to examine how each changing pa-
rameter (inoculation medium, its dose and
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Figure 5: Changes in biomass yield and MTG production depending on the applied inoculation me-
dium using aminobak/corn steep liquor 1:1 as the main nitrogen source in a 96-hour cultivation. 29

Means with the same letter did not differ significantly.

age; nitrogen source or cultivation parame-
ters) affects the activity of the secreted trans-
glutaminase. Regardless of the inoculation
medium used, the results of MTG activity af-
ter 24 hours of cultivation did not exceed 1
U/mL (0.77 and 0.93 U/mL for TSB and O3,
respectively) and did not differ statistically.
In the next day of cultivation, the results
showed a significant increase, reaching val-
ues of 3.94 and 5.05 U/mL, respectively, for
the TSB and O3 inoculation media. After 72
hours of cultivation, the highest transglutam-
inase activity was recorded, obtained from
the TSB medium for biomass pre-cultivation
(6.59 U/mL). Pre-cultivating biomass in the
medium with oat flakes for 72 hours allowed
achieving MTG activity at the level of 4.1
U/mL, which was significantly lower com-
pared to the same inoculation medium from
the previous day and compared to the TSB
medium from the same time unit. The results
obtained after 96 hours of cultivation were at

the level of 4.73 and 2.72 U/mL, respective-
ly, for the TSB and O3 inoculation media.

The obtained results indicate that the use
of TSB allows significantly higher transglu-
taminase activity (6.59 U/mL) than the O;
medium with oat flakes (5.05 U/mL). It is
noteworthy that the maximum MTG produc-
tion took 72 hours for biomass pre-cultivated
in the TSB medium, and 48 hours for the O3
medium. This observation aligns with previ-
ous conclusions that cells of S. cinnamoneum
KKP 1658 exhibit an extended initial growth
phase in the experimental medium after pre-
cultivation in the TSB medium compared to
the O3 medium. The use of the O3 medium
results in a faster adaptation to the environ-
ment and the initiation of transglutaminase
production.

Impact of inoculum age on MTG activity
Considering the above studies, the TSB
inoculation medium remained optimal de-
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spite the need for a 72-hour cultivation. Ad-
ditional studies were conducted to determine
the optimal pre-cultivation time of cells in
the TSB inoculation medium. The effect of
pre-cultivation for 24, 48 and 72 hours on
biomass yield (Figure 6) and the activity of
the obtained transglutaminase (Figure 7) was
examined. The biomass yield in the inocula-
tion medium was measured before inoculat-
ing the experimental media. Pre-cultivating
for 48 hours in the TSB medium resulted in a
higher biomass yield (7.1 g a¢.w/L) compared
to 24 hours (3.86 g 4.w./L) and 72 hours (4.61
g dw/L).

After 24 hours of proper cultivation, the
highest biomass yield was observed in the
medium inoculated with a 72-hour inoculum
— 13.37 g 4w./L. Media inoculated with 24
and 48-hour inocula showed significantly
lower biomass yields (9.37-9.47 g q4w/L).
The highest biomass yield was obtained after
48 hours of cultivation in the medium sup-
plemented with a 48-hour inoculum (19.97 g
dw/L), and the biomass from the other media

exhibited significantly lower yields in both
this and subsequent time units. Most of the
other results characterized biomass yields
ranging from 15.91 to 17.34 g q.w./L.

After 24 hours of cultivation of the S.
cinnamoneum KKP 1658 strain in a cultiva-
tion medium with aminobak and corn steep
liquor, regardless of the age of the inoculum
used, the activity of the measured transglu-
taminase did not exceed 1 U/mL. A signifi-
cant increase was observed in the next day of
cultivation, with media inoculated with 48-
and 72-hour inocula showing transglutami-
nase activities of 4.32 and 4.72 U/mL, re-
spectively. The highest biomass increment
did not translate into the highest MTG activi-
ty, as the highest result was obtained for the
medium supplemented with a 24-hour inocu-
lum and proper cultivation for 72 hours (5.59
U/mL). Transglutaminase activity in other
media on the third day of cultivation was
significantly lower, as well as on the last day
of cultivation.
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Figure 6: The impact of pre-cultivating biomass of S. cinnamoneum for 24, 48, and 72 hours on the
biomass yield in a 96-hour cultivation. 9 Means with the same letter did not differ significantly.
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Figure 7: The influence of pre-cultivating biomass of S. cinnamoneum for 24, 48, and 72 hours on the
activity of MTG in a 96-hour cultivation. @' Means with the same letter did not differ significantly.

The conducted studies provided essential
information regarding the optimal time for
pre-cultivation of the investigated strain of
streptomycetes. It was established that the
highest results of transglutaminase activity
are achieved by conducting the cultivation of
the S. cinnamoneum KKP 1658 strain for 72
hours and the pre-cultivation process in the
TSB inoculation medium for 24 hours.

The impact of different inoculum doses on
MTG activity

The next stage of the research aimed to
examine how varying inoculum doses affect
transglutaminase activity. For this purpose,
inoculum in quantities of 5, 10 and 15 % was
added to the research medium with amino-
bak and corn steep liquor. Subsequently, cul-
tivations were conducted for 72 hours, after
which the activity of the produced transglu-

taminase was examined. The results are pre-
sented in Figure 8.

The addition of an inoculum suspension
in a quantity of 5 % to the research medium
resulted in transglutaminase activity of 4.5
U/mL after 72 hours of cultivation. The 5 %
inoculum dose significantly decreased the
MTG activity compared to the medium with
a 10 % inoculum, which reached 5.46 U/mL.
It was observed that an increased inoculum
dose of 15 %, in comparison to the 10 %
dose, did not have a statistically significant
effect on the activity of the obtained
transglutaminase (5.43 U/mL).

In summary, a 5 % inoculum dose signif-
icantly reduced MTG activity, while a 15 %
dose did not have a statistically significant
impact on MTG activity compared to the
mean 10 % dose. Adding a 10 % inoculum
suspension to the research medium and con-

664



EXCLI Journal 2024;23:655-671 —ISSN 1611-2156

Received: January 28, 2024, accepted: April 26, 2024, published: May 03, 2024

15 - \—| a
2
Q
/2]
3
_ a
e 10 /1
-]
S
Q
o
£
5 - H- b
0 1 2 3 4 5 6

Microbial transglutaminase activity (U/mL)

Figure 8: The influence of inoculum dose in the research medium on the activity of transglutaminase
produced by S. cinnamoneum. @ Means with the same letter did not differ significantly.

ducting cultivation for 72 hours ensures the
highest efficiency in the production of
transglutaminase by the investigated strain
Streptoverticillium cinnamoneum KKP 1658.

Impact of initial medium pH on MTG
biosynthesis

The rate of MTG production, its activity,
and efficiency in research media vary de-
pending on the medium composition and en-
vironmental conditions, including pH. To
achieve the maximum speed of MTG pro-
duction, it is necessary to determine the op-
timal conditions for cell growth and MTG
production during fermentation. The influ-
ence of pH on MTG production is a signifi-
cant but underexplored aspect (Meiying et
al., 2002).

Based on the available literature, the ini-
tial pH of the experimental substrate was set
at 6.5, while the initial pH of the inoculation
medium was set at 7.0 (Meiying et al., 2002;
Kieliszek and Misiewicz, 2014). Changes in
pH values were examined during the 96-hour
cultivation of S. cinnamoneum KKP 1658 in
the experimental medium with the addition

of aminobak and corn steep liquor, inoculat-
ed with a 24-hour inoculum at a 10 % dose,
confirming the optimal dose results (Figure
9A). In the first day of cultivation, an in-
crease in pH was observed, reaching 6.95,
which decreased to 5.59 after 48 hours of
cultivation. After 72 hours of cultivation,
where previous studies noted the highest
values of MTG activity, the pH increased to
6.83, and in the last day of cultivation, it rose
to 7.22.

Figure 9A depicts pH changes ranging
from 5.5 to 7.25, so the influence of initial
pH levels from 5.0 to 7.0 on the activity of
the obtained transglutaminase was examined
(Figure 9B). The highest transglutaminase
activity was achieved for the substrate with
an initial pH of 6.0 — 4.14 U/mL. Another
homogeneous group consisted of substrates
with initial pH levels of 5.0 and 5.5, which
exhibited MTG activity of 3.43 and 3.31
U/mL, respectively. The lowest activity of
microbial transglutaminase was observed in
substrates with initial pH levels of 6.5 and
7.0: 2.63 and 2.35 U/mL, respectively.
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DISCUSSION

Microbial transglutaminase is produced
by various bacteria, fungi and actinomycetes.
Numerous studies have been conducted to
identify microorganisms capable of produc-
ing this enzyme (Kieliszek and Misiewicz,
2014; Akbari et al., 2021). These investiga-
tions have revealed that strains of Streptomy-
ces sp. CBMALI 1617 (SB6) (Ceresino et al.,
2018) and Actinomycetes (Eshra et al., 2015)
exhibit the highest (~6 U/mL) and lowest
(~0.04 U/mL) activity of this discussed en-
zyme, respectively.

The discovery and isolation of the Strep-
tomyces mobaraense strain (Washizu et al.,
1994) represented the first step toward its
widespread commercial use. Subsequently,
many different strains of microorganisms,

such as Streptomyces lydicus (Faergemand
and Qvist, 1997), Streptomyces cinnamone-
um CBS 683.68 (Duran et al., 1998) and
Streptomyces sp. CBMAI 837 (Macedo et
al., 2007), were identified to produce
transglutaminase extracellularly. It has been
found that the yield and biochemical charac-
teristics of the synthesized MTG vary signif-
icantly depending on the strain (Kieliszek
and Misiewicz, 2014; Akbari et al., 2021).
Work is still ongoing to isolate new strains
of microorganisms capable of producing
MTG with high efficiency from various en-
vironmental sources (Zhang et al., 2009;
Ceresino et al., 2018). When evaluating the
potential of new strains for enzyme produc-
tion, it is crucial to adapt the appropriate nu-
trient composition for the cultivation of these
specific strains (Ceresino et al., 2018).

Despite the widespread use of transglu-
taminase in various industrial sectors
(Akbari et al., 2021), the S. mobaraense
strain remains the only microorganism used
for the commercial production of MTG. Un-
fortunately, there is a significant lack of
knowledge regarding the production of
transglutaminase by genetically unmodified
strains of the Streptoverticillium genus, in-
cluding S. cinnamoneum. Therefore, the re-
sults of this study should be compared to
currently available publications on the pro-
duction and activity of microbial transglu-
taminase from various strains of Streptover-
ticillium.

Most research results in the available lit-
erature are dedicated to the model repre-
sentative of actinomycetes — S. mobaraense.
In the study by Kieliszek and Misiewicz
(2014), the authors compiled the available
knowledge on the activity of transglutami-
nase produced by S. mobaraense at that time.
Results from the years 1994-2012 reported
that scientists managed to determine MTG
activity in the range of 0.9-3.4 U/mL. Other
strains of the Streptoverticillium genus, such
as S. lividans, S. lydicus, S. platensis, S.
sioyansis, S. griseocarneum, exhibited MTG
activity in the range of 1.3-2.2 U/mL.
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In the study by Guerra-Rodriguez and
Vazquez (2014), which focused on the cost-
optimal cultivation medium, transglutami-
nase activity was noted at 2.95 U/mL for
Streptomyces mobaraensis CECT 3230. Two
years later, Jin et al. (2016) reported MTG
activity of 1.75 U/mL for Streptomyces mo-
baraensis TX. In 2017, Xavier et al. (2017),
through nutrient optimization for Streptomy-
ces sp., achieved transglutaminase activity at
4.1 U/mL, which was a record result in the
literature on the subject. In 2018, Ceresino et
al. (2018) isolated a new strain, Streptomyces
sp. CBMAI 1617 (SB6), which, in a sub-
strate (composed of 2.5 % soybean meal,
2.0 % potato starch, 0.1 % glucose, 1.0 %
bacteriological peptone, 0.4 %
KH2PO4-7H>0 and 0.2 % MgSO4-7H20, pH
7.0), was capable of producing MTG with an
activity of 6.07 U/mL.

The results of the current study provide
new values for transglutaminase activity for
the rarely described S. cinnamoneum strain.
The studied strain exhibited MTG activity
values ranging from 4.14 to 6.59 U/mL at
various stages of the research. The highest
result is 8.57 % higher than the result report-
ed by Ceresino et al. (2018), which is very
promising for further research on this strain.

Another crucial aspect in studies on ob-
taining transglutaminase is the substrate
composition, and more importantly, its costs,
which can constitute almost 30 % of the
overall expenses related to the biosynthesis
process (T¢llez-Luis et al., 2004). In most of
the studies concerning MTG biosynthesis
from Streptomyces sp. strains, the nutrient
compositions are nearly identical. Glucose
and soluble starch are commonly used car-
bon sources, while aminobak, peptone and
yeast extract serve as popular nitrogen
sources in cultivation media for MTG pro-
duction (Ando et al., 1989; Akbari et al.,
2021). The substrates often contain essential
elements such as sodium phosphate, potassi-
um phosphate and magnesium sulphate
(Guerra-Rodriguez and Vazquez, 2014). It
appears that supplementation with salts can
effectively enhance MTG biosynthesis,

probably by accelerating the transformation
of pro-MTGase into a mature enzymatic do-
main through an increase in overall protease
production (Fatima et al., 2019). According
to the results of Ceresino et al. (2018), potas-
sium dihydrogen phosphate is one of the
components with the most positive and sig-
nificant impact on transglutaminase biosyn-
thesis, making it one of the ingredients used
in this study.

Microbiological media used for cultivat-
ing Streptoverticillium strains are usually not
economically viable owing to the high quan-
tity of expensive nutritional components
such as yeast extract and peptone (Kieliszek
and Misiewicz, 2014; Ceresino et al., 2018).
Many publications discuss the possibility of
using agricultural waste as a source of car-
bon or nitrogen for transglutaminase produc-
tion (Akbari et al., 2021). Researchers Guer-
ra-Rodriguez and Vazquez (2014) evaluated
MTG biosynthesis by S. mobaraensis using a
substrate based on non-commercial potatoes.
According to their results, the best medium
turned out to be gelatinized, unhydrolyzed
potato, enabling the attainment of enzyme
activity up to 2.72 U/mL after 96 hours of
cultivation. In another study conducted by
Téllez-Luis et al. (2004), the biosynthesis of
transglutaminase by  Streptoverticillium
ladakanum NRRL-3191 was assessed using
a medium containing a mixture of sorghum
straw hydrolysate and xylose at a concentra-
tion of 20 g/L. Through these experiments,
enzyme activity reached a level of 0.348
U/mL after 72 hours of cultivation. In a
study by Portilla-Rivera et al. (2009), the bi-
osynthesis of MTG by S. ladakanum NRRL-
3191 was evaluated on media prepared from
molasses, sugar cane and glycerol. Results
indicated that the highest MTGase activity
(0.460 U/mL) was obtained in a medium
containing a mixture of molasses and glycer-
ol. In media containing only molasses from
sugar cane and glycerol, enzyme activity was
0.240 U/mL and 0.250 U/mL, respectively.

In this study, an attempt was made to use
corn steep liquor as a nitrogen source to re-
place the costly aminobak. Corn steep liquor,
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a product produced in the wet milling indus-
try of corn, contains a high quantity of amino
acids, polypeptides and B-group vitamins
(Kim et al., 2020). Studies have demonstrat-
ed that corn steep liquor is an excellent ni-
trogen source for most microorganisms (Yu
et al., 2008), especially those belonging to
the Streptomyces genus (Nascimento et al.,
2009). By employing a research medium
containing corn steep liquor and the investi-
gated strain S. cinnamoneum KKP 1658, an
MTG activity of 1.95 U/mL was achieved af-
ter 48 hours of cultivation. Compared to oth-
er waste components of substrates described
above, the use of corn steep liquor translates
into relatively high MTG activities.

Environmental conditions such as tem-
perature and pH are crucial for effective
MTG biosynthesis and must be optimized to
enhance enzyme activity. However, various
studies in this field often present conflicting
results, which may arise from differences in
microbial strains, media and other experi-
mental factors. Here are a few examples
from different studies: Zhang et al. (2012)
cultivated S. mobaraensis at a temperature of
30 °C and pH 7.0. Jin et al. (2016) also culti-
vated S. mobaraensis at 30 °C but at pH 7.4.
Turker et al. (2016) determined that the op-
timal conditions for the highest enzyme ac-
tivity were pH 6.0 and 30 °C for 14 days.

It appears that a temperature range of 28-
30 °C and a pH around 7.0 are often favora-
ble for achieving high MTG activity. How-
ever, fermentation time may vary depending
on the cultivation conditions and the targeted
enzyme activity, typically ranging from 72 to
96 hours. It is crucial to experimentally op-
timize these parameters in a specific case to
achieve the best results in MTG biosynthesis
(Kieliszek and Misiewicz, 2014; Akbari et
al., 2021).

Due to conflicting literature results re-
garding the optimal cultivation conditions
for Streptoverticillium strains and the lack of
studies on the S. cinnamoneum KKP 1658
strain, it was decided to use a temperature of
28 °C and, based on the current research, se-
lect the initial pH of the medium within the

range of 5.0-7.0. Summarizing the obtained
results, it can be hypothesised that biomass
obtained from a medium with an initial pH
of 6.0 exhibits the highest transglutaminase
activity.

It is essential to note that this study fo-
cuses on laboratory-scale research. A subse-
quent stage of research should be conducted,
utilizing the previously presented results, by
scaling up to bioreactor cultivations. Repli-
cable results from bioreactor cultivations
will provide detailed data on the average ac-
tivity of microbial transglutaminase pro-
duced by the Streptoverticillium cinnamone-
um KKP 1658 strain on a larger scale.

The results of this study provide evi-
dence that the combination of commercial
aminobak with waste corn steep liquor in a
1:1 ratio can yield higher transglutaminase
activity than the individual nitrogen sources.
Such a solution allows the highest MTG ac-
tivity — up to 6.59 U/mL to be achieved
while retaining economic benefits by replac-
ing half of the expensive aminobak or pep-
tone dose with waste corn steep liquor. Such
a high MTG activity result may be associat-
ed with the composition of the waste materi-
al, which is rich in vitamins and amino acids,
playing a crucial role in the microbial syn-
thesis of transglutaminase.

CONCLUSION

The investigated strain, Streptoverticilli-
um cinnamoneum KKP 1658, cultivated in a
medium containing aminobak and corn steep
liquor as the primary nitrogen source,
demonstrated the ability to biosynthesize
transglutaminase with an activity of 6.59
U/mL. TSB proved to be a more effective
inoculation medium than O3 with oat flakes.
The optimal pre-inoculation time in the TSB
inoculation medium was 24 hours, with an
optimal inoculum dosage of 10 % of the ex-
perimental culture volume. Experimental
cultures were conducted at 28 °C, and the in-
itial pH 1n the range of 6.0-6.5 yielded the
best transglutaminase activity results. It was
observed that the highest biomass increase
did not always correlate with the highest mi-
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crobial transglutaminase activity. The use of
corn steep liquor as a nitrogen source was
justified, allowing for a 50 % reduction in
costs associated with the purchase of expen-
sive nitrogen sources such as aminobak or
peptone. Furthermore, cultivation in this me-
dium resulted in over a three-fold increase in
transglutaminase activity compared to a me-
dium with aminobak as the primary nitrogen
source.

Currently, there is a lack of recent studies
on the production of microbial transglutami-
nase by S. cinnamoneum, allowing the re-
sults of this study to fill the gap in the litera-
ture on this subject somewhat. In further
stages of research, the focus should be on de-
termining transglutaminase activity in biore-
actor cultures, utilizing selected nitrogen
sources as components of cultivation media.
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Abstract

Microbial transglutaminase (MTG) is an enzyme widely used in the food industry because it creates cross-links between
proteins, enhancing the texture and stability of food products. Its unique properties make it a valuable tool for modify-
ing the functional characteristics of proteins, significantly impacting the quality and innovation of food products. In this
study, response surface methodology was employed to optimize the fermentation conditions for microbial transglutaminase
production by the strain Streproverticillium cinnamoneum KKP 1658. The effects of nitrogen dose, cultivation time, and
initial pH on the activity of the produced transglutaminase were investigated. The significance of the examined factors was
determined as follows: cultivation time > nitrogen dose > pH. The interaction between nitrogen dose and cultivation time
was found to be crucial, having the second most significant impact on transglutaminase activity. Optimal conditions were
identified as 48 h of cultivation with a 2% nitrogen source dose and an initial medium pH of approximately 6.0. Under these
conditions, transglutaminase activity ranged from 4.5 to 5.5 U/mL. The results of this study demonstrated that response
surface methodology is a promising approach for optimizing microbial transglutaminase production. Future applications of
transglutaminase include the development of modern food products with improved texture and nutritional value, as well as
its potential use in regenerative medicine for creating biomaterials and tissue scaffolds. This topic is particularly important
and timely as it addresses the growing demand for innovative and sustainable solutions in the food and biomedical industries,
contributing to an improved quality of life.

Keywords Transglutaminase - MTG - Streptoverticillium - Response surface methodology

Introduction

Transglutaminase is an enzyme from the transferase class
(EC 2.3.2.13) widely used in the food industry. This enzyme
catalyzes three types of protein reactions: (1) acyl transfer
reactions, (2) deamidation reactions, and (3) cross-linking
reactions between glycine and lysine residues (Kieliszek and
Misiewicz 2014; Kolotylo et al. 2023). Transglutaminase
has applications in various industries, including packaging
(bioplastics) (Mirpoor et al. 2024), dairy (Hidas et al. 2023;
Marhons et al. 2023; Romeih et al. 2024), fish (Tokay et al.
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2021), meat (Feng et al. 2024b, a), and bakery (Schlangen
et al. 2023; da Ramos et al. 2023).

Initially, commercial transglutaminase was derived
from animal sources, but it has now been completely
replaced by microbial transglutaminase (MTG) (Redd
et al. 2024). Microbial transglutaminase has entirely
replaced the animal-derived enzyme because it is cheaper
and more efficient to produce, exhibits higher stability and
activity under various conditions, is safer for consumers,
and is more widely accepted ethically and religiously.
Furthermore, creating the enzyme through microorgan-
isms allows for better quality control, ensuring a uniform
and pure final product (Motoki and Seguro 1998; Yokoy-
ama et al. 2004). Currently, transglutaminase is primarily
obtained from the strain Streptomyces mobaraensis. It is
also produced by other microorganisms such as Streptover-
ticillium lydicus, Streptoverticillium ladanum, Bacillus
subtilis, and Bacillus sphaericus (Ceresino et al. 2018;
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Kolotylo et al. 2023). Enzymes are crucial for the process-
ing industry owing to their specificity. Such metabolites
can minimize by-products in the agro-food industry, act
quickly, and require moderate reaction conditions. The
industrial enzymes market has grown consistently in both
production and revenue (Tarafdar et al. 2021). Enzyme
sales in the USA amounted to $1.3 billion in 2002 and $5.1
billion in 2009, with food enzymes constituting 31% and
feed enzymes 6% of the total market (Sarrouh et al. 2012).
As of 2019, the enzyme market was projected to reach a
value of $10.6 billion in 2020, with an annual growth rate
of 7.1%, reaching approximately $14.9 billion by 2027.
This growth is attributed to the importance of enzymes in
the food, biofuel, agricultural, detergent, textile, and cos-
metic industries. The food industry holds the largest share
of the enzyme market, where enzymes are used for produc-
ing food additives and dietary supplements, in beverage
industries, vegetable and fruit processing, cheese, protein,
grains, oils, fats, and dairy products, as well as in brewing,
baking and agriculture (Wu et al. 2020). Thus, optimiz-
ing enzyme production processes is crucial for ensuring
sustainable development.

Response surface methodology (RSM) is an effective
technique for optimizing biotechnological processes,
relying on a strategy for finding optimal conditions in
multidimensional systems. RSM is preferred over classi-
cal optimization methods because it allows simultaneous
examination of the effects of multiple variables and their
interactions on the outcome, which reduces the number
of necessary experiments, saves time and resources, and
increases accuracy through its statistical approach. Com-
pared to other methods, RSM offers a more comprehensive
and effective tool for optimizing multivariable processes,
allowing for better modelling, control, and visualization
of data, which is crucial in advanced scientific research
(Bezerra et al. 2008). This method has been successfully
applied to optimize the composition of the medium for
xanthan production and conditions for enzymatic hydroly-
sis since the 1990s (Ma and Ooraikul 1986; Roseiro et al.
1992). In 2010, the method was used to optimize pullulan
production (Jiang 2010); in 2023, to maximize emulsion
stability (Liu et al. 2023); and in 2024, studies were pub-
lished on optimizing the extraction process of sugars and
phenolic compounds (De la Lama-Calvente et al. 2024).
Selected studies using this optimization method over the
years demonstrate its timelessness and continued rel-
evance, which is why it was utilized in the present study.

This study employs response surface methodology to
determine the combined effect of three crucial cultivation
parameters—nitrogen dose, cultivation time, and initial
medium pH—on transglutaminase production by Strep-
toverticillium cinnamoneum KKP 1658.

@ Springer

Materials and methods
Microorganism

The study was conducted using the actinomycete strain Strep-
toverticillium cinnamoneum KKP 1658, stored in the Pure
Culture Collection of the Department of Biotechnology and
Food Microbiology at the Warsaw University of Life Sciences.
The actinomycetes were maintained at — 80 °C in tryptic soy
broth with glycerol (Chempur, Poland). It is worth noting that
the S. cinnamoneum KKP 1658 strain was purchased from
the Institute of Agricultural and Food Biotechnology State
Research Institute (IAFB) Collection of Industrial Microor-
ganisms (Warsaw, Poland). This collection contains a very
large number of microorganisms that are identified, shared,
and stored long-term by the global standards of the World Fed-
eration for Culture Collection (WFCC), the guidelines of the
European consortium CABRI (Common Access to Biologi-
cal Resources and Information), and the recommendations of
the OECD (OECD Best Practice Guidelines for Biological
Resource Centres) regarding best practices in the storage of
biological materials.

Preparation of medium

The inoculation medium TSB (tryptic soy broth) contained
(g/L): casein peptone (BioMaxima, Poland) 17, soy pep-
tone (BioMaxima, Poland) 3, NaCl (P.P.H. Stanlab, Poland)
5, K,HPO, (POCH S.A., Poland) 2.5, glucose (Chempur,
Poland) 2.5. The inoculation medium was sterilized at 121 °C
for 15 min (Systec D-45 autoclave, De Ville, Poland) after
adjusting the pH to 7.0 (pH meter Elmetron CP-505, Poland).
To optimize the production process of microbial transglu-
taminase, the effects of three different nitrogen source doses
(1%, 2%, and 4% in the form of a combination of amino-bak
(BTL, Poland) and corn steep liquor (Massive baits, Poland)
in a 1:1 ratio) and pH levels of 5.5, 6.0, and 6.5 were investi-
gated (Kolotylo et al. 2024). The composition of the research
medium with 2% nitrogen source content (g/L) was as fol-
lows: soluble starch (Chempur, Poland) 20, amino-bak (BTL,
Poland) 10, corn steep liquor (Massive baits, Poland) 10, yeast
extract (BioMaxima, Poland) 2, KH,PO, (POCH S.A., Poland)
2, Na,HPO, (POCH S.A., Poland) 2, MgSO, 7H,O (Biomus,
Poland) 1. The research media were sterilized at 121 °C for
15 min (autoclave) after adjusting the pH to 5.5, 6.0, or 6.5.

Cultivation methods

The starter culture was prepared by inoculating a 500-mL
flask containing 100 mL of TSB medium with cells of the
test strain (6-8 x 10’ CFU/mL) and incubating at 28 °C for
72 h on a shaker (Eppendorf Innova 44 Incubator Shaker,
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Germany) at 180 rpm. Then, 10 mL of the starter culture
was transferred to 90 mL of fresh TSB medium to obtain the
inoculation culture, which was incubated for 24 h at 28 °C
and 180 rpm. For the production of microbial transglutami-
nase, 10 mL of the inoculation medium was transferred to
90 mL of research media. Cultures were incubated at 28 °C
and 180 rpm for three different time periods: 24, 48, and
72 h.

Biomass yield determination

The biomass yield of Streptoverticillium cinnamoneum KKP
1658 was determined after centrifuging (Eppendorf 5810
Centrifuge, Germany) (4500 rpm, 10 min) 30 mL of the
culture broth in dry, pre-weighed Falcon tubes. The super-
natant was decanted for transglutaminase activity determi-
nation, and the sediment was dried (SML Zalmed Dryer,
Poland) (80 °C) to a constant mass. Biomass yield after
centrifugation and drying in triplicate was calculated per 1
L of medium and expressed in grams of dry substance (g of
dry substance per L).

Transglutaminase activity determination

Transglutaminase activity was determined using commer-
cial test kits Microbial Transglutaminase Assay Kit Art. No.
7009 (Zedira GmbH, Darmstadt, Germany). The assay uses
Z-GIn-Gly (N2-[(phenylmethoxy)carbonyl]-L-glutaminyl-
glycine, C15H19N306) (Zedira GmbH, Germany) as the
amine acceptor and hydroxylamine (Zedira GmbH, Ger-
many) as the amine donor. In the presence of MTG, hydroxy-
lamine is incorporated into the Z-Gln-Gly substrate, forming
Z-glutamyl-hydroxaminyl-glycine, which forms a colored
complex with iron (III) detectable spectrophotometrically
(BIO-RAD SmartSpec 3000 Spectrophotometer, Poland) at
a wavelength of 525 nm (Kolotylo et al. 2024).

Analytical methods

The statistical optimization of parameters affecting micro-
bial transglutaminase production was conducted using a
Box—Behnken design, which employs three levels of three
different factors. Statistical analysis, experimental design,
and model building were performed using Statistica software
version 13.1.

Results and discussion

Microbial transglutaminase (MTG) is highly esteemed in
the food sector for its ability to modify protein structures
without altering the product’s taste, color, or nutritional
value. By cross-linking proteins, this enzyme enhances

water retention, texture, and firmness in a range of prod-
ucts, including meat, fish, dairy, and baked goods (Kolotylo
et al. 2023). One of the earliest applications of MTG was
in the production of surimi, where it improves texture and
elasticity by cross-linking myosin in fish muscle, giving the
product its essential gel-like (Yokoyama et al. 2004; Romeih
and Walker 2017). In the meat industry, MTG facilitates
smaller pieces of meat to be bound together into high-quality
products like sausages and restructured steaks, enhancing
cohesiveness and texture without the need for added salt
(Duarte et al. 2019a). In baking, the enzyme increases dough
elasticity, boosts the volume of baked goods, and extends
shelf life, which is particularly beneficial for gluten-free
products (Smidové and Rysova 2022). In dairy process-
ing, MTG improves the stability and texture of yogurts and
cheeses by enhancing water-binding capacity and reducing
whey separation (Kieliszek and Btazejak 2017). Beyond the
food industry, MTG finds use in various other sectors.

In textiles and leather manufacturing, the enzyme
enhances the durability and elasticity of protein-based mate-
rials like wool by cross-linking proteins, improving fiber
strength and resistance to shrinkage (Yokoyama et al. 2004;
Yokoyama 2024). In biotechnology, MTG is employed in
developing new biomaterials, such as wound dressings and
scaffolds for tissue engineering, thanks to its ability to form
durable, water-insoluble protein structures—crucial for
applications requiring high mechanical stability (Xia et al.
2022; You et al. 2024).

In the context of increasing demand for efficient and eco-
nomical enzyme production methods, our work focuses on
identifying and optimizing key factors influencing the yield
of transglutaminase production by Streptoverticillium cinna-
moneum KKP 1658. It is worth emphasizing that the Strep-
toverticillium cinnamoneum strain (syn. Streptomyces cinna-
moneus, Streptomyces sapporonensis) (Hatano et al. 2003)
exhibits an aerobic metabolism typical of actinomycetes. It
shows the ability to assimilate various carbon substrates,
which makes it a versatile microorganism in various envi-
ronments. Therefore, it can be found in soil (Gopalakrishnan
et al. 2020), where it plays an essential role in decompos-
ing organic matter and recycling nutrients. It mainly prefers
soil rich in organic carbon compounds. The S. cinnamoneum
genome is rich in genes responsible for synthesizing sec-
ondary metabolites, which is reflected in the ability of this
organism to produce a wide range of bioactive compounds.
A high percentage of guanine and cytosine in DNA is char-
acteristic of actinomycetes, which correlates with their adap-
tation to difficult environmental conditions (Gopalakrishnan
et al. 2020). One of the key features of S. cinnamoneum is
its ability to biosynthesize antibiotics (Paradkar et al. 1998),
especially from the aminoglycoside group, including cin-
namycin. Cinnamycin, as a secondary product, not only
plays a vital role in the microorganism’s defense strategies,
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but also has potential applications in antibacterial therapy
(Ramirez-Rendon et al. 2023). The production of transglu-
taminase by this strain is also noteworthy, as this enzyme has
applications in biotechnology (Cabrera-Barjas et al. 2022),
including the food and pharmaceutical industries, where it is
used to modify proteins and improve the textural properties
of foods (Velazquez-Dominguez et al. 2023). In summary,
Streptoverticillium cinnamoneum is a microorganism of
great ecological and biotechnological value, whose unique
metabolic properties and ability to produce bioactive com-
pounds make it the subject of intensive research in the field
of biotechnology.

The use of response surface methodology (RSM) allows
for the systematic examination of the impact of various pro-
cess parameters and their interactions, enabling the deter-
mination of optimal cultivation conditions. The following
results and discussion elucidate the production process and
suggest improvements that can enhance yield and reduce the
production costs of transglutaminase. To find the optimal
cultivation conditions for Streptoverticillium cinnamoneum
KKP 1658 in batch cultures, it is essential to identify the key
factors influencing microbial transglutaminase production.
Our previous experiments (Kolotylo et al. 2024) determined

Table 1 Values of coded levels used for the experimental design

Factors (independent variables) Symbols Actual levels of
coded factors
-1 0 1
Dose of nitrogen source (%) A 1 2 4
Time (h) B 24 48 72
Initial pH C 55 6.0 6.5

the main factors influencing transglutaminase production by
the strain S. cinnamoneum KKP 1658. Table 1 presents the
selected ranges of nitrogen source doses (A), cultivation time
(B), and initial pH (C) (coded as—1, 0, and 1, where — 1
denotes the minimum value of the given range and 1 the
maximum value of the range) used in this study.

To optimize the conditions for transglutaminase pro-
duction by Streptoverticillium cinnamoneum KKP 1658,
an experiment was designed following the principles of
the three-level fractional factorial designs according to
Box—Behnken for three factors. In total, 15 experiments were
conducted, consisting of 12 different combinations of the
three factors and three repetitions at the central point. The
experimental data were used to generate the coefficients of
the quadratic polynomial model and response surface plots
were constructed for each dependent variable to visualize
the response surface field. The experimental data for the
Box—Behnken statistical plan are presented in Table 2.
The regression coefficients were calculated, and the fitted
equations to predict transglutaminase activity (X) are given
below:

X =-294.69+112.76 X A — 4.88 X A2 + 96.62 x C —8.08 x C2
—3445XAXC+269XxAXC2+0.71 xA2x C—-0.02

XBXA+0.002XxBxA2+0.03xBxC+1.74
ey
where A is the nitrogen source dose, B is the cultivation time,
and C is the initial pH of the culture.

The predicted values calculated from the above equation
showed excellent agreement with the experimental data, as
shown in Fig. 1, indicating the suitability of this quadratic
model for the present experimental setup.

Table 2 Box-Behnken design

. Run numbers Nitrogen source pH Time (h) Biomass yield (g Transglutaminase
w1th actual and coded levels of (%) iy mas/L) activity (U/mL)
variables and actual values of Y
responses 1 1 5.5 48 12.02+0.36 2.812+0.50

2 4 5.5 48 17.25+0.52 1.354+0.24
3 1 6.5 48 14.93+0.45 2.332+0.42
4 4 6.5 48 22.75+0.68 5.085+0.91
5 1 6.0 24 11.55+0.35 1.739+0.31
6 4 6.0 24 14.26 +£0.43 0.819+0.15
7 1 6.0 72 11.06 +£0.33 3.114+0.56
8 4 6.0 72 18.92+0.57 1.288+0.23
9 2 5.5 24 15.62+0.47 2.476+0.44
10 2 6.5 24 14.36 £0.43 1.350+0.24
11 2 5.5 72 16.03+0.48 2.687+0.48
12 2 6.5 72 16.58 +0.50 2.829+0.50
13 2 6.0 48 18.71+0.56 4.595+0.82
14 2 6.0 48 17.22+0.52 4.348 +0.78
15 2 6.0 48 18.42+0.55 4.561+0.81
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The fit of the experimental model to the obtained trans-
glutaminase activity results was expressed by the coefficient
of determination R?. In this case, the R? value of 99.4% indi-
cates that the response model can explain over 99% of all
variance. According to Jiang (2010), any regression model
with a coefficient of determination exceeding 0.9 (90%) has
a very high correlation. After adjustment, the R? adj Value
decreased to 99.1%, but remained sufficiently high to indi-
cate a good fit of the model to the obtained data. According
to Liu et al. (2023), for a model to be considered appropriate,
the difference between the adjusted R°Adj and the predicted
R? values should be within the range of 0 to 0.200. The dif-
ference between these values in the present study is 0.0025,
indicating the model’s high accuracy in predicting response
values.

A significance level of 0.05 (p-value) was used to deter-
mine the significance of the model factors, where values
above this threshold are considered non-significant, and val-
ues below indicate significance (Table 3). Using the F-value,
we can determine the degree of influence of the studied fac-
tors on the activity of the produced transglutaminase. Very
low probability values (p-value <0.0001) suggest that high
F-values are not due to random noise, which is an inherent
part of laboratory experiments (Liu et al. 2023).

To facilitate the visualization of the influence of indi-
vidual components in the determined Eq. (1), a Pareto chart
was created, displaying the absolute values of the standard-
ized Student’s #-test and including a line corresponding to a
significance level of 0.05 (Fig. 2).

In the experiment discussed, the linear effect of factor A
(nitrogen source dosage) was the only one found to be insig-
nificant, while the quadratic effect of this factor ranked third
in terms of the absolute value of the standardized Student’s
t-test. For each investigated factor (Table 1) affecting the
production of transglutaminase by S. cinnamoneum KKP

55
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Predicted transglutaminase activity Values
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°
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3 4 5 6

Actual transglutaminase activity Values

Fig. 1 Predicted vs actual values for transglutaminase activity

Table 3 Analysis of variance for response surface quadratic model
obtained from experimental results

Source Sum of df Mean squares F-value p-value
squares

A 0.00370 1 0.00370 0.233  0.632932
B 3.78148 1 3.78148 237.585 <0.0001
C 7.02731 1 7.02731 441.515 <0.0001
A? 11.3970 1 11.3970 716.060 <0.0001
B? 23.4632 1 23.4632 1474.162 <0.0001
C? 1.19379 1 1.19379 75.004 <0.0001
AB 0.61438 1 0.61438 38.600 <0.0001
AC 13.3009 1 13.3009 835.675 <0.0001
BC 1.20560 1 1.20560 75.746  <0.0001
AC? 6.11818 1 6.11818 384.395 <0.0001
A’C 2.84513 1 2.84513 178.755 <0.0001
A’B 0.07356 1 0.07356 4.622 0.0392
Pure error  0.50932 32 0.01592 - -
Core total 78.0273 44 - - -

R? 0.9935 - - - -

R? Adj 0.9910 - - - -

1658, linear, nonlinear (quadratic), and interaction effects
are presented in Table 3 and Fig. 2. The significant order in
which the examined factors linearly influence the transglu-
taminase activity is as follows: initial pH (C) > cultivation
time (B) > nitrogen source dosage (A). The quadratic effects
are ordered as follows: cultivation time (B) > nitrogen source
dosage (A) > pH (C). The results show that the most signifi-
cant influence on MTG production is the quadratic effect of
factor B (cultivation time), indicating that the highest yield
is achieved around 48 h of cultivation. It is also important

B(Q) 38,39482

128.90805

j 26,75929

A(L)C(L)

AQ)

c(L)
AlL)C(Q)

B(L)

Term

AQ)C(L)
B(L) C(L)
c@
A(L) B(L)
AQ)B(L)
AlL)

|21.01226

|-19,606

|15,41378

|-13.3699

} 8,703222

}8,660485

-2,14979

-,482219

|

]-6.21292

p=,05

Standarized Effect

Fig.2 Pareto chart of standardized effect (response is transglutami-
nase activity (U/mL)). A represents nitrogen source dosage; B rep-
resents cultivation time; C represents initial pH. L denotes linear
effects, while Q denotes quadratic effects

@ Springer



264

Folia Microbiologica (2025) 70:259-269

to note the impact of the linear interaction between factors
AC (nitrogen source dosage and cultivation time), which,
according to statistical analysis, had the second most sig-
nificant effect on the obtained MTG activity. Figures 3, 4,
and 5 present three-dimensional surface response plots of
the predictive quadratic model.

Three-dimensional response surface plots were utilized to
determine the optimal conditions for transglutaminase pro-
duction. Cultivation of S. cinnamoneum KKP 1658 for 24
and 72 h led to MTG production with activity not exceeding
4 U/mL (Figs. 3 and 5). Additionally, it was observed that
transglutaminase activity values >4 U/mL were obtained
after experimental cultivation (48 h), which is confirmed
by actual results (Table 2) and those predicted by the model
(Fig. 4). The highest MTG activities (>6 U/mL) after 48 h
of cultivation (Fig. 4) were found in areas corresponding
to an initial pH range of 6.4-6.6 and high nitrogen source
dosages >4%.

A crucial question arises: are the parameters that achieved
the maximum transglutaminase activity optimal? The answer
to this question is that the parameters (nitrogen source dos-
age > 4% and pH range 6.4-6.6) that achieved the maximum
MTG activity were not optimal. Figure 4 shows that using
half the nitrogen dosage (2%) and a pH range of 5.8-6.0 can
achieve transglutaminase activity levels of 4.5-5.5 U/mL,
which is still very promising. Optimization can be defined
as studies based on technical and economic feasibility, which
in turn is achievable by maximizing yield while minimizing

Fig.3 Response surface for
MTG production by Streptover-
ticillium cinnamoneum KKP
1658 after 24 h of culture. The
interaction between the dose of
nitrogen source and initial pH

i) e aseupRIRBEUEIL.
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raw material costs (Lima et al. 2023). According to Akbari
et al. (2021), maintaining economic benefits in transglu-
taminase production is associated with reducing the use
of expensive substrates (aminobac, peptone, yeast extract).
Studies by Kolotylo et al. (2024) confirmed that replac-
ing half of the aminobac dose with waste corn steep liquor
not only reduces the costs associated with this expensive
microbiological substrate by 50% but also increases MTG
production by the S. cinnamoneum KKP 1658 strain. The
authors report that for media with only aminobac or only
corn steep liquor, transglutaminase activity >2 U/mL was
not detected within 96 h of cultivation. Combining these two
components in a 1:1 ratio yielded MTG activity of 6.59 U/
mL, which according to Kolotylo et al. (2023) is one of the
highest values in the available literature for non-genetically
modified strains.

Establishing the optimal pH is critical for the conforma-
tional stability of microbial transglutaminase, which directly
impacts its catalytic activity. Enzymes such as MTG require
specific pH conditions to maintain the proper folding of their
active sites, which is crucial for efficient substrate binding
and catalysis. Deviations from the optimal pH can destabi-
lize the enzyme’s tertiary structure, resulting in a significant
loss of activity. Research indicates that an optimal pH of
around 6.0 for MTG supports maximum conformational sta-
bility, which preserves its functional integrity and enhances
enzymatic cross-linking efficiency (Shi et al. 2011; Vasic¢
et al. 2023). This alignment between structural stability and

B
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Fig.4 Response surface for
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MTG production by Streptover-
ticillium cinnamoneum KKP
1658 after 48 h of culture. The
interaction between the dose of
nitrogen source and initial pH
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Fig.5 Response surface for
MTG production by Streptover-
ticillium cinnamoneum KKP
1658 after 72 h of culture. The
interaction between the dose of
nitrogen source and initial pH
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optimal catalytic performance underscores the importance
of carefully controlling pH during fermentation.

Additionally, the fermentation temperature of 28 °C
employed in this study appears to foster robust cell growth
and efficient enzyme production. This temperature is close
to the physiological optimum for many Streptoverticillium
species, promoting bacterial proliferation and the active tran-
scription and translation of the MTG gene. Such conditions
are likely to optimize metabolic activity, thereby enhancing
the yield of MTG (Duarte et al. 2019b). These findings sug-
gest that the chosen temperature provides a dual benefit by
maximizing both microbial biomass and enzymatic output,
critical factors in scaling up the production of industrially
relevant enzymes.

Streptoverticillium cinnamoneum is widely regarded as a
strong producer of microbial transglutaminase (MTG) in the
literature, mainly due to its frequent use in the development
of recombinant strains for industrial enzyme production.
This strain’s ability to generate high yields of MTG makes it
a valuable asset in biotechnological applications, especially
in the food industry (Kolotylo et al. 2023, 2024). A study
by Noda et al. (2012) exemplifies this by using Streptomyces
lividans as a recombinant host for the production of MTG
from S. cinnamoneum. The researchers found that Strepto-
myces lividans successfully produced significant amounts
of MTG when cultured on various biomass-derived carbon
sources, achieving the highest yield of 530 mg/L with xylose
as the carbon source. This highlights the potential of S. cin-
namoneum in MTG production, showcasing its adaptability
to various substrates and its promising application in opti-
mizing industrial enzyme production processes.

The study by Tokai et al. (2020) investigated the sub-
strate recognition mechanisms of microbial transglutami-
nases, specifically comparing enzymes from Streptomyces
mobaraensis (SMTG) and Streptomyces cinnamoneum
(SCTG). The primary objective was to understand how these
enzymes interact with natural peptides, particularly in food
processing contexts. The researchers found that although
SCTG is structurally similar to SMTG, it exhibited differ-
ent activity profiles, with SCTG displaying optimal activity
at pH 8.0 and a lower substrate affinity compared to SMTG.
In the context of our research, these findings are particularly
relevant when discussing the pH-dependent conformational
stability of MTG. The observed optimal pH of 8.0 for SCTG
in Tokai’s study, although slightly higher than the optimal
pH identified in our research, still supports the concept that
pH plays a critical role in maintaining the enzyme’s active
site conformation, which is essential for catalytic efficiency.
Our results, which emphasize the importance of optimal pH
for maximizing MTG activity, align with these findings.

Additionally, the temperature condition of 28 °C used
in our experiments is similarly advantageous for microbial
growth and enzyme production. This is consistent with
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Tokai et al.’s results, where SCTG expression and enzymatic
activity were most stable at moderate temperatures around
30 °C. This analysis underscores the importance of carefully
controlling pH and temperature for both microbial viability
and the catalytic function of transglutaminase, highlight-
ing the potential for optimizing enzyme production on an
industrial scale.

The study by Junqua et al. (1997) aimed to optimize
microbial transglutaminase production in Streptoverticil-
lium cinnamoneum CBS 683.68 and investigate the rela-
tionship between microbial growth and MTG activity. They
employed a series of experimental designs (factorial, Box-
Behnken, and composite designs) to identify the effects of
various factors—such as casein, glycerol, and yeast extract-
on MTG production and biomass growth. The research
showed that casein and glycerol were the most significant
factors, with the combination of these two components lead-
ing to a threefold increase in MTG activity, reaching a maxi-
mum of 0.331 U/mL. Additionally, transglutaminase produc-
tion was primarily observed during the stationary growth
phase, suggesting that enzyme production could be induced
under specific nutrient conditions. The study by Junqua et al.
(1997) highlights the critical importance of selecting the
appropriate carbon and nitrogen sources to optimize micro-
bial transglutaminase production processes. Their findings
demonstrate that casein and glycerol were the most influen-
tial factors for MTG activity and microbial growth.

Furthermore, the observation that MTG production was
strongly associated with the stationary growth phase pro-
vides important insights into the timing of enzyme activ-
ity. This aligns with our results, where the highest MTG
activity was observed after 48 h of cultivation, a time point
corresponding to the stationary phase of cell growth in
our system. These complementary findings emphasize the
importance of optimizing nutrient conditions and timing in
bioprocesses to maximize enzyme yields.

In recent years, waste or renewable raw materials have
become a key element of industrial production processes
and sustainable development (Beltran-Ramirez et al. 2019).
This approach allows the efficient valorization of agricul-
tural waste into high-value biotechnological products, which
is extremely important for the environment, and supports
entrepreneurs by somewhat reducing production costs (Lima
et al. 2023). Other by-products from the agri-food indus-
try that can be used in microbial media include sugarcane
molasses, wheat and oat bran, soybean meal, potato juice,
potato pulp, and fruit flour (Preichardt et al. 2019; Kot et al.
2020b).

In the study by Preichardt et al. (2019), a culture medium
based on sugarcane molasses (SCM) with added yeast
extract (YE) and soybean meal (SM) was developed for
the production of Staphylococcus xylosus AD1 biomass.
A Box-Behnken optimization design was used for this
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purpose. Optimal culture conditions were obtained at con-
centrations of 10% SCM, 2% YE, and 4% SM, allowing for
maximum live biomass growth. All media, except the one
containing only SCM, showed better effectiveness in cul-
tivating S. xylosus AD1 than the commercial Brain Heart
Infusion medium. The medium with SCM, YE, and SM,
according to Preichardt et al. (2019), is an excellent alterna-
tive for producing S. xylosus AD1 biomass.

In another study (Kot et al. 2020a), the possibility of
using potato wastewater and glycerol fractions as media for
the biosynthesis of lipids and carotenoids by the yeast Rho-
dotorula gracilis ATCC 10788 in a bioreactor was investi-
gated. Cultivations were conducted at temperatures of 20
and 28 °C for 96 h. The highest lipid content (19 g/100 g
biomass) was observed on the third and fourth days, with
linoleic acid predominating (about 28%) after 96 h. The
maximum carotenoid biosynthesis yield (6.24 mg/L) was
achieved after 96 h, with p-carotene (about 47%) and toru-
lene (about 51%) levels and negligible torularhodin (< 1%).
The results indicate that R. gracilis biomass can be a good
source of lipids and carotenoids, and the bioreactor cultiva-
tion method can reduce the environmental impact of indus-
trial waste and starch-based biofuels.

The response surface methodology (RSM) is a timeless
technique for optimizing biotechnological and microbio-
logical processes, as evidenced by the presence of scientific
articles spanning several decades to the present day. A good
example is the study by Polak-Berecka et al. (2011), where
RSM was used to investigate the effects of various medium
components on the biomass production of Lactobacillus
rhamnosus E/N. The best medium composition obtained by
RSM contained (in g/L): glucose 15.44, sodium pyruvate
3.92, meat extract 8.0, potassium phosphate 1.88, sodium
acetate 4.7, and ammonium citrate 1.88. With this medium
composition, biomass production reached 23 g/L of dry cell
mass after 18 h of cultivation in a bioreactor, while MRS
medium yielded 21 g/L. The cost of 1 g of biomass on MRS
was €0.44, while the new medium was 25% cheaper. The
new, cheaper medium allows large-scale commercial cultiva-
tion of L. rhamnosus, which is significant for the commercial
production of probiotic foods.

It has been shown that waste materials such as potato
wastewater, glycerol fractions, sugarcane molasses, or corn
steep liquor can effectively serve as inexpensive compo-
nents of microbial media. By optimizing medium composi-
tion using RSM, it is possible not only to increase biomass
yield or the production of desired metabolites but also to
significantly reduce production costs. RSM is a promising
approach to sustainable biotechnology, combining economic
efficiency with minimizing environmental impact.

Conclusions

The broad enzymatic capabilities of microbial transglu-
taminase have cemented its role as an essential tool in the
industrial processing of foods and other materials. Its abil-
ity to improve texture, enhance nutritional value, and pro-
vide structural integrity to various products ensures that its
applications will continue to expand. From food production
to textile processing and biotechnology, MTG’s versatility
ensures its growing role in industrial processes. As indus-
tries discover more uses for transglutaminase, its importance
will grow across various sectors, especially as biotechno-
logical advances continue. The statistical optimization of
microbial transglutaminase (MTG) cultivation conditions
can overcome the limitations of classical empirical meth-
ods. This study demonstrates an effective tool for optimizing
MTG production by Streptoverticillium cinnamoneum KKP
1658. The research revealed interactions between independ-
ent variables and model responses. The most significant
influence on transglutaminase production was observed for
the cultivation time and the interaction between nitrogen
dosage and cultivation time. The following optimal condi-
tions for producing microbial transglutaminase at the labora-
tory scale using the S. cinnamoneum KKP 1658 strain were
established: a 2% nitrogen source dosage combining amino-
bac with waste corn steep liquor, an initial cultivation pH
range of 5.8—6.0 and a 48-h cultivation period. The experi-
mental results underscore the importance of simultaneously
investigating the effects of multiple factors on transglutami-
nase production owing to interactions between components,
which can have a more significant impact than each factor
individually. Further research aims to scale up the produc-
tion of high-activity microbial transglutaminase (bioreactor
production) by S. cinnamoneum KKP 1658.
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Abstract

Optimal conditions for the production of microbial transglutaminase (MTG) by Streptoverticillium cinnamoneum KKP
1648 under bioreactor conditions were determined using response surface methodology (RSM). The test medium contained
soluble starch, Aminobak, waste corn steep liquor, yeast extract, and mineral salts such as KH,PO,, Na,HPO,¢12H,0, and
MgS0,+7H,0. The culture was conducted at 28 °C, stirring at 200 rpm, using aeration with compressed air at a flow rate
of 2.0 vvm. Optimal culture parameters included a pH of 6.5, a nitrogen dose of 2.75%, and an incubation time of 72 h,
and yielded MTG activities of 4.29 +0.08 and 22 +0.05 U/mL after precipitation with ammonium sulfate. The molecular
weight of the enzyme was estimated to be 43 kDa by SDS-PAGE. The transglutaminase tested showed optimal activity in
the temperature range 20-37 °C, with a significant decrease in activity above 50 °C and complete inactivation at 60 °C. The
enzyme was stable in the pH range of 5.0-9.0, reaching maximum activity at pH 7.0. The use of waste corn steep liquor as a
nutrient solution revealed a potential management strategy for this type of waste. The results suggest potential applications of
transglutaminase in the food industry, particularly in enhancing the structural properties of meat, bakery, and dairy products.

Key points

e High MTG activity after 72 h of culture confirms the effectiveness of selected parameters

o The use of corn waste in MTG production can reduce production costs

o The use of the RSM method allowed us to determine the best parameters for MTG production.
o The MTG enzyme was stable at pH 5.0 to 9.0, with maximum activity at pH 7.0.

Keywords Microbial transglutaminase - MTG - Optimisation - RSM - Streptoverticillium cinnamoneum

Introduction

Microbial transglutaminase (MTG) is one of the key
enzymes used in the food industry. It enables the modifi-
cation of proteins by creating isopeptide bonds between
glutamine (CsH,(N,03) and lysine (C¢H4N,O,) residues,
which leads to the formation of stable, internal or external
cross-linked protein structures (Vasi¢ et al. 2024). Thanks
to these properties, MTG significantly influences texture,
increases gelling, emulsifying, and foaming properties,
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and improves the water retention capacity of food products
(Kolotylo et al. 2023). In the production of cheese and ice
cream, the use of transglutaminase allows for a reduction
in the addition of fats and stabilisers, which in turn reduces
production costs (Taghi Gharibzahedi et al. 2018). Transglu-
taminase is widely used in the production of meat (Akbari
et al. 2021), pasta (including the gluten-free cereal milling
industry) (Ramos et al. 2023), dairy products (Taghi Ghar-
ibzahedi et al. 2018), bread (Ceresino et al. 2018), and fish
(Tokay et al. 2021), where it helps to improve the quality and
shelf life of the products. Transglutaminase has been used
in the reuse of food waste (defatted flour and peptides from
walnut and pumpkin seeds) in the production of new value-
added food products (Marulo et al. 2022). In addition, pro-
ducing microcapsules or edible films with MTG allows for
new biodegradable packaging materials. These approaches
not only reduce plastic waste, but also help to utilise food
waste that would otherwise be thrown away.

@ Springer
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Microbial transglutaminase is used not only in the food
industry but also in medicine (Kim and Keillor 2020) and
biomaterial engineering (Besser et al. 2020). In biotechnol-
ogy, this enzyme is used for protein modification and bio-
material production as well as in research on gene therapies
(Zilda et al. 2017). Li et al (2016) used transglutaminase to
microencapsulate Lactobacillus rhamnosus GG by cross-
linking the soy isolate and subsequent freeze-drying, which
resulted in a high microencapsulation yield (67.4%). In a
study by Heidebach et al. (2009), commercial probiotic bac-
teria strains showed a high microencapsulation efficiency
with transglutaminase cross-linked casein gel, which ranged
from 70% (for Lactobacillus paracasei ssp. paracasei F19)
to 93% (for Bifidobacterium lactis Bb12). Thanks to the
development of new research techniques, it is possible to
learn more about the potential of the enzyme, which leads
to the discovery of new areas of its application in industry
and science (Kolotylo et al. 2023).

Transglutaminase was initially isolated from animal tis-
sue (Keillor et al. 2014), but due to the challenges associated
with its extraction and ethical concerns, increasing atten-
tion has been paid to the microbial variant of this enzyme.
Unlike the animal-based enzyme, the activation of micro-
bial transglutaminase does not require the presence of cal-
cium ions (Kieliszek and Misiewicz 2014), which makes
it a more versatile tool in many industrial processes (Vasi¢
et al. 2023). The first reports on the microbiological sources
of MTG date back to the 1980s, when enzymes produced by
microorganisms of the genus Streptoverticillium, especially
Streptoverticillium mobaraense, were identified (Ando et al.
1989; Akbari et al. 2021). Thanks to its unique properties
and wide range of applications, microbial transglutaminase
is increasingly in demand in the food industry.

The introduction of industrial enzymes into production
processes has brought significant savings by reducing the
consumption of energy, water, and raw materials, as well as
reducing greenhouse gas emissions (Roy Choudhury 2020).
Compared to chemical modifications, enzymes offer advan-
tages such as high specificity of the reaction and minimisa-
tion of side reactions (Vasic¢ et al. 2023). Thanks to these
properties, enzymatic protein modification is particularly
effective and widely used, especially in the food industry,
where precise action and resource savings are important
(Keenan et al. 2021). It is therefore no surprise that this
market is growing rapidly—in 2020, the global value of the
food enzymes market was $2.3 billion, with the MTG seg-
ment reaching a value of around $200 million (Wu et al.
2020). Forecasts suggest that this market will exceed $3.3
billion by 2026, and the total enzyme market, including the
food, biofuels, agricultural, detergent, textile, and cosmet-
ics industries, will reach $14.9 billion by 2027 (Wu et al.
2020), which indicates a steady increase in the demand for
enzymes in food processing and beyond (Kolotylo et al.

@ Springer

2023). Parameters such as the ability to improve protein
structure and production efficiency make MTG one of the
key tools used in advanced food technologies (Zilda et al.
2017).

Enzymes on an industrial scale are mainly produced
through aerobic fermentation using microorganisms. The
species used for the microbiological production of transglu-
taminase include Streptomyces mobaraensis, Streptoverticil-
lium cinnamoneum, Streptoverticillium lydicus, Streptoverti-
cillium ladakanum, Bacillus subtilis, and Bacillus spherules
(Ceresino et al. 2018; Akbari et al. 2021; Kolotylo et al.
2024a).

Industrial waste is used as a component of microbiologi-
cal media to produce enzymes, such as corn steep liquor
(Kolotylo et al. 2023), potato juice water (Bzducha-Wrdbel
et al. 2018), glycerol fractions (Kot et al. 2020), cane molas-
ses (Preichardt et al. 2019), brewer’s spent grain (Bianco
et al. 2020), and fruit pomace (Bellucci et al. 2021). Guerra-
Rodriguez and Vazquez (2014) developed a medium for the
microbial production of transglutaminase (for the strain
Streptomyces mobaraensis CECT 3230) consisting only
of skimmed milk (600 g/L), waste potatoes (40 g/L), and
glycerol (5 g/L). After 72 h of cultivation, they obtained an
average MTG activity of 2.95+0.3 U/mL, and the calculated
economic yield of production was €8.11 ($9.25) of transglu-
taminase obtained from €1 spent on substrate ingredients
(economic yield of €8.11 of MTG/€ of nutrients) (Guerra-
Rodriguez and Vazquez 2014).

In the first phase of enzyme isolation, the microorgan-
ism cells are removed using methods such as centrifugation,
ultrasound, or filtration to eliminate insoluble components.
It is important to note that most industrial enzymes are
extracellular, meaning that they are secreted into the culture
medium by the cells. The enzymes are then concentrated and
purified by membrane filtration or ion exchange chromatog-
raphy. Depending on market requirements, different types
of enzymes are available in crystalline (granular) form or in
solution (Niyonzima et al. 2020; Fasim et al. 2021).

Modern optimisation of the fermentation medium
has become indispensable for the efficient production of
enzymes on an industrial scale. The traditionally used one-
factor-at-a-time (OFAT) method, in which the ingredients
are tested individually, has proven to be time-consuming
and error-prone (Di Masi et al. 2024). Modern approaches
based on advanced statistical and mathematical tools have
significantly accelerated this process, enabling maximisa-
tion of efficiency while reducing the number of experiments
(Singh et al. 2017).

Researchers now use multivariate optimisation mod-
els such as Plackett-Burman (Ma et al. 2016), Taguchi
(Freddi and Salmon 2019), central composite design
(CCD) (Bayuo et al. 2020), and Box-Behnken (Kolotylo
et al. 2024b), which allow for the screening of key factors
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and the analysis of their interactions. The introduction of
methods such as response surface methodology (RSM)
(Ma et al. 2016; Bayuo et al. 2020; Kolotylo et al. 2024b),
artificial neural networks (ANN) (Agatonovic-Kustrin and
Beresford 2000), and genetic algorithms (GA) (Al-Saadi
and Al-Jabri 2020) has enabled the prediction of optimal
conditions by combining variables such as pH, tempera-
ture, humidity, carbon and nitrogen sources, and mineral
proportions. These methods reduce optimisation time and
provide accurate predictions of the effectiveness of differ-
ent configurations of environmental conditions and ingre-
dients. RSM is one of the most widely used methods, as
evidenced by its effectiveness in optimising biotechnologi-
cal parameters (Fasim et al. 2021).

Response surface methodology (RSM) is widely used
in biotechnology to optimise the production processes of
various enzymes and has remained a current and valued tool
over the years. For example, using RSM made it possible
to increase the yield of protease produced by the Bacillus
subtilis K-5 strain by optimising fermentation conditions
such as temperature, pH, and substrate moisture (Shad et al.
2024). Similarly, in the case of lipase produced by Can-
dida rugosa NCIM 3462, RSM allowed the composition of
a medium containing cheese whey to be optimised, result-
ing in increased enzyme activity (Rajendran and Thangav-
elu 2013). In another study, using RSM for the production
of protease by Bacillus subtilis GCU-8 made it possible to
identify key factors affecting the enzyme’s efficiency, which
enabled precise regulation of fermentation process parame-
ters (Adnan et al. 2014). Another example is the synthesis of
a-amylase by Trichoderma virens DMS1963, where the use
of RSM optimised the conditions for solid-state fermentation
using watermelon peels as a substrate, which significantly
improved the enzyme production yield (Abdel-Mageed et al.
2022). These examples emphasise the versatility and effec-
tiveness of RSM in improving biotechnological processes
related to the production of various enzymes.

In conclusion, microbial transglutaminase is a key bio-
technological enzyme with a wide range of applications,
both in the food industry and in other fields (Duarte et al.
2019). Thanks to advanced fermentation methods and opti-
mised production conditions, it is possible to achieve high
enzyme yields at relatively low costs, which is achieved,
among other things, through the use of waste components of
microbiological substrates. The use of these cheap and easily
accessible raw materials not only lowers production costs
but also contributes to sustainable development by reducing
industrial waste. This approach supports the concept of the
circular economy while increasing the economic efficiency
of biotechnological processes. Further research into trans-
glutaminase and its commercialisation potential is an impor-
tant step towards industrial development and improving the
quality of food products on a wider scale.

The aim of this study was to obtain a microbiological
transglutaminase (MTG) preparation with high enzymatic
activity using a bioreactor culture of the Streptoverticil-
lium cinnamoneum KKP 1658 strain. The research aimed
to optimise fermentation conditions such as pH, tem-
perature, medium composition, and nitrogen sources in
order to increase the efficiency of the enzyme production
process. In addition, the biochemical properties of MTG
were determined, including optimal temperature, ther-
mostability, and pH stability, which allows for a better
understanding of the enzyme’s application potential in the
biotechnology industry.

Material and methodology
Biological material

The Streptoverticillium cinnamoneum KKP 1658 strain
came from the pure culture collection of the Department of
Microbiology and Food Biotechnology at the Warsaw Uni-
versity of Life Sciences. The tested strain was stored at —80
°C. The cells were suspended in TSB (tryptone soy broth)
with 20% glycerol.

Preparation of medium and yeast cultures
in a bioreactor

The biomass of the Streptoverticillium cinnamoneum KKP
1658 strain was obtained by inoculating the microorganism
into 100 ml of TSB medium (casein peptone 17 g/L, soy
peptone 3 g/L, NaCl 5 g/L, K,HPO, 2.5 g/L, glucose 2.5
g/L) with a pH of 7 and incubated for 72 h at 28 °C and 160
rpm on an incubator shaker (Eppendorf Innova 44 Incubator
Shaker). Then, in order to continue the growth, 30 mL of the
previously prepared culture was added to 270 mL of fresh
TSB medium in three repetitions.

A total of 2700 mL of MTG test substrate was prepared,
containing ingredients such as soluble starch (20 g/L), the
peptone-based nutrient Aminobak (10 g/L), corn steep liquor
(10 g/L), yeast extract (2 g/L) and mineral salts (KH,PO,
-2 g/L, Na,HPO,+12H,0 -2 g/L, MgSO,+7H,0 — 1 g/L),
in variants with pH 5.5, 6.0, and 6.5 and nitrogen source
content of 1%, 2%, and 4% (as the sum of corn steep liquor
and Aminobak in a 1:1 ratio). The medium was sterilised in
an autoclave (121 °C, 15 min; Hirayama, Japan) and then
inoculated into the bioreactor with a 24-h inoculum. The
cultures were maintained at 28 °C with stirring at 200 rpm
and aeration using compressed air at a flow rate of 2.0 vvm.
Samples for the transglutaminase activity analysis were
taken after 24, 48, and 72 h of cultivation.
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Biomass yield determination

The biomass yield of S. cinnamoneum KKP 1658 was
determined after centrifuging (Eppendorf 5810 Centri-
fuge, Germany) (4500 rpm; 10 min) 30 mL of culture lig-
uid in dry, previously weighed falcons. The supernatant
was separated to determine the transglutaminase activity,
and the sediment was dried (SML Zalmed dryer, Poland)
at 80 °C until a constant weight was obtained. The biomass
yield after centrifugation and drying in three repetitions
was calculated per 1 L of substrate and expressed in grams
of dry matter (g 4 ,,/L).

Transglutaminase activity determination

The enzymatic activity of transglutaminase was deter-
mined using the commercial Microbial Transglutami-
nase Assay Kit Art. No. Z009 (Zedira GmbH, Darm-
stadt, Germany). The kit uses the substrate Z-Gln-Gly
(N2-[(phenylmethoxy)carbonyl]-L-glutaminyl-glycine,
C,sH;9N;0¢) as an amine acceptor and hydroxylamine as
an amine donor. In the presence of MTG, the hydroxy-
lamine reacts with the Z-Gln-Gly substrate to form Z-glu-
tamyl-hydroxamic acid glycine, which forms a coloured
complex with iron (III), detected spectrophotometrically
(BIO-RAD SmartSpec 3000 spectrophotometer, Poland)
at a wavelength of 525 nm.

Protein precipitation

Ammonium sulphate (Chempur, Poland) was used to precip-
itate proteins from the culture fluid. A sample of the culture
fluid was placed on a magnetic stirrer under refrigeration,
keeping it on ice. Then, a saturated solution of ammonium
sulphate (NH,),SO, with a concentration of 750 g/L was
added in such a way as to obtain a final salt concentration
of 10% in the sample. The sample was incubated in ice for
about 2 h, which allowed for adequate protein precipitation.

After incubation, the sample was centrifuged for 15 min
at 10,000 rpm (Eppendorf, Germany), and the superna-
tant was removed. The pellet was washed with cold 90%
acetone, centrifuged again, the liquid was removed, and
the pellet was dried. Then, the sediment was suspended
in a sterile 50 mM citrate-phosphate buffer with a pH of
5.6, using a volume equal to that which was taken at the
beginning (Duong-Ly and Gabelli 2014).

Determination of protein content

The Lowry method et al. (1951) was used to determine
the concentration of enzymatic proteins in protein sludge

@ Springer

and supernatant. It is based on the presence of peptide
bonds, cysteine, and aromatic amino acids (tyrosine and
tryptophan) in proteins.

The following was used to prepare the copper reagent:
solution A: 2% sodium carbonate solution in 0.1 M NaOH,
solution B: 2% aqueous solution of sodium potassium tar-
trate, solution C: 1% aqueous solution of copper (VI) sul-
phate pentahydrate.

The solutions were mixed in a ratio of 98 mL A/1 mL
B/1 mL C. Then, 1 mL of the test sample or water (control
sample) was mixed with 5 mL of the copper reagent. After
10 min, 0.5 mL of Folin-Ciocalteu reagent was added. The
samples were incubated for 30 min at room temperature,
after which the absorbance was measured at 750 nm in
relation to the blank sample. The measurement was carried
out three times for each sample.

Standard albumin solutions with concentrations rang-
ing from 100 to 1000 pg/mL were prepared. The absorb-
ance was measured at a wavelength of 750 nm, with three
parallel measurements for each concentration. Based on
the averaged results, a regression equation was calcu-
lated, showing the dependence of absorbance on protein
concentration.

Concentration and purification of transglutaminase

After centrifuging the culture fluid from the bioreactor
culture, the obtained supernatant was partially purified by
ultrafiltration. A Sartorius Vivaflow 200 system (Sartorius
AG, Germany) with a PES (polyethersulfone) membrane
with a molecular weight cut-off (MWCO) of 100 kDa and
a filtration area of 200 cm? was used. The process was
carried out according to the manufacturer’s instructions
at a temperature of approximately 4 °C and an operating
pressure of up to 3 bar. Filtration was carried out until
approximately 1/10 of the culture volume remained.

Determination of the enzyme’s molecular weight

The molecular weight of the enzyme was estimated using
the SDS-PAGE method. The electrophoresis was carried
out on a polyacrylamide gel with a composition of 10%
(separating gel) and 3% (thickening gel). Protein samples
with a volume of 25-50 uL were mixed in a 2:1 ratio with
reducing buffer and heated to 100 °C for 5 min (Eppen-
dorf, Thermomixer Comfort). Electrophoresis was carried
out at a constant current of 40 mA for 60 min (Bio-Rad
PowerPac Universal), and the proteins were visualised by
staining with Coomassie Blue R-250, compared with refer-
ence proteins of known molecular weights (Broad Range
Bio-Rad).
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Determination of thermostability and pH stability
of the enzyme

To evaluate the thermostability of microbial transglutam-
inase, the enzyme was incubated for 2 h at temperatures
ranging from 20 to 55 °C in 50 mM phosphate buffer (pH
7.0). After incubation, the residual activity was measured
under standard assay conditions. Relative activity (%)
was calculated based on the highest observed average
activity.

pH stability was assessed in a similar manner: the
enzyme was incubated for 2 h at 28 °C in buffers with a
pH range of 4.0-9.0, followed by activity measurement.
The results were expressed as residual activity (%) relative
to the maximum.

Determination of time-dependent enzyme stability

The time-dependent stability of the microbial transglutami-
nase was tested by incubating it at 28 °C (Binder, Germany)
for various lengths of time, from 30 to 300 min, in 50 mM
phosphate buffer at pH 7.0. The results were expressed as
residual activity (%) relative to the maximum.

Analytical methods

The Box-Behnken experimental design was used to opti-
mise the parameters affecting the production of microbial
transglutaminase, which takes into account three levels of
three different variables. The process of statistical analy-
sis, experiment design, and model creation was carried out
using Statistica software version 13.1. The significance of
differences between the mean values in individual groups
was verified using the Tukey HSD test at the significance
level a=0.05.

Results

Optimising biotechnological processes is key to increas-
ing the production efficiency of enzymes such as micro-
bial transglutaminase. Precisely adjusting the parameters
of microorganism cultivation makes it possible to achieve
higher enzyme activity and improve the quality of the final
product (Marin-Sanguino et al. 2007; Kolotylo et al. 2024b).
Current research is focussing on optimising MTG produc-
tion using non-genetically modified strains.

Table 1 Values of coded levels used for the experimental design

Factors (independent variables) Symbols Actual levels of
coded factors
-1 0 1
Dose of nitrogen (%) A 1 2 4
Time (h) B 24 48 72
Initial pH C 5.5 6 6.5

Optimisation of conditions for the microbial
production of transglutaminase on a bioreactor
scale

Initial research on optimising MTG production by the Strep-
toverticillium cinnamoneum KKP 1658 strain was carried
out on a laboratory scale, using a working volume of 100
mL of substrate (Kolotylo et al. 2024a, 2024b). This article
focuses on transferring the process of producing microbial
transglutaminase to a bioreactor scale with a working vol-
ume of 3 L, while maintaining the same process parameters
optimised on a laboratory scale.

Table 1 shows selected ranges of nitrogen doses (A), cul-
ture duration (B), and initial pH (C), which have been coded
as —1, 0, and 1, where —1 corresponds to the minimum value
of the range and 1 to the maximum value of the range used
in the present work.

To optimise the conditions for production of transglutami-
nase by the Streptoverticillium cinnamoneum KKP 1658 strain,
an experiment based on a fractional three-factor design accord-
ing to Box-Behnken methodology was carried out, taking
into account three experimental factors (Table 1). The study
involved 15 bioreactor cultures, comprising 12 different com-
binations of variables and 3 replicates at the central point. The
choice of three variables—nitrogen source dose, initial pH,
and culture time—was based on previous preliminary stud-
ies conducted in shake flasks (Kolotylo et al. 2024a, 2024b),
which showed their significant influence on microbial transglu-
taminase production by Streptoverticillium cinnamoneum KKP
1658. Based on the experimental data obtained, coefficients
were determined for the quadratic model, and response surface
plots were used to visualise the influence of individual factors
(Fig. 1). The results of the experiment according to the Box-
Behnken design are summarised in Table 2.

The regression coefficients were calculated and the fitted
equations for predicting transglutaminase activity (X) are
given below:

X = 23026 — 96.66 X A + 831 Xx A2 — 6848 X C + 5 X C* + 2498 x A X C — 153 x A x C?
— 132X A2 X C+006xBXxXA—-001xXxBxA?+005%xBxC — 1467

ey
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Fig. 1 Response surface for MTG production by Streptoverticillium cinnamoneum KKP 1658 after. A 24 h of culture, B 48 h of culture, and C

72 h of culture. The interaction between dose of nitrogen and initial pH

where A is the nitrogen dose, B is the cultivation time, and
C is the initial pH of the cultivation.

The predicted values, determined on the basis of the
above equation, showed very good agreement with the
experimental results (Fig. 2). This confirms the usefulness
of the quadratic model used in the current experimental
conditions.

The suitability of the experimental model for the results
of transglutaminase activity was evaluated based on the coef-
ficient of determination R%. The R? value of 95.34% (Table 3)
indicates that the model is able to explain more than 95% of
the total variability of the results. According to Jiang (2010),

regression models with a coefficient of determination
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exceeding 0.9 (90%) are characterised by a very high corre-
lation. To assess the significance of the factors in the model,
a significance level of @=0.05 was used; p-values exceeding
this threshold were considered non-significant, while values
below it indicated significance (Table 3).

The influence of individual components of Eq. (1) and
their mutual interactions (linear and quadratic) was illus-
trated using a Pareto chart, taking into account the standard-
ised values of the Student’s #-test and a significance thresh-
old of 0.05 (Fig. 3).

Pareto chart analysis indicates that the quadratic inter-
action between nitrogen dose and culture time (A’B)
exerted the key effect on microbial transglutaminase
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Table 2 Box-Behnken design with actual and coded levels of vari-
ables and actual values of responses

Run number  Nitrogen (%) pH  Time (h) Transglutaminase
activity (U/mL)
1 1 55 48 2.096 +0.29
2 1 6.5 48 1.518+0.32
3 4 55 48 2.568 +0.18
4 4 6.5 48 2.179+0.16
5 2 55 24 0.236 +0.06
6 2 6.5 24 1.081 +0.05
7 2 55 72 0.800+0.23
8 2 65 72 4.185+0.22
9 1 6 24 0.090 +0.01
10 4 6 24 1.371+0.33
11 1 6 72 0.643+0.03
12 4 6 72 2.786 +0.34
13 2 6 48 1.524+0.11
14 2 6 48 1.518 +0.19
15 2 6 48 1.940+0.17

(MTG) activity, which suggests the importance of non-
linear relationships in process optimisation. This result
emphasises that both the level of the nitrogen dose and
the incubation time significantly determine the efficiency
of enzyme production, and their appropriate adjustment
is crucial for obtaining high enzymatic performance. The
quadratic factor indicates the most significant impact
of the middle level of the nitrogen source dose (2%). In

contrast, the linear factor B indicates that the impact of
this factor on transglutaminase production increases with
the extension of the culture time (72 h). Another criti-
cal factor is the pH (C), which showed a powerful linear
impact on MTG activity. A high initial pH level (6.5) sig-
nificantly affects MTG production among the tested acidity
ranges. This confirms previous studies, which indicated
the necessity of precise pH level adjustment to ensure opti-
mal conditions for enzymatic reactions.

A significant effect was also recorded for the linear fac-
tor of the nitrogen dose (A) and the interaction between pH
and culture time (BC), indicating these parameters’ mutual
interaction in the fermentation process. It is worth empha-
sising that these interactions, although less significant than
A’B and C, still have a noticeable effect on enzyme activity
and should not be ignored in further optimisation steps.

Less significant factors, such as culture time (B) and
the interaction of nitrogen dose with time (AB), had a
limited impact on process efficiency, which suggests that
their precise regulation may not be critical. Nevertheless,
it should be noted that the low significance of these vari-
ables may be the result of specific experimental conditions
and should be verified in further studies.

In conclusion, optimisation of the MTG production pro-
cess should focus primarily on fine-tuning the pH level and
understanding and controlling the non-linear interactions
between nitrogen dose and cultivation time. Focusing on
these key variables can significantly increase enzymatic
efficiency while reducing the need for excessive control
of less influential factors. These results provide valuable

Fig.2 Predicted vs. actual val- 45
ues for transglutaminase activity
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Table 3 Analysis of variance for response surface quadratic model
obtained from experimental results

Source Sum of squares df Mean square F-value p-value

A 4.85121 2 242560 47.2529  <0.0001
B 1.73756 2 0.86878 16.9246  <0.0001
C 12.59189 2 6.29595 122.6508 <0.0001
AB 12.12454 3 4.04151 78.7324  <0.0001
AC 1.64139 2 0.82069 15.9878  <0.0001
BC 4.83664 1 4.83664 94.222 <0.0001
Pure total  1.64263 32 0.05133 - -
Core total 48.51435 44 - - -

R 0.9534 - - - -

guidance for further improving the fermentation process
on a larger industrial scale.

Analysis of the influence of breeding parameters
on enzyme activity

A—-C show three-dimensional response surface plots devel-
oped from the predictive quadratic model. In the surface
plots, the interaction between pH and nitrogen concentration
was analysed at three fixed levels of cultivation time: 24 h
(Fig. 1 A), 48 h (Fig. 1B), and 72 h (Fig. 1 C). This approach
allows for the evaluation of two-factor interactions while
keeping the third factor constant, in accordance with multi-
factorial experimental design principles. The graph showing

the surface area after 24 h of bioreactor cultivation (Fig. 1 A)
shows that the highest enzymatic activity is achieved at a low
pH (approximately 5.5-6) and higher nitrogen doses in the
3-4% range. In this phase of enzyme cultivation, lower pH
values seem to favour more intensive transglutaminase activ-
ity (approximately 4 U/mL), which suggests the necessity of
precise pH control in the early stages of fermentation.

The graph of the response surface area after 48 h of cul-
tivation (Fig. 1B) indicates that the optimal conditions for
maximum enzyme activity (approximately 4 U/mL) shift
towards a higher pH (approximately 6.0—6.5) while main-
taining relatively high nitrogen doses (2—4%). Areas of low
enzyme activity (< 1.25 U/mL) are visible at low pH and low
nitrogen concentration, emphasising these parameters’ key
role in the later phases of cultivation. In this stage, enzyme
activity increases as environmental conditions such as pH
and nutrient availability stabilise.

The response surface plot after 72 h of culture (Fig. 1C)
shows the highest transglutaminase activity (approximately
5 U/mL), achieved at a pH of roughly 6.5 and nitrogen doses
close to 3%. During this time, the enzyme reaches its maxi-
mum activity, which is consistent with the trends observed
in the previous stages. It is also worth noting that low pH
(below 6.0) and lower nitrogen doses (below 2%) result in
a marked decrease in enzyme activity, which may indicate
a limited ability of cells to produce the enzyme effectively
under such conditions.

To summarise, the results indicate that the key param-
eters affecting transglutaminase activity are pH and nitrogen

O
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—
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dosage, and their significance varies depending on the cul-
ture time. The analysis shows that the optimal conditions
for enzyme production include a pH of approximately 6.5, a
nitrogen dose of 2.5-3% and 72 h of cultivation.. This com-
bination of parameters allows for maximum enzyme activity,
as confirmed by the experimental data obtained.

Verification of optimal culture conditions
in the bioreactor

Taking the results obtained into account, the optimal cul-
tivation conditions were defined as a pH of 6.5, a nitrogen
dose of 2.75% (a combination of Aminobak and corn steep
liquor in a 1:1 ratio, according to our preliminary studies
Kolotylo et al. 2024a, 2024b), and a 72-h cultivation time.
These conditions were selected based on the analysis of the
response surface plots, which allowed us to identify a sta-
ble operating range rather than relying solely on the math-
ematical output of the model. The next stage was to carry
out the cultivation using the selected optimal parameters
and obtain the enzyme, which, after precipitation from the
culture fluid, was subjected to further research (molecular
weight, thermostability, and pH stability) (Table 4). The
process of precipitating proteins from a solution is based on
the use of a precipitating agent that destabilises the protein
molecules. Adding this agent removes the stabilising shell
of water dipoles, which exposes hydrophobic regions in the
protein molecules. As a result, they become less soluble,
which promotes their aggregation and precipitation from the
solution (Goldring 2019).

The analysis of the culture fluid showed that after 72 h
of incubation, the biomass yield of S. cinnamoneum KKP
1648 was 14.62 +0.56 g/L, and transglutaminase activity
after centrifugation was 4.29 U/mL, with a protein content
of 6.17 mg/mL. The predicted transglutaminase activity,
determined based on a response surface modelling (RSM)
method, was 4.47, with a 95% confidence interval ranging
from 4.18 to 4.76 (Table 5). The experimentally observed
value of 4.29 fell within this range, indicating satisfactory
agreement between the model predictions and the experi-
mental results. These results confirm the reliability of the

Table 4 Results of post-culture fluid analysis

Table 5 Validation of the RSM model for transglutaminase activity
estimation

Parameter Predicted value Observed value 95% Confidence
interval
Activity MTG ~ 4.47 4.29 4.18-4.76
[U/mL]

developed model for estimating transglutaminase activity
under the tested conditions.

After the ultrafiltration process (Sartorius Vivaflow 200,
MWCO 100 kDa), the enzyme activity increased to 10.87
U/mL, and the specific activity increased from 0.7 to 1.2 U/
mg. The highest parameter values were achieved after pre-
cipitation of proteins with ammonium sulphate. After this
process, the MTG activity was 22 U/mL, which translated
into the highest specific activity of 1.64 U/mg.

The use of ultrafiltration and protein desalting processes
improved the activity and purity of the obtained microbial
transglutaminase, which was an essential step for further
analyses of the enzyme preparation.

Properties of the isolated transglutaminase

The isolated transglutaminase showed a clear single pro-
tein band in the SDS-PAGE analysis (Fig. 4A, File 1S).
The molecular weight of the protein was estimated at 43
kDa based on its electrophoretic mobility compared to the
standard proteins used. Although ultrafiltration significantly
increased MTG activity, SDS-PAGE analysis revealed the
presence of small bands below 20 kDa, suggesting the pres-
ence of residual contaminants. This may affect the accuracy
of the specific activity estimate, and further purification
using lower MWCO membranes is recommended to improve
the purity of the resulting enzyme.

For the next part of the study, the obtained transglutami-
nase (stored at —80 °C) with an activity of 22 U/mL was
thawed and diluted with a citrate-phosphate buffer to obtain
a larger volume of enzyme for the experiments. After dilu-
tion with buffer, a transglutaminase solution with an activ-
ity of 3.20+0.23 U/mL was obtained. The time-dependent
stability of the tested transglutaminase was evaluated by

Factors Activity MTG (U/mL) Protein content Specific enzyme Purification fold Recovery* (%)
(mg/mL) activity (U/mg)

Culture fluid (72 h) 4.29+0.08 6.17+0.61 0.70 1.00 100

Fluid after ultrafiltration 10.87+0.15 9.09+0.71 1.20 1.71 253

Proteins precipitated with 22.0+0.05 13.40+£0.31 1.64 2.34 513

ammonium sulphate

“Due to concentration effects during ultrafiltration and precipitation, the activity values are expressed per 1 mL of sample. The actual recovery

rate may vary depending on the final volume of the fractions
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Fig.4 Biochemical characteristics of transglutaminase. A SDS-
PAGE of purified transglutaminase from Streptoverticillium cinna-
moneum KKP 1658, B effect of time-dependent stability on the trans-

incubation at 28 °C for 300 min (Fig. 4B). The enzyme
activity reached its maximum value after 120 min of incu-
bation (5.54 U/mL), while significant decreases in activity
were observed at the end of the experiment—after 240 min.
The obtained results indicate high stability of the obtained
enzyme from the tested strain S. cinnamoneum KKP 1648.

The thermostability of enzyme activity was then deter-
mined after incubating the transglutaminase solution for 2 h
at temperatures between 20 and 60 °C (Fig. 4C). The tested
enzyme showed a wide range of thermostability, as a similar
average enzyme activity (3.87-3.97 U/mL) was obtained in
the range of 20-37 °C. A significant reduction in the activ-
ity of the tested transglutaminase occurred at 50 °C, with a
decrease in activity by 75% (1.09 U/mL) compared to the
results for the temperature range of 20-37 °C. The temper-
ature of 60 °C completely deactivated the tested enzyme.
Interestingly, MTG activity increased during the first 120
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min of incubation, which may indicate a transient effect of
thermal activation. This behaviour is atypical for bacterial
transglutaminases but was previously observed in the studies
of De Souza et al. (2009). Authors showed that transglutami-
nase isolated from Bacillus circulans shows increased enzy-
matic activity after short-term heating at 40-45 °C before
its thermal inactivation begins. This is explained by possi-
ble conformational changes of the enzyme leading to better
access to the active site. Similar behaviour was observed in
the present study, which may indicate a similar activation
mechanism.

To evaluate the pH stability of transglutaminase, the
enzyme was pre-incubated at 28 °C for 2 h in a citrate-phos-
phate buffer with a pH ranging from 4.0 to 9.0 (Fig. 4D).
Transglutaminase was characterised by high residual activity
in a wide pH range of 5.0-8.0 (3.45-3.67 U/mL). An acidic
environment (below pH 5.0) drastically reduced the enzyme
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activity to 1.03 U/mL (70% of the activity at pH 5.0), com-
pared to a basic pH, where a mild decrease in activity (3.3 U/
mL) was observed in a buffer at pH 9.0. The highest residual
activity was observed after incubation in buffer at a pH of
7.0, where it reached an average value of 3.67 U/mL.

Discussion

Industrial-scale MTG production is mainly carried out in
bioreactors, which provide precise control over fermentation
conditions. Bioreactors allow constant culture parameters to
be maintained, which is crucial for obtaining a high enzyme
yield. In this study, optimisation of the bioreactor culture
conditions of Streptoverticillium cinnamoneum KKP 1658
was carried out in order to increase the production of trans-
glutaminase. The maximum transglutaminase activity (4.29
U/mL) was obtained at pH 6.5, a nitrogen dose of 2.75%, a
culture time of 72 h, and a stirring speed of 200 rpm. In the
study by Zilda et al. (2017), the optimal MTG production in
the bioreactor for the Streptomyces thioluteus TTA 02 SDS
14 strain was achieved at a stirring speed of 150 rpm and an
incubation time of 48 h. The optimal production conditions
for MTG for S. thioluteus TTA 02 SDS 14 are pH 6.0 and 30
°C. It is worth noting that after the optimisation process, the
researchers obtained a maximum transglutaminase activity
of 0.135 U/mL.

Although the stirring speed was not included in the opti-
misation process for S. cinnamoneum KKP 1648, it plays
an essential role in producing enzymes, including microbial
transglutaminase. Mixing influences the oxygenation level of
the culture, which is a critical factor in the growth of micro-
organisms and the biosynthesis of enzymes. As demon-
strated in the study by Aidaroos et al. (2011), Streptomyces
hygroscopicus WSHO03-01 required intensive mixing at 500
rpm in a bioreactor to achieve optimal transglutaminase pro-
duction after 72 h of incubation (71.75% increase in activity
compared to the results before optimisation). Streptomyces
mobaraensis achieved the highest enzymatic activity (3.2
U/mL) at a stirring speed of 200 rpm (Guerra-Rodriguez
and Vazquez 2014). Lower stirring speeds can lead to an
extended enzyme production time, which was observed at
100 rpm, when a longer incubation period was required to
reach maximum transglutaminase activity in the study by
Zilda et al. (2017). In the present research, although the stir-
ring speed was not a variable in the optimisation model,
the highest transglutaminase activity of approximately 5.0
U/mL was achieved after 72 h of cultivation at pH 6.5 and
a nitrogen dose of 2.75%, as shown in the response sur-
face plots. This value significantly exceeds the maximum
activities reported for S. mobaraensis or S. hygroscopicus,
indicating a high efficiency of enzyme biosynthesis in S.
cinnamoneum KKP 1658 under the applied conditions. This

suggests that carefully adjusted medium composition and pH
can partially compensate for the lack of aeration optimisa-
tion. Nevertheless, future work should consider including
stirring speed in the design to verify its potential impact for
S. cinnamoneum KKP 1648.

In a study on microbial transglutaminase, 200 bacterial
strains were isolated from soil and wastewater samples,
five of which showed the ability to synthesise the enzyme
(Sorde and Ananthanarayan 2019). The highest activity was
obtained for the strain Bacillus nakamurai NRRL B 41091
(B4), with 3.95+0.04 U/mL, and Bacillus subtilis BCRC
10255 (C2), with 2.65+0.17 U/mL, after optimisation of
fermentation conditions. This represents an increase from
the initial activities of 1.71 +0.2 U/mL and 1.61 +0.17 U/
mL, for isolates B4 and C2, respectively. The maximum
enzyme activity of strains B4 and C2 was obtained in a
medium containing peptone (20 g/L), starch (20 g/L), yeast
extract (2 g/L) and mineral salts (Mg,SO,-7H,0 - 2 g/L,
K,HPO, - 2 g/L, KH,PO, — 2 g/L). The optimal culture
parameters included a pH of 6.5-7.5 for isolate B4 and 7.5
for C2, a temperature of 35 °C, and a stirring speed of 180
rpm. Maximum enzyme activity was achieved in the station-
ary growth phase, between 48 and 60 h of cultivation. The
results confirm that environmental conditions are crucial for
the effective production of MTG, and that appropriate opti-
misation can significantly increase the enzyme’s efficiency.
The cultivation of S. cinnamoneum KKP 1658 under similar
pH (6.5) and nitrogen conditions resulted in a maximum
enzyme activity of 5.0 U/mL after 72 h, as determined from
the response surface plots. This activity surpasses the values
reported for both Bacillus strains, indicating a higher pro-
duction potential under the applied medium composition.
Furthermore, thermostability and pH stability tests demon-
strated that the enzyme retained high activity under a range
of conditions. Maximum residual activity after 2-h incuba-
tion was observed at 25-30 °C (relative activity >95%). pH
stability analysis showed that the enzyme maintained >90%
relative activity in the range of pH 5.0-8.0, with a peak
activity at pH 7.0 (3.67 U/mL). In time-dependent stabil-
ity assays, transglutaminase activity increased within the
first 2 h of incubation, reaching 5.54 U/mL, confirming the
high functional stability of the enzyme and its suitability for
extended processing conditions.

The pH stability range is a key factor influencing the
microbiological activity of transglutaminase and its use
in various biotechnological processes. As demonstrated
by Macedo et al. (2011), transglutaminase produced by
the strain Streptomyces sp. CBMAI 837 exhibits the high-
est activity in the pH range of 6.0-6.5, which is consist-
ent with the results obtained in this study. However, it is
worth noting that some strains may have different environ-
mental requirements. For example, Bacillus subtilis pro-
duces transglutaminase with maximum activity at pH 8.2
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(Suzuki et al. 2000). These differences are most likely due
to the structural specificity of the enzyme and the optimal
conditions for the growth of individual microorganisms.
The results obtained in our study, indicating an optimal
pH of 6.5 for Streptoverticillium cinnamoneum KKP 1658,
are consistent with previous reports on microbiological
sources of transglutaminase. This emphasises the impor-
tance of precisely controlling this parameter in fermenta-
tion to achieve maximum enzyme activity.

The study by Sorde and Ananthanarayan (2019) showed
that the optimal pH for the activity of transglutaminase
produced by the two isolates, Bacillus nakamurai NRRL
B 41091 (B4) and Bacillus subtilis BCRC 10255 (C2),
was 6.0. The enzyme was stable over a wide pH range
(5.0-9.0); however, the activity of MTG of strain B4
decreased rapidly in acidic conditions, while it was more
stable in alkaline environments, which was the opposite of
the observations for the isolate C2. The optimal pH for the
activity of MTG for the Streptomyces hygroscopicus strain
WSHO03-13 was found to be in the range of 6.0-7.0, and
this enzyme showed pH stability in the range of 5.0-8.0
(Cui et al. 2007).

The transglutaminase isolated in our study from S. cin-
namoneum KKP 1648 was characterised by a pH stability
similar to B. nakamurai NRRL B 41091 and S. hygroscopi-
cus WSHO3-13. MTG stability was observed in the pH range
of 5.0-9.0, while an acidic environment (pH < 5.0) rapidly
reduced the determined activity. The stability of transglu-
taminase strains B4 and C2 was maintained in the tempera-
ture range of 0-50 °C, after which there was a decrease in
activity. In a study by Zilda et al. (2017), the transglutami-
nase obtained in a 2 L working volume bioreactor from the
Streptomyces thioluteus TTA 02 SDS 14 strain was most
active at 45-50 °C and at a pH of 6.0. In another study by
Wan et al. (2017), the transglutaminase of the Streptomy-
ces hygroscopicus H197 strain showed optimal activity at
a pH of 6.0-8.0 and was most stable at 40 °C. The trans-
glutaminase obtained from Streptomyces sp. CBMAI 837
showed optimal activity at 3540 °C, and the enzyme was
stable over a wide pH range (4.5-8.0) and up to 45 °C. In
our study, MTG activity was maintained in the temperature
range up to 40 °C, after which deactivation of the enzyme
was observed (Fig. 4C). Cui et al. (2007) obtained simi-
lar results for the transglutaminase isolated from the soil
strain Streptomyces hygroscopicus WSH03-13. The enzyme
showed optimal activity at a temperature of 37-45 °C, and
an increase in temperature above 50 °C completely deacti-
vated the enzyme. These results emphasise the differences
in the characteristics of enzymes produced by individual
strains and their potential application in various industrial
conditions. It is worth emphasising that the level of enzy-
matic activity of about 17% and 42% of MTG was main-
tained at 70 °C for isolates B4 and C2, respectively, while
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the transglutaminase obtained in our research, originating
from S. cinnamoneum KKP 1648, was found to be inactive at
a temperature of 60 °C, which indicates higher thermostabil-
ity of MTG produced by Bacillus bacteria.

In the present study, the molecular weight of the labelled
transglutaminase was 43 kDa (Fig. 4A), which is consistent
with the values reported for other microbiological transglu-
taminases. Data presented by Macedo et al. (2011) showed
that the molecular weight of the enzyme was approximately
45 kDa, which is similar to the result obtained in this study.
Jin et al. (2016) determined that the molecular weight of
MTG-TX transglutaminase obtained from Streptomyces
mobaraensis TX was 37.82 kDa based on the results of lig-
uid chromatography and mass spectrometry. Zhang et al.
(2012) determined the molecular weight of MTG isolated
from Streptomyces mobaraensis DSM 40587 as 38 kDa
using SDS-PAGE. Similar values were also recorded by Cui
et al. (2007) and Yu et al. (2008), who determined the MTG
mass to be 38 kDa. However, it is worth noting that molecu-
lar weight differences can result from interspecies differ-
ences, purification methods, and electrophoresis conditions.
On the other hand, Wan et al. (2017) described an MTG
mutant with an increased molecular weight of 67 kDa, which
may suggest differences in the protein structure resulting
from genetic modifications. The results confirmed that the
molecular weight of transglutaminase may vary depending
on the microbiological source and the method of its isolation
and purification.

Many studies on microbiological transglutaminase have
been published, but there is no established specific method-
ology for purifying this enzyme. According to Zhang et al.
(2012), after separating the culture from the microbiologi-
cal substrate by centrifugation or filtration, the supernatant
is concentrated by ultrafiltration or salting out with solid
ammonium sulphate or ethanol.

In order to increase the transglutaminase activity of S.
cinnamoneum KKP 1658 and to increase the purity of the
obtained enzyme preparation, the centrifuged culture fluid
was subjected to ultrafiltration using the Sartorius Viva-
flow 200 system with a molecular weight cut-off (MWCO)
membrane of 100 kDa, which allowed the elimination of
larger peptides and impurities. After this stage, the enzyme
specificity was obtained at the level of 1.2 U/mg, which is
an increase of 71.4% compared to the culture fluid. Then,
to precipitate the transglutaminase, an ammonium sulphate
fractionation process was carried out, leading to an increase
of 134.3% (1.64 U/mg) compared to the value for the culture
fluid (0.7 U/mg).

Ultrafiltration is often used as the first or intermediate
step in the purification process for enzymes such as lipase
(Ghutake et al. 2025), endo-pectinase (Krsti¢ et al. 2007),
phytase (Rodriguez-Fernandez et al. 2013), xylose reductase
(Krishnan et al. 2022), bromelain (Nor et al. 2017), lactase
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(Antecka et al. 2019), dextranosaccharase (Flérez Guzman
et al. 2018), and protease (Hemici et al. 2017). Ghutake et al.
(2025) increased the production yield of raw lipase 2.29-fold
by using ultrafiltration with a 5 kDa MWCO membrane for
concentration. In the study by Ozer et al. (2018), the effi-
ciency of three methods of beta-lactoglobulin (B-Lg) isola-
tion was compared in terms of purity, yield, and preservation
of the native protein structure. The use of ultrafiltration with
a 30 kDa MWCO membrane provided the highest degree of
purification (43.6-fold increase over whey), far exceeding
the results of ion exchange chromatography and hydrolysis
with pepsin—a 6.6-fold and 1.4-fold increase over whey,
respectively. The authors emphasised that ultrafiltration also
preserved the native structure of B-Lg proteins and effec-
tively eliminated high-molecular impurities, in this case
bovine serum albumin or immunoglobulin. Yongsawatdigul
and Piyadhammaviboon (2007) studied sarcoplasmic pro-
teins (SpC) from tilapia (Oreochromis niloticus), which con-
tain a significant amount of transglutaminase. In their study,
they used ultrafiltration with a 30 kDa MWCO membrane,
which resulted in a 3.6-fold increase in the total transglu-
taminase activity of the SpC protein concentrate. It is worth
noting that despite the increase in enzyme activity from 137
to 498.6 U/mL, the specific activity of the enzyme decreased
from 16.4 to 14.4 U/mg, which may indicate that ultrafiltra-
tion only concentrates the SpC protein without increasing
the purity of transglutaminase. Ultrafiltration is widely used
for enzyme concentration and is considered a basic purifi-
cation step (Rodriguez-Fernandez et al. 2013). Combining
ultrafiltration with other techniques (e.g. chromatography,
immobilisation on synthetic resins) often increases the puri-
fication yield and the stability of the enzyme (Ghutake et al.
2025). This is confirmed by research on the purification of
transglutaminase, in which alcoholic and sulphate protein
precipitation, ultrafiltration, and gel chromatography were
used, obtaining an enzyme with a specific activity of 107.86
U/mg. In addition, the purified enzyme showed high stabil-
ity—its activity remained above 90% after 2 h of incubation
at 40 °C, and the pH stability range was between 5.0 and 7.0.

Zhang et al. (2012) characterised the transglutaminase
produced by Streptomyces mobaraensis DSM 40587. The
preparation was purified using ultrafiltration (MWCO 30
kDa) combined with gel chromatography (Sephadex G-75)
and high-performance chromatography (SP Sepharose).
Due to the significant amount of magnesium chloride in the
medium, the addition of ammonium sulphate would cause
excessive precipitation of this salt. The authors also decided
not to precipitate the ethanol enzyme, claiming a possible
loss of transglutaminase activity. The specific activity of
MTG in the culture fluid was determined to be 2.93 U/mg,
which increased to 3.24 U/mg after the ultrafiltration pro-
cess—an increase of 10.6%. The use of gel chromatography
allowed us to obtain a specific activity of MTG of 8.14 U/

mg, while high-performance liquid chromatography resulted
in 17.2 U/mg, which is an increase of 177.8 and 487.4%,
respectively. Purified transglutaminase showed the highest
activity at 55 °C and pH 6.0. The enzyme lost its activity
at temperatures above 50 °C. It was stable for 12 h at a pH
of 5.0 to 10.0 at 4 °C and for 30 min at a pH of 5.0 to 9.0
at 37 °C.

Jin et al. (2016) purified MTG from S. mobaraensis TX
isolated from soil using ethanol precipitation, justifying their
choice with the higher cost-effectiveness of the process com-
pared to ultrafiltration. In the culture fluid, the specific activ-
ity of transglutaminase was found to be 1.75 U/mg, and after
ethanol precipitation, a result of 7.02 U/mg was obtained (an
increase of 301.1%). In the subsequent purification stages,
a cation exchange chromatograph (AKTA Purifier) and a
hydrophobic chromatograph (phenyl Sepharose column)
were used, and the results obtained were 37.9 and 39.2 U/
mg, respectively. Purified transglutaminase showed stability
in a wide pH range of 5.0-10.0, with an optimal temperature
of 45-50 °C.

The above results indicate that the use of multi-stage
purification not only supports the concentration of the
enzyme, but also allows it to be further processed without
loss of activity, which is crucial in the development of sta-
ble enzyme preparations. The increase in specific activity
obtained in this study after ultrafiltration (by 71.4%) and
after precipitation with ammonium sulphate (134.3%)
confirms the effectiveness of these enzyme purification
methods, as also indicated by the examples of other studies
described above. It is worth noting that despite the increase
in transglutaminase activity from 4.29 to 22 U/mL, the
maximum specific activity determined did not exceed 1.64
U/mg, which is insufficient compared to the results of 39.2
U/mg reported by Jin et al. (2016) and 17.2 U/mg by Zhang
et al. (2012). In the future, the purification methods used in
this study should be integrated with chromatographic meth-
ods to obtain competitive specific activity results.

Conclusion

The production process in a bioreactor allows for precise
scaling of enzyme production and cost reduction, making
it the preferred method for mass production. This study
determined the optimal conditions for the microbial pro-
duction of transglutaminase (MTG) by the Streptoverticil-
lium cinnamoneum KKP 1648 strain under bioreactor con-
ditions. Based on the results obtained, the optimal culture
parameters were determined to be a pH of 6.5, a nitrogen
dose of 2.75% (using Aminobak and waste corn steep lig-
uor in a 1:1 ratio), and a culture time of 72 h. The agree-
ment between the predicted and observed values confirms
the correctness of the developed model and its usefulness
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for predicting transglutaminase activity under the tested
conditions. After the cultivation, the enzyme was isolated
and subjected to further characterisation. In the conducted
studies, after the ultrafiltration process, an increase in the
specific activity of the enzyme by 71.4% was observed
in relation to the cultivation fluid, which confirms this
method’s effectiveness in increasing the purity of the pro-
tein preparation. Further precipitation with ammonium
sulphate resulted in a specific activity of 1.64 U/mg (an
increase of 134.3% compared to the culture fluid).

Electrophoretic analysis showed that the tested trans-
glutaminase has a molecular weight of 43 kDa, which is
consistent with the values obtained for enzymes from other
microbiological sources. In terms of time-dependent stabil-
ity, the enzyme activity reached a maximum after 120 min of
incubation at 28 °C (5.54 U/mL), but a significant decrease
in activity was observed after 240 min. The enzyme stud-
ied had a wide range of thermostability (20-37 °C), with
a significant decrease in activity at 50 °C (75% decrease).
Complete inactivation of the enzyme occurred at 60 °C.

In terms of pH stability, the tested transglutaminase
showed high activity in a wide pH range (5.0-8.0), reaching
a maximum value at pH 7.0 (3.67 U/mL). In an acidic envi-
ronment (pH <5.0), a sharp decrease in activity was recorded
(1.03 U/mL), while in an alkaline environment (pH 9.0), the
decrease in activity was less pronounced (3.3 U/mL).

The results indicate that S. cinnamoneum KKP 1648 is
an effective MTG producer in bioreactor conditions, and the
optimised fermentation process allows obtaining an enzyme
with stable properties in a wide range of temperatures and
pH. It is worth emphasising that the use of waste corn steep
liquor as a component of the culture medium contributed to
the optimisation of the process. Future research should focus
on the possibility of using even more waste raw materials
as components of microbiological media, which would fur-
ther reduce production costs and the environmental burden.
Practical applications of the obtained transglutaminase in
food technology should also be explored, especially in meat,
bakery, and dairy products, where the enzyme can signifi-
cantly improve the texture and quality of the final product.
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Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Kieliszek M. (2023).
Microbiological transglutaminase: Biotechnological application in the food industry. Open Life
Sciences 18, 1, 20220737. méj indywidualny udziat w jej powstaniu byt znaczacy i polegat na
wspotudziale podczas opracowywania koncepcji, wykonaniu przegladu literatury, analizie
zebranych danych, przygotowaniu i edycji manuskryptu oraz odpowiedzi na recenzje. Ponadto
petnitem rolg autora korespondencyjnego.

Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Kieliszek M. (2024).
Production of microbial transglutaminase by Streptoverticillium cinnamoneum KKP 1658.
EXCLI Journal 23, 655-671. moj indywidualny udziat w jej powstaniu byt znaczacy i polegat
na wspéltudziale podczas opracowywania koncepcji, planowaniu i wykonaniu czgsci
dos$wiadczalnej, analizie zebranych danych, przygotowaniu i edycji manuskryptu oraz
odpowiedzi na recenzje.

Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Kieliszek M.
(2025). Optimization of fermentation conditions for microbial transglutaminase production by
Streptoverticillium cinnamoneum KKP 1658 using response surface methodology (RSM). Folia
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Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Gientka I.,
Kieliszek M. (2025). Characterisation and optimisation of microbial production of
transglutaminase produced by Streptoverticillium cinnamoneum. Applied Microbiology and
Biotechnology 109, 228. méj indywidualny udzial w jej powstaniu byl znaczacy i polegal na
wspotudziale podczas opracowywania koncepcji, planowaniu i wykonaniu czgsci
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Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Kieliszek M. (2023).
Microbiological transglutaminase: Biotechnological application in the food industry. Open Life
Sciences 18, 1,20220737. méj indywidualny wkiad w powstanie pracy obejmowat wspotudziat
w opracowaniu koncepcji, nadzér merytoryczny nad redakcjg manuskryptu oraz koordynacjg
realizacji projektu.

Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Kieliszek M. (2024).
Production of microbial transglutaminase by Streptoverticillium cinnamoneum KKP 1658.
EXCLI Journal 23, 655-671. m¢j indywidualny wkiad w powstanie pracy obejmowat
wspotudzial w opracowaniu koncepcji, nadzor merytoryczny nad redakcjg manuskryptu oraz
koordynacje realizacji projektu.

Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Kieliszek M.
(2025). Optimization of fermentation conditions for microbial transglutaminase production by
Streptoverticillium cinnamoneum KXP 1658 using response surface methodology (RSM). Folia
Microbiologica 70, 259-269. m¢j indywidualny wklad w powstanie pracy obejmowat
wspotudzial w opracowaniu koncepcji, nadzor merytoryczny nad redakcjg manuskryptu oraz
koordynacje realizacji projektu.

Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Gientka .,
Kieliszek M. (2025). Characterisation and optimisation of microbial production of
transglutaminase produced by Streptoverticillium cinnamoneum. Applied Microbiology and
Biotechnology 109, 228. méj indywidualny wktad w powstanie pracy obejmowat wspotudziat
w opracowaniu koncepcji, nadzor merytoryczny nad redakcja manuskryptu oraz koordynacjg
realizacji projektu.
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Niniejszym os$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Kieliszek M. (2023).
Microbiological transglutaminase: Biotechnological application in the food industry. Open Life
Sciences 18, 1, 20220737. moj indywidualny udziat w jej powstaniu polegat na wspoétudziale
podczas opracowywania koncepcji oraz edycji 1 analizie merytorycznej manuskryptu.

Niniejszym oswiadczam, ze w pracy Kolotylo V., Piwowarek K., Kieliszek M. (2024).
Production of microbial transglutaminase by Streptoverticillium cinnamoneum KKP 1658.
EXCLI Journal 23, 655-671. moj indywidualny udziat w jej powstaniu polegal na wspoétudziale
podczas opracowywania koncepcji oraz edycji i analizie merytorycznej manuskryptu.

Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Kieliszek M.
(2025). Optimization of fermentation conditions for microbial transglutaminase production by
Streptoverticillium cinnamoneum KKP 1658 using response surface methodology (RSM). Folia
Microbiologica 70, 259-269. m¢éj indywidualny udzial w jej powstaniu polegat na wspoétudziale
podczas opracowywania koncepcji oraz edycji i analizie merytorycznej manuskryptu.

Niniejszym os$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Gientka I.,
Kieliszek M. (2025). Characterisation and optimisation of microbial production of
transglutaminase produced by Streptoverticillium cinnamoneum. Applied Microbiology and
Biotechnology 109, 228. mdj indywidualny udzial w jej powstaniu polegal na wspoétudziale
podczas opracowywania koncepcji oraz edycji i analizie merytorycznej manuskryptu.
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Niniejszym o$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Kieliszek M.
(2025). Optimization of fermentation conditions for microbial transglutaminase production by
Streptoverticillium cinnamoneum KKP 1658 using response surface methodology (RSM). Folia
Microbiologica 70, 259-269. moj indywidualny udzial w jej powstaniu polegat na udzieleniu
wsparcia merytorycznego przy formutowaniu zatozen modelu statystycznego oraz podczas jego

wyznaczania i opisu.

Niniejszym os$wiadczam, ze w pracy Kolotylo V., Piwowarek K., Synowiec A., Gientka I.,
Kieliszek M. (2025). Characterisation and optimisation of microbial production of
transglutaminase produced by Streptoverticillium cinnamoneum. Applied Microbiology and
Biotechnology 109, 228. m¢j indywidualny udzial w jej powstaniu polegal na udzieleniu
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