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UVODEM
Vazeni piatelé,

jako kaidoro¢né Vas v poslednim (isle letosniho
Bioprospectu informujeme o pribéhu valné hromady
CSVTS. Valna hromada velmi ocenila velice Gspé&sny
rok, ve kterém se podafilo mimo jiné uspésné realizo-
vat Svétovy inZzenyrsky konvent WEC 2023 pod piedsed-
nictvim CSVTS a tehdejsiho pfedsedy doc. Ing. Daniela
Hanuse, CSc. Pro dalsi obdobi byl zvolen novym pied-
sedou CSVTS prof. RNDr. Pavel Drasar, DrSc. z Ceské
spolec¢nosti chemické, z.s. Za Biotechnologickou spo-
le¢nost, z.s. byl zvolen RNDr. Mgr. Tomas Vanék, CSc.
do Dozor&i Rady CSVTS. Aktuélni informace lze zis-
kat na webovych strankach http://zpravodaj.csvts.cz
a Www.csvts.cz

Evropsky biotechnologicky kongres se bude ko-
nat od 30. ¢ervna do 3. ¢ervence 2024 v holandském
Rotterdamu. Abstrakty je nutné zaslat do 12. dubna
2024.

-----

ziskat v listopadovém newsletter@efbiotechnology.org

Zajimava vyroci letosniho roku:
190 let Prvni strojni papirna v Rakousko-Uherské
monarchii v prazské Bubenci

100 let ceskych aerolinii

CSA byly zaloZeny 6. fijna 1923 a patfi do pétice nej-
starSich dosud existujicich leteckych spole¢nosti svéta.
Tficata léta 20. stoleti pfinesla pro CSA expanzi sité
linek do zahrani¢i. Prvni mezinarodni linka Praha - Za-
hieb, jez byla v provozu od roku 1930. Tato linka byla
jiz v roce 1933 prodlouzena déle do Susaku (dnesni
Rijeka) a nasledné pak v roce 1936 do Splitu a Dubrov-
niku. Od roku 1933 byl zah4jen rovnéz provoz tzv. Ru-
munského expresu, coz byla linka Praha - Uzhorod
— Kluz - Bukurest. V roce 1936 bylo zavedeno letecké
spojeni CSA s Kyjevem a Moskvou a o rok pozdéji pak
s Bruselem. Ve stejném roce 1937 zacina provoz linky
Praha — Bratislava — Klagenfurt — Terst — Benatky, v roce
1938 pak spojeni do Pafize pfes Strasburk, jakoZ i do
Rima. V roce 1937 zacaly létat prvni letusky na linkach

CSA a bylo zavedeno palubni obéerstveni b&éhem letu.
1. ledna 1937 byl provoz CSA pieveden z letisté Praha
— Kbely na nové letisté Praha — Ruzyné. Slibny rozkvét
CSA docasné pierusil bliZici se zacatek 2. svétové valky.
(Informace pfevzata od sou&asnych CSA).

80 let Nemocnice v Motole
Zahajila provoz 4. 1. 1943

70 let Ceskoslovenska televize
Zahajila vysilani 1. 5. 1953. V r. 1973 pak vysilala i ba-
revné.

40 let Barandovsky most

30 let Samostatna Ceska republika

30 let Museum vozového parku ve StieSovicich
20 let Muzeum Kampa

10 let Povodné v Praze

Nobelovy ceny

Konec listopadu je kazdoro¢né ¢as udélovani Nobelo-
vych cen. Nas zajima pfedevsim udéleni cen za fyziolo-
gii a lékafstvi, za fyziku a za chemii. Bohuzel, jednodu-
ché vysvétleni predmétd ocenéni je prakticky nemozné
a proto odkazujeme ¢tenare naseho tvodniku na delsi
odborny vyklad, ktery je dostupny na internetu.

Nasi mili ¢étenafi,

pfejeme Vam pfijemné proziti vanocnich svatk(i a po
cely pristi rok pevné zdravi a splnéni viech Vasich pfa-
ni a tuzeb. TéSime se na Vasi spolupraci pfi zajisténi
kvalitnich ¢lankd v Bioprospectu i ¢innosti nasi spolec-
nosti.

Se srde¢nymi pozdravy

Vasi

Jan K43, Petra Lipovova

a kolektiv redakce Bioprospectu
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ODBORNE PRISPEVKY

PCR A LAMP: UZITECNE NASTROJE PRO AUTENTIZACI RYB

Eliska Cermakova'?, Kamila Zdeiikova'

'Ustav biochemie a mikrobiologie, Vysokd skola chemicko-technologickd v Praze
2Vyzkumny ustav potravindisky Praha, v. v. i.; fialovae@vscht.cz, kamila.zdenkova@vscht.cz

Uvod

Podvody s rybami a mofskymi plody jsou celosvéto-
vym problémem. Pfikladem muze byt vysledek analy-
zy The Guardian Seascape, ktera ukazala, Ze vice nez
36 % moiskych plodl a ryb zakoupenych v restaura-
cich, supermarketech nebo pfimo od prodejcti ryb ve
vice nez 30 zemich bylo chybné oznaceno'. Mezi nej-
na zaména druh(, kdy se levnéjsi rybi druh prodava
jako drazsi, nedodrieni deklarované hmotnosti rybi
svaloviny nebo nespravné uvedeni plvodu, coz mize
mit vliv napfiklad na nutri¢ni vlastnosti?. Takové podvo-
dy mohu mit dalekosahlé disledky zahrnujici i) zdra-
votni rizika (alergie, pfitomnost tézkych kov( ¢i toxin()
i finan¢ni ztraty pro spotiebitele, ii) dopady na Zivotni
prostiedi a iii) vznik ekologické nerovnovahy v eko-
systémech v disledku nadmérného rybolovu uréitych
druh kvali vysoké poptévce.

Pfi odhalovani podvodt s rybami a mofskymi plody
mohou pomoci molekularné-genetické metody, které
diky analyze DNA umoznuji spolehlivé urcit prodava-
ny rybi druh i v pfipadé tepelného opracovani a/nebo
ztraty morfologickych znakd, jako je tomu napfiklad
u rybich vyrobkd (pomazanky, salaty apod.)>*. Nejroz-
Sifenéjsi metodou je pravdépodobné polymerazova
fetézova reakce (PCR, angl. Polymerase Chain Reac-
tion), ktera se v prlibéhu pandemie COVID-19 dostala
i do povédomi Siroké vefejnosti. Znama je vsak tato
metoda jiz od konce 20. stoleti, a tak neni prekvapivé
jeji Siroké spektrum vyuziti®”.

Porovnani metody polymerazové retézove
reakce (PCR) a izotermické amplifikace
zprostredkované smyckou (LAMP)

PCR metoda umoziiuje selektivni mnozeni (@amplifi-

kaci) vybraného useku nukleové kyseliny diky vhodné
zvolenému paru primerd, tedy kratkych oligonukleoti-

Tab. I: Srovnani vybranych parametri metody PCR a LAMP

d komplementarnich k cilové nukleotidové sekvenci
pfidavanych do reakéni smési. Reakce obvykle probiha
pii tfech teplotach, které se cyklicky opakuji. BEhem
nich dochéazi k denaturaci vldkna DNA, nasednuti pri-
merl a syntéze nového, komplementarniho vlékna.
Vzniklé produkty amplifikace se tradi¢né detekuji na
agarosovém gelu po skonéeni PCR (tzv. end-point
PCR). Novéjsi formaty PCR, tedy PCR s fluorescen¢ni
detekci v redlném case (QPCR) a digitalni PCR (dPCR),
umoznuji detekci béhem amplifikace nebo po ni, po-
krocilé aplikace pak umoznuiji i kvantifikaci pomoci in-
terkala¢nich barviv (napf. SYBR Green®, EvaGreen®)
nebo fluorescen¢né znacenych sonds®. PCR vsech for-
math se bézné pouzivaji pro identifikaci Zivocisnych
druhl a byly Gspésné uplatnény pfi analyze slozeni
potravin®.

Méné znama je pak metoda izotermické amplifi-
kace zprostiedkované smyckou (LAMP, angl. Loop-
-mediated isothermal amplification), ktera byla vyvinu-
ta v roce 2000'2'3. Tato metoda vyuziva soubor Ctyf aZ
Sesti primerd k amplifikaci vybraného Gseku DNA, coz
vede ke vzniku lamplikont rdznych délek v zavislosti
na poctu amplifikovanych jednotek cilové DNA spo-
jenych smyckou. Reakce probiha na rozdil od PCR za
konstantni teploty. Vysledky Ize snadno interpretovat
podle zmény barvy reakéni smési nebo intenzity zaka-
lu (turbidimetricky); kromé toho je mozné detekovat
produkty reakce na agarosovém gelu nebo sledovat
narust fluorescen¢niho signélu v redlném ¢ase obdob-
né jako u qPCR. Metoda nasla rozsahlé uplatnéni v ob-
lasti klinické diagnostiky, detekce geneticky modifiko-
vanych organisml (GMO, angl. Genetically Modified
Organisms) a také pfi autentizaci Zivocich(i a rostlin.
V poslednich desetiletich byla LAMP metoda Siroce vy-
uzivana také pro detekci mikroorganismd, véetné vir(i,
které postihuji rybi populace®. Pro identifikaci ryb sa-
motnych vsak zacala byt pouZivana teprve nedavno.
Porovnani metody PCR a LAMP je uvedeno v Tabulce I.

Metoda
Parametr
LAMP
PoZadované mnozstvi DNA
pro analyzu <100 ng <100 ng
Doporuéena délka produktu Obuykle 80 ~ 600 bp Do 250 bp

(dle formatu PCR)

Kapacita pfistroje

Déano termoblokem PCR cykleru
(obvykle 96, mozno az 384 jamek)

Dano termoblokem PCR cykleru
(obvykle 96, mozno az 384 jamek)
nebo kapacitou vodni lazné
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Tab. I: (pokracovani)

Metoda
Parametr
PCR LAMP
Termostabilni DNA polymerasa DNA polymerasa se schopnosti
schopna zachovat si enzymovou 2enéni kompl ik
aktivitu i za vysokych teplot vy:cetspenl D&rxp emlen:armd °
Polymerasa (290 °C), napi. Taqg retezce (angl. stran

polymerasa, Klenowv fragment
DNA-polymerasy |, T4 ¢i T7
polymerasa

displacement activity),
napi. Bst nebo Bsm DNA
polymerasa

Teplotni profil reakce

Stiidani teplot, nejcastéji 95 °C
(denaturace), 60 °C (nasednuti
primertl) a 72 °C (prodluzovani
vznikajiciho fetézce,
tzv. polymerace)

Izotermicka (1 stala teplota),
nejcastéji pfi 60-65 °C

Cas nezbytny pro analyzu
(amplifikace DNA)

45 - 120 min

10 — 80 min

Moznost detekce amplikonu

Fluorimetricky, elektroforeticky

Turbidimetricky, kolorimetricky,

(vizualizace)

fluorimetricky, elektroforeticky

Moznost identifikace rybiho druhu

Moznost multiplexni analyzy

ve smésném vzorku Ano
MozZnost analyzy tepelné opra-
covanych vzorkd (rybi produkty, Ano
pokrmy apod.)
Ano

(detekce fluorescenéniho signalu)

Potencial pro mezilaboratorni
reprodukovatelnost

Viysoky

Stiedni

Potencial pro tvorbu databazi

Vysoky (sekvence a délky
specifickych produkt()

Ne (tvorba smycek)

Uplatnéni PCR a LAMP pri identifikaci
vybranych rybich druhii dostupnych
na ceském trhu

Zatimco metoda PCR je pro identifikaci rybich dru-
ha vyuzivana jiz dlouha léta, metoda LAMP je za tim-
to Gcelem vyuzivana predevsim v poslednich letech.
V aktualné dostupnych publikacich je tak dosud moz-
né dohledat metodiku LAMP pouze pro tGzké spektrum
rybich druhd. Pokud je ndm znéamo, pouziti LAMP pro
identifikaci ryb bylo publikovano pouze pro vybrané
druhy lososa'#', pstruha'®, tunaka'”'¢, ihofte', tresky?°,
jazyka?', a zastupce rodu Arothorn nebo Diodon???.
Piehledova Tabulka Il proto neobsahuje seznam viech
ryb, pro néz byla vyvinuta metoda PCR, ale vychazi
z dostupnych protokoll pro identifikaci rybich druht
prostfednictvim metody LAMP. Zahrnuty byly také 4
rybi druhy bézné dostupné na ¢eském trhu a/nebo
s vysokou mirou rizika falSovani, pro které metoda

LAMP dosud neexistuje. Obsahly piehled vyuziti PCR
metody, ale i dalSich molekularné-biologickych metod,
pro druhovou identifikaci ryb a odhalovéni jejich fal3o-
vani byl publikovan napfiklad v praci 9 nebo 24.

Ackoliv je metoda LAMP obecné prezentovéana jako
citlivéjsi pfistup nez PCR?, publikované vysledky toto
jednoznacné nepotvrdily. Naptiklad 10 porovnali me-
tody LAMP a PCR pfi analyze DNA lososa obecného;
stanovena citlivost PCR testu byla 10x vyssi nez u me-
tody LAMP. Naopak Ize na zakladé dostupnych vysled-
kd jednoznacné fict, Ze metoda LAMP m{zZe vyznam-
né urychlit rychlost reakce. Pfiméa detekce lamplikond
s vyuZitim barviva SYBR Green zkrétila ¢as analyzy na
méné nez 30 minut. To mlze byt uzite¢né predevsim
pfi analyze vzorkd za u¢elem kontroly trhu s potravina-
mi, nebot to umozni rychlé varovani v pfipadé zjisténi
falSovani ¢i kontaminace vzorku.

Problematikou falSovani ryb a moznostmi identifika-
ce rybich druh( s vyuzitim metody LAMP se zabyval
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také workshop ,FalSovani ryb: aktualni trendy a me- ryb lovenych v CR, moznych komplikacich pfi odhalo-
tody odhalovani”, ktery se konal 1. 12. 2023 na VSCHT vani falSovani u zpracovanych produktt rybolovu i vy-
Praha. Posluchati se mohli dozvédét vice o diverzité uzivanych metodach.

Tab. II: Stru¢ny prehled praci publikovanych pro DNA identifikaci rybich druhl s vyuzitim metod LAMP a PCR.
Viybér ryb byl volen na zékladé dostupnych metodik pro metodu LAMP, vyznamnost pro ¢esky trh a/nebo vysokou
miru jejich falSovani.

Metoda detekce a cilovy fragment DNA
Rybi druh Reference
PCR LAMP
Jazyk obecny ) o
(Solea solea) 55 IDNA;ITS 1 cytb 21; 26; 27
I(_ggl?;: Isjgfanr}l coi, cytb cytb 14; 28; 29; 30; 31
Pstruh duhovy ) e
(Oncorhynchus mykkis) coi, cytb cytb 29; 30; 16
(cT;Lejbi %Ziﬁ%i) cytb, coi cytb 20; 32; 33; 34
. 125 rRNA;
Treska velkohlava PR
nekddujici iseky DNA cytb 32;33;35; 36
(G. macrocephalus) (barcoding)
Treska skvrnita
elanogrammus r C ;
Melanog 125 rRNA ytb 32; 35
aeglefinus)
Treska pestra (Theragra Panl cvib 33; 37
chalcogramma) v
Tunak pruhovany o
(Katsuwonus pelamis) cytb cytb 17; 38; 39
Turidk Zlutoploutvy coxll, NADH2; NADH4; .
(Thunnus albacares) 12S rRNA cytb 18; 39
Uhof Fi¢ni o ) _
(Anguilla anguilla) ¢yt Lektin typ-C 19; 40
Rod Arothorn 16S rRNA** coi 22; 41
Rod Diodon - coi 23
Das morsky* .
(Lophius piscatorius) parvalbumin - 42
Mofan tmavy¥ . B
(Spondyliosoma cantharus) parvalbumin 43
Kapr obecny* i _
(Cyprinus carpio) D-loop 44
Makrela obecna¢
(Scomber scombrus) cytb - 45

*Ryby z rodu Lophius jsou komeréné velmi cenéné. Das mofsky je €asto vyuzivan jako nahrazka dasa ¢ernobfichého (L. budegassa), ktery je
u konzumentd oblibené;jsi.

*Mofan tmavy, neboli praima tmava, je u konzument( oblibeny pro své lahodné bilé maso. Prazmy jsou béziné prodavany v obchodnich
tetézcich CR. Obvykle je v3ak v obchodech dostupna prazma kralovska, ktera je drazsi.

*#Kapr obecny byl zahrnut do tabulkyjako tradi¢ni ¢eska ryba.

€Makrela obecna je velmi oblibena u spotiebitell. Bylo vSak zaznamenano nékolik ptipadd falSovani, kdy makrela obecnéa byla zaménéna
za jiny druh makrel.

**Detekéni metodou bylo PCR-RFLP a/nebo PCR-SSCP, nikoliv samotné PCR.
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Zavér:

Ryby a rybi vyrobky patfi mezi cenné a ¢asto obcho-
dované komodity, coz je ptedurcuje k falSovani. Na-
hrazeni kvalitni nebo vzacné ryby méné hodnotnym
druhem je, bohuzel, ¢astym problémem. Takové na-
hrazky mohou ohrozit zdravi spotiebitele, protoze ryby
jsou jednim z hlavnich zdrojl alergend, jejichz obsah
se u jednotlivych druhd lisi. Proto je klicové mit k dis-
pozici spolehlivy a rychly systém pro kontrolu ryb a ry-
bich vyrobk na trhu. Metoda LAMP se jevi jako slibny
nastroj pro identifikaci rybich druhd diky své rychlosti,
vysoké specifi¢nosti a jednoduchosti pouziti. Navic ne-
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Souhrn

Cermakova E., Zdeiikova K.: PCR a LAMP: uZite¢né nastroje pro autentizaci ryb

Ovéfovani pravosti a odhalovani nespravného oznaovani potravin ma pro ochranu spotfebiteld velky vyznam jiz po staleti. Na kon-
trolu kvality potravin se tak zaméfuji vyzkumné laboratofe i kontrolni organy. Europol, organizace zabyvajici se prevenci a potiranim
organizované trestné ¢innosti, se v nedavné dobé zaméfil na odhaleni falsovanych potravin v Evropské unii. B€hem prosince 2021 -
kvétna 2022 zabavil téméf 27000 tun falSovanych potravin z 26 zemi. Mezi ¢asto falSované komodity patfii ryby a rybi produkty.
Pro podvodniky se ryby stavaji snadnym cilem, nebot i jednoduché procesy zpracovani, jako je filetovéni, odstrariuji velmi dilezité
morfologické znaky a znemoznuiji tak vizualni identifikaci rybich druhl v produktech uvadénych na trh. Proto byly vyvinuty techniky
umoziiujici identifikaci druhd i ve zpracované rybi svaloviné a rybich vyrobcich. Pfedkladana prace si klade za cil porovnat dvé z nich:
polymerazovou fetézovou reakci, ktera je vyznamnou a dnes jiz bézné vyuzivanou molekularni metodou pro ovéfovani pravosti po-
travin, a metodu izotermické amplifikace zprostiedkované smyckou, ktera se pro identifikaci rybich druhti vyuZiva teprve par let. Text
shrnuje zékladni parametry obou metod a také jejich uplatnéni pfi identifikaci rybich druhi.

Klicova slova

autentizace potravin, DNA analyza, druhova identifikace, falsovani ryb, rybi druhy

Summary

Cermakova E., Zdeiikova K.: PCR and LAMP: useful tools for authenticating fish

Verifying the authenticity and detecting mislabelling of food has been of great importance for centuries. Thus, research laboratories
and controlling authority focus on food quality control. Between December 2021 and May 2022, an EU-wide action was carried out
to detect counterfeit food. Europol seized almost 27,000 tonnes of fraudulent food from 26 countries. Fish and fish products are
among the most frequently adulterated commodities. Fish is an easy target for fraudsters, as even simple processing processes such
as filleting remove very important morphological features, making it impossible to visually identify the fish species in marketed pro-
ducts. Analytical techniques have therefore been developed to allow species identification even in processed fish muscle and fish
products. The present work aims to compare two of them: the polymerase chain reaction, an important and nowadays commonly
used molecular method for authentication of foodstuffs, and the loop-mediated isothermal amplification method, which has only
been used for the identification of fish species for a few years. The text summarises the basic parameters of both methods and their
application in fish species identification.

Keywords

food authentication, DNA analysis, species identification, fish fraud, fish species

SKROB - BIOSYNTEZA, NUTRICNI VLASTNOSTI,
BIOTECHNOLOGIE, ENZYMOVE METODY STANOVENI
JEDNOTLIVYCH FOREM SKROBU

Evien Sarka, Petra Smrckova
Ustav sacharidi a ceredlii, Fakulta potravindiské a biochemické technologie,
Vysokd skola chemicko-technologickd v Praze; evzen.sarka@vscht.cz

Uvod Vétsina nativnich skrobd obsahuje 20-30 % amy-
losy a 70-80 % amylopektinu. Tyto hodnoty se mir-

Skrob je biopolymer, jehoz hlavnimi slozkami jsou >y < o . IR AN h ,
né lisi pro rzné plodiny, odridy i péstebni podmin-

dva o-p-glukany — linearni amylosa s o-(1—4) gly-

kosidovymi vazbami (Obr. 1) a vétveny amylopektin, ky. Vy3si obsah amylosy ma Skrob z lusténin, existuji
obsahujici o-(1 —4) a o-(1 —6) vazby. U amylopekti- specialné vyslechténé nebo geneticky modifikované
nu dochazi k vétveni o-(1 —6) po 10 az 100 anhyd- (GM) odrtdy s vyrazné zménénym obsahem amylo-
roglukosovych jednotkach (Obr. 2). Molekula obsahuje sy a amylopektinu — napf. skrob voskového je¢mene
mista s vétsi koncentraci hmoty, ktera jsou krystalicka OH

OH

(vytvareji se tzv. klastry), a méné ,husté” vrstvy, které
maji amorfni charakter.

OH OH OH
H OH |H A~ O0H |H OH
4KoH' H ' [*KOH H_A' [*NOH H_A"
HO 0 o] OH
H OH H OH H OH
- n
Obr. 1: Strukturni vzorec amylosy Obr. 2: Strukturni vzorec amylopektinu
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¢i voskové kukufice obsahuje jen asi 1 -8 % amylosy,
u amyloje¢menu a amylokukufice 60-70 % amylosy,
Skrob z GM brambor m{ze obsahovat 98 % amylopek-
tinu.

Celosvétova produkce skrobu se v roce 2020 od-
hadovala na asi 90 milionG tun. Z tohoto celkového
mnozstvi pochazi 75 % z kukufice, nasleduje tapioka/
maniok (14 %), pSenice (7 %) a brambory (4 %). V Ev-
ropské unii se v soucasnosti vyrobi asi 11 mil. t Skrobu.

Kromé vysoké produkce je zajimava i dlouha historie
produkce Skrobu a jeho vyutziti. Jiz ve starém Egypté
(3500 pi. Kr.) byl ziskavan z p3eni¢nych zrn a slouzil
k zasypavani ran, ke kosmetickym uceldm (pudrova-
ni), ke slepovéani pruhli papyru a k vyhlazovani jeho
povrchu. Od doby Mezopotamie a starého Egypta byl
vyuzivan nakli¢eny je¢men obsahujici hydrolyzovany
Skrob k naslednému zpracovani v kvasnych proce-
sech'2. Podobné se skrob podili i na fermentaci tésta
pii pfipravé chleba, jehoz historie je rovnéz velmi dav-
nd. O selské vyrobé izolovaného Skrobu prvni pisem-
nou zminku napsal Cato (234 -149 pi. Kr.) ve spise
O zemédélstvi.

Ve 14. stoleti bylo znamo pouziti skrobu ke Skro-
beni pradla. V roce 1739 byla v Anglii povolena vyro-
ba bramborového Skrobu, aby se uchovalo obili pro
potraviny v souvislosti s valkou se Spanélskem. Gotlieb
Kirchhof v r. 1811 popsal vyrobu skrobového sirupu
pomoci kyseliny sirové, Justus von Liebig (1829) pu-
sobil na skrob chlérem a zjistil u oxidovaného Skrobu
zna¢nou zménu vlastnosti®.

Zasadni zlom nastal ve 20. stoleti po vyvoji techno-
logicky poutzitelnych enzym( ke zpracovani skrobu,
coz umoznilo jeho 3irsi vyuziti predevsim

kosa-1-fosfat; glukosa-6-fosfat, sacharosa a adenosin
difosfoglukosa. Ve tmavé fazi dochéazi k opa¢nému
sledu reakci, pficemz meziproduktem je sacharosa,
jejiz roztok umoziuje dalsi transport. Opétna syntéza
Skrobu v zasobnim organu rostliny probiha rovnéz
v nékolika krocich, které se lisi pro jednodéloziné
(Obr. 3) a dvojdélozné rostliny. Meziprodukt adeno-
sin difosfoglukosa je dilezitym meziproduktem, ktery
je vytvéien podle druhu rostliny bud v cytosolu nebo
uvniti amyloplastu“.

V uvedeném schématu je konec¢né faze tvorby amy-
losy a amylopektinu zobrazena zjednodusené. Detail-
néji je tento krok pfiblizen na Obr. 4. GBSS I (granule-
-bound starch synthase, waxy protein) je jedinou
Skrobovou syntasou pro syntézu amylosy v cerealnim
endospermu, fidi ale také syntézu dlouhych fetéz-
¢ amylopektinu. Pokud jde o amylopektin, podili se
na jeho stavbé nékolik enzymu: Skrobova syntasa
SS1 - katalyzuje syntézu fetézc amylopektinu se
stupném polymerace (DP) z 6-7 na DP 8-12, SS2
syntézu fetézcll z 6 — 10 na 12 - 25, SS3 syntézu fetéz-
cli o DP 25-35 nebo delSich, SS4 fidi vznik Skrobo-
vych zrn. Kromé toho zde pusobi vétvici enzymy SB1
a SB2 (starch branching enzyme) a ,opravujici” odvét-
vovaci enzym SDBE (starch debranching enzyme).

Obraceny proces temné faze mGzeme sledovat pfi
zmrznuti brambor, pfesnéji pii uskladnéni za nizké tep-
loty. Vznika nepfijemné sladké chut, na niz maji hlavni
podil sacharosa, maltosa a nizkomolekularni dextriny.
V tomto biochemickém procesu kromé ¢astec¢né obra-
ceného procesu oproti biosyntéze Skrobu pusobi jesté
i dalsi enzymy>®.

v napojovém pramyslu. Byly zpracova- a

ny technologie pro rtizné sirupy na bazi
Skrobu (glukosové, maltosové ¢i glukoso-
-fruktosové). Tyto biochemické procesy
produkuji chutové pfijemné;jsi hydrolyza-
ty v porovnani s témi ziskanymi kyselou
hydrolyzou, mimo to jejich vyroba je eko-
nomicky vyhodné;jsi.

Biosyntéza a hydrolyza skrobu
v rostlinach

Skrob vznika pfi fotosyntéze v chloro-
plastech listl zelenych rostlin jako me-
tabolicky produkt, do kterého se uklada
svételnd energie pfeménéna na ener-
gii chemickou. Z chloroplastli je tento

pfechodné ulozeny $krob degradovan \_

na rozpustné sacharidy a je dale trans-
portovan ve formé jednoduchych la-
tek do zasobnich orgénl rostlin (hlizy,

10
ADP‘.—ADP ADP-GIc«—.— ADP-Glc

\

PP,

9
ATP

Glc-1-P UTP
6
UDP-Glc PP,

Fruktosa
16

Sacharosa uDP

Amyloplast Cytosol

oddenky, plody atd.), kde je opét synte-
tizovan Skrob, ktery se uklada v podobé
Skrobovych zrn ve zvlastnich organelach,
leukoplastech, které se podle funkce na-
zyvaji amyloplasty.

Prvni faze syntézy Skrobu pfedpoklada
vznik celé fady meziproduktd, jako jsou
fruktosa-6-fosfat, fruktosabifosfat, glu-

Obr. 3: Proces syntézy Skrobu v heterotrofnich organech jedno-
déloznych rostlin (napk. obilovin) podle Bahaji et al.’;

vyznam symboll: ADP - adenosindifosfat, ATP adenosin trifosfat,
ADP-Glc adenosin difosfoglukosa, Glc-1-P glukosa-1-fosfat, UDP uri-
din difosfat, UDP-Glc uridin difosfoglukosa, UTP uridin trifosfat,
PP; anorganické fosfore¢nany; enzymy: 6 UDP-Glc pyrofosforylasa,
9 adenosin difosfoglukosa pyrofosforylasa, 10 skrobova syntasa,
16 sacharosova syntasa
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Obr. 4: Biosyntéza amylopektinu

(A, B1, B2, B3, C — anhydroglukosové fetézce v mo-
lekule amylopektinu vazané vazbou o-p-(1—4),
rozvétveni znazoriiuje anhydroglukosovou jednot-
ku s vazbou o-p-(1 —6): A — kratké, dale nerozvét-
vené fetézce, B1 — kratké, dale rozvétvené fetézce,
B2 - fetézce zasahujici 2 klastry, B3 - fetézce zasahu-
jici 3 klastry, C - fetézec obsahujici redukujici konec;
SS1 az SS3 - skrobové syntasy, SB1 a SB2 — vétvici
enzymy, SDBE - odvétvovaci enzym)

Genetickou modifikaci Ize ovlivnit jednotlivé bioche-
mické cesty biosyntézy Skrobu. V posledni dobé byly
testovany postupy, kterymi Ize ovlivnit velikost Skrobo-
vych zrn, obsah amylosy ¢i obsah fosfatae.

Sled chemickych reakci Ize pomoci GM upravit
i tak, Ze vyslednym produktem fotosyntézy jsou fruk-
tany. Rostlinné fruktany jsou vyuZivany pro fadu po-
travinaiskych i nepotravinaiskych aplikaci v zavislosti
na stupni polymerace. Inulin s kratkymi fetézci maze
byt vyuzit k vyrobé fruktosovych sirupt. Inulin s dlou-
hymi fetézci (DP 2 25) se vyuziva jako nahrazka tuku,
prebiotikum a stabilizator pény v potravinach’.

Stravitelnost skrobu

V lidském organismu se na zpracovani sachari-
dd podileji predevsim nasledujici enzymy: o-amy-
lasa hydrolyzujici vazby o-p-(1 —4) (EC 3.2.1.1; pan-
kreaticka amylasa a amylasa ve slinach), -p-fruktofu-
ranosidasa (sacharasa) (EC 3.2.1.26), a-D-glukosidasa
(EC 3.2.1.20) a p-p-galaktosidasa (EC 3.2.1.23). Kromé
toho pusobi v zZaludku kyselina chlorovodikova a ve
stievé Zluc¢ové kyseliny. Na rozdil od hydrolyzy amylo-
sy, ktera je nahodné stépena na maltooligosacharidy,
plsobeni o-amylasy na amylopektin neni nahodné:
jeho vyslednymi produkty jsou maltosa, maltotriosa
a vétvené a-hrani¢ni dextriny obsahujici vSechny pu-
vodni vazby o-p-(1 — 6) a sousedni vazby o-b-(1 — 4).
Amylosa je travena pomaleji a v mensi mife nez amy-
lopektin. Bylo prokazéano, ze glykemicka odezva amy-
losy je mensi nez u stejného mnozstvi amylopektinu.

Stravitelnost Skrobu je ovlivnéna tvorbou komplexd
s lipidy a proteiny. Kromé toho se ma za to, zZe se feno-
lické slou¢eniny vazou na aktivni nebo sekundarni mis-
ta travicich enzyma a/nebo na skrob, ¢imz snizuji jeho
hydrolyzu®. Roli hraje i inkorporace skrobu do buné¢-
nych stén ¢i podil Skrobové slozky s vyssi krystalinitou.

Z hlediska stravitelnosti Ize skrob rozdélit do nasle-
dujicich kategorii:

1) Rychle stravitelny skrob (RDS - rapidly digestible
starch), ktery je v travicim traktu zcela hydrolyzovén
do 20 min od prvniho kontaktu s travicimi enzymy®.
ZpUsobuje rychly nardst hladiny glukosy v krvi s na-
slednym rychlym poklesem. V potravinach se RDS
sestava hlavné z dispergovaného a amorfniho skro-
bu, ktery se nachazi se ve velkém mnozstvi v cers-
tvé uvafenych potravinach.

2) Pomalu stravitelny skrob (SDS - slowly digestible
starch) je zcela hydrolyzovan na glukosu béhem
20 - 120 min. Glukosa se do krve uvoliiuje postup-
né, a proto je jeji hladina v krvi po uritou dobu
téméf konstantni. Tim se zlep3uje jak fyzickd, tak
dusevni vykonnost organismu a prodluzuje se pocit
zasyceni. Struktura SDS je ¢astecné krystalicka, pfi-
rozené se vyskytuje v potravinach ¢astec¢né tepelné
upravenych, jako jsou snidanové ceredlie, lusténiny
a v nativnich vysokoamylosovych Skrobech.

3) Rezistentni sSkroby (RS) prochazeji tenkym stievem
nestravené az do tlustého stieva, kde jsou rozloze-
ny fermentaci az na mastné kyseliny, oxid uhlicity,
vodik a methan. Struktura RS je pfevazné krystalic-
ka, v potravinach se vyskytuje pfirozené napf. v ba-
nanech, syrovych bramborach a ulozeném chlebu.

Jednou z funkci rezistentniho Skrobu (s vyjimkou né-

kterych zvlast odolnych rezistentnich skrobd) je jeho
fermentace mikroorganismy v tlustém stfevé na mo-
nokarboxylové kyseliny s kratkym alifatickym fetézcem
(short chain fatty acids — SCFAs). Tyto kyseliny jsou
znamy jako hlavni nutrient epitelidlnich bunék tlustého
stfeva, a nedostatek butyratl zvysuje riziko rakoviny.
SCFAs maji také pozitivni efekt na zlepSenou absorp-
ci hoic¢iku a vapniku, pravdépodobné diky jejich vyssi
rozpustnosti v kyselejSim prostiedi. Maji rovnéz pfizni-
vy vliv na rovnovéhu bakteridlnich druh(, tzn. prede-
vsim bifidobakterii a laktobacild, které zamezuji rozvoji
patogennich bakterii; toto se projevuje zlepsenim bak-
terialniho metabolismu soli Zlu¢ovych kyselin. Meta-
bolismus SCFAs mlze pfispivat ke zlep3eni kontroly
glykémie a zlepSeni metabolismu lipidG u diabetikd,
coz souvisi s tim, Ze rezistentni Skrob sniZuje postpran-
dialni glukosovou a insulinovou odezvu'.

Rezistentni Skrob Ize rozdélit na 5 nasledujicich typt:

RS1 - fyzikalné nedostupny Skrob, naléza se v celych
obilnych zrnech a lusténinach. Skrob tohoto
typu je zaclenén do bunécné struktury potravi-
ny, a ta brani pfistupu enzymd. Tepelnym zahie-
vem v3ak dojde k rozruseni struktury, a skrob se
tak stava stravitelnym.

RS2 -V nativnich zrnech jsou pfitomny krystalické
struktury Skrobu, které se vsak po plsobeni te-
pelného zahfevu stavaji pfistupnéjsi pro travici
enzymy. RS2 mlzZeme nalézt v syrovych bram-
boréch, lusténinach nebo bananech.

RS3 - retrogradovany skrob, napf. ve vafenych a zchla-
zenych bramborach, chlebové kirce, kukufic-
nych vlo¢kach. Napi. Jurkaninova et al." zjistili,
Ze obsah rezistentniho skrobu v knedlikach se
zvysoval s dobou jejich uloZeni pfi snizené tep-
loté (asi 5 °C). Shi et al.”? pfipravili RS3 zpraco-
vanim hrachovych skrobl se svraskalym povr-
chem (obsah amylosy 79,5 % - 94,4 %) s ky-
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selinou, zmazovaténim, odvétvenim (debran-
ching) amylopektinu a rekrystalizaci; poté byla
struktura déle modifikovana tepelné-vihkym
zpracovanim (heat moisture treatment). RS3
po osetieni tlakovym ohfevem s 30% vlhkosti
vykazoval nejvyssi obsah RS (84,7 %).

RS4 - Skrob chemicky modifikovany se lisi od ostat-
nich typl tim, zZe jeho struktura je bud zesitova-
n4, nebo obsahuje esterové ¢i etherové vazby.
Tyto modifikace vyrazné méni vlastnosti Skrobu,
které jsou poté vyuzivany v rliznych odvétvich
pramyslu'.

RS5 - je tvofen amyloso-lipidovymi komplexy. Aso-
ciované spiralové molekuly amylosy tvofi inklus-
ni slouceniny s lipidy. RS5 se zpravidla tvofi az
po zahfati smési nad 90 °C a je tepelné odolny'.

Obsah rezistentniho $krobu je vysoky zejména

v lusténinach a skrobech izolovanych z nich. Napf.

Smrckova et al'> zjistili u Skrobl s vysokym obsa-

hem amylosy — u hrachového skrobu Radovan (obsah

amylosy 88,1 %) a Skrobu z cervenych fazoli (obsah
amylosy 79,3 %) — hodnoty RS v rozmezi 15-20 %

Skrobu oproti RS 2-5 % Skrobu pfi niz$im obsahu

amylosy u Skrobu ze Zlutého hrachu s obsahem amy-

losy 36,5 % nebo z fazoli mungo s obsahem amylosy

33,8 %. Po tepelném zpracovani lusténinového Skrobu

s vysokym obsahem rezistentniho skrobu jeho obsah

klesd, naopak u lusténin s nizs§im obsahem rezistent-

niho skrobu dochazi k jeho vysokému nardstu po te-
pelné Gpravé (napft. u fazolu obecného az na 32,3 %
sus.), coZ souvisi s retrogradaci amylosy, na kterou je
lusténinovy skrob bohatsi'.

Enzymové metody stanoveni rychle a pomalu stra-
viteIného a skrobu rezistentniho jsou pojednény v na-
sledujicich kapitolach.

Biotechnologie na bazi Skrobu

Pramyslové nejvyznamnéjsimi jsou vyroby hydroly-
zath Skrobu. Mize jit o ¢aste¢né hydrolyzovany Skrob
(maltodextriny), rGzné sirupy na bazi Skrobu, ty mohou
byt néasledné ususeny nebo podrobeny krystalizaci.
U enzymového zpracovani skrobu se vyuZivaji potravi-
naiské enzymy jako je a-amylasa, f-amylasa, amylog-
lukosidasa, pullulanasa ¢i glukosaisomerasa.

Maltodextriny se vyrabéji ze skrobu v hydratovaném
(zmazovatélém) stavu, na ktery plsobi termostabilni
o-amylasa pfi optimalni teploté a pH. Kone¢nym vy-
robkem je ususeny praskovy produkt. Kromé susiny
se charakterizuje tzv. dextrosovym ekvivalentem (DE),
jehoz hodnota je nizsi nez 20. Jsou soucasti tekuté vy-
zivy pfi metabolickych poruchéach organismu (napf. pfi
vy$sim stupni celiakie). Lze jimi nahrazovat tuk ve vy-
robku, déle se napf. vyuzivaji jako stabilizatory a vodo-
vazné prostiedky kysanych mlé¢nych vyrobkd.

Zjednodusené technologické schéma vyroby teku-
tych hydrolyzat( Skrobu je na Obr. 5. K hydrolyze se
pouziva disperze Skrobu o koncentraci 30 - 35 %. Jeji
pH se upravi na optimalni podminky plsobeni zteku-
cujiciho enzymu (termostabilni o-amylasy). a-amylasa
(EC 3.2.1.1) $tépi vazbu o-p-(1 — 4). Ztekuceni, pfi kte-
rém dochazi ke sniZeni viskozity disperze, se realizuje

po zahfati v tryskovém vafaku na teplotu asi 110 °C,
v této fazi se pfidava enzym, vysledné DE meziproduk-
tu po 10-90 min se pohybuje v rozmezi 10-12.

Ve druhém stupni je provadéno tzv. zcukieni po-
moci B-amylasy nebo amyloglukosidasy, tj. probiha
zde hlavni ¢ast vlastni hydrolyzy. -amylasy téz stépi
vazbu o-p-(1 — 4), pficemz odstépuji maltosové jed-
notky od neredukujiciho konce fetézce; amyloglu-
kosidasa (EC 3.2.1.3) hydrolyzuje vazby o-b-(1 —4)
i a-D-(1 — 6), pficemz vazba a-p-(1 — 6) se Stépi po-
maleji, hydrolyza probiha od neredukujiciho konce
fetézce po jedné glukosové jednotce'®. Ve vétsiné pfi-
padl musi byt nejprve ztekucujici enzym inaktivovan,
coz se obvykle provadi tpravou teploty a snizenim pH.
Na rozdil od prvého stupné vyzaduje zcukieni podstat-
né delsi dobu, a to 6 -96 h. Provadi se ve vysokoobje-
movych temperovanych michanych nadobéch a podle
druhu zcukftujiciho enzymu je nutné dodrzet optimalni
podminky plsobeni enzymu, tj. teplotu, pH a davko-
vani. Po dosaZeni pozadovaného stupné zcukfeni je
provedena inaktivace enzymu pasteraci hydrolyzatu.

Nasleduje vicestupnova filtrace na ionexovych fil-
trech, filtrace s adsorpci na aktivnim uhli na svi¢ckovém
tlakovém filtru, a odpafovani za snizeného tlaku na
kone¢nou susinu 70-83 %. Kone¢ny DE méa obvykle
hodnotu v rozmezi 38 - 48.

Technologie je ¢asto doplnéna enzymy, které Stépi
pseni¢nou bilkovinu na aminokyseliny, takze tyto hyd-
rolyzaty lze vyuzit i pro bezlepkovou stravu.

V piipadé glukosofruktosovych sirupl technologie
pokracuje isomerizaci glukosy; nasledné procesy rafi-
nace a odpaieni jsou realizovany podobné jako v pfe-
deslém piipadé. Vznikly produkt oznagovany jako iso-
glukosa ¢i glukoso-fruktosovy sirup, oznacovany téz
jako HFC ¢i HFCS, ma sladkost prakticky stejnou jako
sacharosa, a je tedy jejim konkurentem.

Standardnim postupem pro vyrobu sorbitolu je kata-
lyticka hydrogenace glukosy za vysokého tlaku. Zkou-
Seli jsme i biochemickou pfipravu sorbitolu na bazi
fruktosy. Nejprve byl hledan vhodny producent enzymu
sorbitoldehydrogenasa (L-iditol: NAD 5-oxidoredukta-
sa, EC 1.1.1.14). Za timto ucelem byl testovan vétsi po-
¢et mikroorganism, pficemz kmeny Bacillus subtilis
DBM 3006 a Candida utilis DBM 2107 a methylotrofni
kvasinky Candida boidinii 2 prokazovaly vhodnou akti-
vitu sorbitoldehydrogenasy. U posledné jmenovaného
mikroorganismu se pro produkci sorbitolu jevilo jako
nejvhodnéjsi pouziti volnych nativnich bunék. Pfi labo-
ratornich zkouskach v roztoku ubyvala fruktosa, avsak
obsah sorbitolu nerostl odpovidajicim zplsobem. Prav-
dépodobné béhem transformace fruktosy na sorbitol
se pfednostné uplatnovaly glykolytické pochody".

Podobné Hiriarte et al.'® feSili moznost produkce
sorbitolu ze sacharosy pomoci mikroorganismu Zymo-
monas mobilis CP4. Po 25 h inkubace byly ziskany
konverze 57 % a 43 % substratu na sorbitol. Vzhle-
dem k nizké aktivité glukosaoxidoreduktasy u kmena
divokého typu Zymomonas mobilis a jeji nestabilité
in vitro vyzkumnici zlep3ili t¢innost produkce sorbito-
lu pomoci genetického inZenyrstvi. Liu et al.’® vytvofi-
li rekombinantni kmen Z. mobilis Zm4/pHW20a-gfo,
dosahujici vytézek glukosaoxidoreduktasy 1,8 x vyssi
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nez u kmene divokého typu, s dal$im zvySenim pfi pfi-
davku dvojmocnych kovovych iontt. Stéale vsak chybi
zpravy o primyslové biochemické vyrobé sorbitolu.

Sorbitol je vychozi surovinou pro vyrobu vitami-
nu C; asi 4 vyrobenych roztokl sorbitolu se pouziva
na vyrobu askorbové kyseliny. Prvnim krokem je oxida-
ce na L-sorbosu za pfitomnosti Azotobacter pii pH 4-6
a teploté 30 °C.

Dal$i moznou technologii je zpracovani skrobu po-
moci cyklodextringlukanotransferasy (CGTase). Ta pie-
vadi skrob na neredukujici maltooligosacharidy, nazy-
vané cyklodextriny, intramolekularni transglykosyla¢ni
(cykliza¢ni) reakci?. Cyklodextriny se vyuzivaji prede-
v8im jako enkapsulacni ¢inidla.

Kyselina mlé¢na se pomérné rychle tvofi z glukosy
pomoci Laktobacili podle rovnice:

C¢H,,05 — 2 CH;CHOHCOOH.

Vyznam této slouceniny je hlavné pro vyrobu kyseli-
ny polymlé¢né (PLA), z které Ize vytvéiet napf. biode-
gradabilni folie.

Enzymové zpracovani skrobu bylo také zkouseno pro
pfipravu nanocastic. Chena et al.?! metodu porovnava-
li s kyselou hydrolyzou a zjistili, Ze nanocastice po apli-
kaci pullulanasy byly méné tepelné odolné a mély kry-
stalinitu typu V. PouZiti kombinace kyselé a enzymové
hydrolyzy by urychlilo cely proces.

Suroviny slouzici k vyrobé ethanolu ¢i bioethanolu
(bezvodého paliva) Ize rozdélit na biomasu obsahujici
jednoduché cukry (napf. produkty ze zpracovani cukro-
vé fepy jako je melasa ¢i ¢erny sirob), biomasu obsahu-
jici Skrob (psenice, brambory, kukufice), do budoucna
se uvazuje o lignocelulosové biomase (slama, rychle

rostouci dreviny, stépky, odpad biologického ptvodu,
papir apod.). Spojené staty americké maji rozsahly bio-
ethanolovy primysl zalozeny pfevainé na kukufici??,
v Ceskeé republice se kromé kukufice ziskéva ethanol
ze pSenice, z melasy ¢i ¢erného sirobu. Enzymova hyd-
rolyza Skrobové suroviny a fermentace sacharidt je za-
kladnim principem tradi¢ni technologie.

Podobné se jevi jako zajimava vyroba biobutanolu
pro vyuZiti ve spalovacich motorech. Kheyran-
dish et al.?* informovali o produkci butanolu z bram-
borového odpadniho skrobu s vyuzitim volnych a imo-
bilizovanych bunék Clostridium acetobutylicum NRRL
B-591. Bramborovy skrob byl pfimo fermentovan bez
predchozi hydrolyzy. Patéakova et al.? testovali 1-buta-
nol produkovany solventogennimi Clostridiemi z riiz-
nych Skrobnatych materiald (brambory, kukufice).
Autofi uvadéji, ze butanol ma fadu vyhod oproti etha-
nolu: vyssi energeticky obsah, omezenou misitelnost
s vodou, niz3i tlak par a mensi korozivnost.

Pfi roubovani skrobu jsou monomery kovalent-
né navazany na hlavni polymerni fetézec a nasledné
déale polymerizovéany na tomto fetézci. Pro enzymo-
vé roubovani Wang et al.?> poutzili avidin-peroxidasu
na roubovani polymethylakrylatu na rozpustny skrob
v pfitomnosti peroxidu vodiku a acetylacetonu jako
kokatalyzatoru.

Odpadni vody ze skrobarny Ize Gspésné transformo-
vat anaerobni fermentaci na bioplyn. Anaerobni fer-
mentace (metanizace) je ekologickou metodou, ktera
dokéze s vysokou ucinnosti efektivné transformovat
organické latky na energii koncentrovanou v metanu.
Pfi metanizaci smésna kultura mikroorganismi po-
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Obr. 5: Enzymova hydrolyza skrobu na glukosové, maltosové a glukoso-fruktosové sirupy
Legenda: 1 — zapoustéci kad, 2 — ztekuceni (reaktor s pistovym tokem), 3 — zcukfeni (michany reaktor), 4 — rotacni
vakuovy filtr, 5,8 — ionexova filtrace, 6,9 — filtrace na aktivnim uhli, 7 — reaktor pro inverzi glukosy; enzym: p-amy-

lasa nebo amyloglukosidasa
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stupné rozklada biologicky rozloZitelnou organickou
hmotu bez pfistupu vzduchu. Kone¢nymi produkty
jsou vznikla biomasa, plyny (CH,, CO,, H,, N,, H,S)
a nerozlozeny zbytek organické hmoty, ktery je jiz
z hlediska hygienického a senzorického nezévadny pro
prostiedi, tedy je stabilizovan?®.

Analytické metody ke stanoveni obsahu
a stravitelnosti Skrobu

a) Celkovy obsah skrobu
Enzymové stanoveni celkového obsahu skrobu za-
hrnuje mazovaténi Skrobu pfi zvysenych teplotach
v pfitomnosti termostabilni o-amylasy, kdy dojde ke
ztekuceni Skrobu a vznikaji tzv. limitni dextriny, které
jsou nasledné kvantitativné hydrolyzovany na glukosu
pomoci amyloglukosidasy. Uvolnénd glukosa se pak
stanovi spektrofotometricky po reakci s glukosaoxi-
dasovym/peroxidasovym ¢inidlem (GOPOD). Priibéh
reakce je popsan rovnicemi:
glukosaoxidasa
—

D-glukosa + O, + H,0 p-glukonat + H,02
2 H,0, + p-hydroxybenzoova kyselina +

peroxidasa

+ 4-aminoantipyrin chinonimin + 4 H,0

Dal$im pouzivanym spektrofotometrickym stanove-
nim obsahu glukosy uvolnéné pfi enzymové hydrolyze
je jeji reakce s hexokinasou a glukosa-6-fosfatdehyd-
rogenasou v pfitomnosti ATP a NADH*.

ATP ADP

D-glukosa , > D-glukosa-6-fosfat
hexokinasa

NAD NADH*

D-glukosa-6-fosfat D-glukosa-6-fosfat

dehydrogenasa

Metoda enzymového stanoveni celkového 3Skrobu
umoznuje testovat celou fadu potravin, krmiv, rostlin-
nych a obilnych produktd (pfirodnich nebo primyslo-
vé zpracovanych). Vzorky, které obsahuji vysoké hladi-
ny rezistentniho Skrobu, vyzaduji pfedbézné rozpusté-
ni ve studeném roztoku NaOH o koncentraci 1,7 mol.l”
nebo v horkém dimethylsulfoxidu (DMSO)?".

b) Obsah amylosy

Tato metoda je nékdy také nazyvana lektinovd me-
toda, protoze je zde vyuzita specifickd vazba meszi
amylopektinem a rostlinnym lektinem konkavalinem
A. Metoda se pouzivé ke stanoveni poméru amylosa/
amylopektin ve Skrobnatych materialech. Nej¢astéji se
jedna o nativni S$kroby nebo mouky.

Toto stanoveni ma nékolik zakladnich krokd. Prvnim
krokem je opakované odstranéni lipidG z testované-
ho vzorku rozpousténim v DMSO. Odtu¢nény vzorek
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se rozpusti v roztoku octanu obsahujicim ionty Ca?*,
Mg?* a Mn?*. DalSim krokem je srazeni amylopektinu
lektinem konkavalinem A (ConA). Po odstiedéni zbyde
v roztoku pouze amylosa, ktera je plisobenim a-amyla-
sy a amyloglukosidasy rozlozena na D-glukosu. Nasle-
duje stanoveni celkového skrobu. kdy se znovu poutzije
roztok vzorku v octanu, ktery se hydrolyzuje amyloly-
tickymi enzymy na D-glukosu. Poslednim krokem je
stanoveni glukosy?:.
) Stanoveni stravitelnosti Skrobu

Postup stanoveni je simulaci podminek traviciho trak-
tu. Dobfe rozdrceny vzorek se smiché s pepsinem v ky-
seliné chlorovodikové o koncentraci 0,5 mol.I''a necha
inkubovat 30 min pfi 37 °C. Ke kazdému vzorku se
také pfida enzymova smés skladajici se z invertasy (EC
3.2.1.26), pankreatické a-amylasy a amyloglukosidasy
(EC 3.2.1.3). Vzorek se vlozZi v uzaviené zkumavce do
vodni lazné o teploté 37 °C a hned se spusti tirepani.

Obsah rychle stravitelné glukosy se stanovi po 20
min tfepani vzorku s enzymovou smési. Poté se stano-
vi obsah pomalu stravitelné glukosy G,,, po 100 min
po odbéru G,,. Nakonec se stanovi obsah celkové glu-
kosy TG, kdy ve vrouci lazni dojde k inaktivaci enzymo-
vé smési a k zmazovaténi Skrobu. Z téchto hodnot se
vypocte obsah rychle a pomalu stravitelného skrobu.
Nasleduje zchlazeni na 0° C a oSetfeni KOH (7 mol.I"")
a po neutralizaci kyselinou octovou je vzorek hydroly-
zovan amyloglukosidasou. Resistentni skrob se vypo-
¢te jako Skrob, ktery zistal nehydrolyzovany po 120
min inkubaci?®.

Nékteré obrazky a odstavce textu byly pfevzaty z pfi-
pravovaného skripta Sarka E., Smrekova P., Kadlec P.:
Chemie a technologie skrobu.
Zaver

V posledni dobé je vénovéana velkd pozornost bio-
chemickym pfeménam skrobu. Jde jednak o zpftesiio-
vani reakéniho mechanismu biosyntézy a rozkladnych
procest v rostlinach, véetné vyzkuma v oblasti gene-
tické modifikace. Biochemické primyslové zpracova-
ni Skrobu se tyka vyroby maltodextrin, glukosovych,
maltosovych a glukoso-fruktosovych sirupd, pfipadné
az glukosy nebo fruktosy. Jejich dalsi vyuziti mize
sméfovat k vyrobé sorbitolu, kyseliny askorbové, ky-
seliny mlé¢né a polymlécné, k vyrobé ethanolu a bu-
tanolu, cyklodextrin(, roubovanych kopolymerd Skro-
bu a nanocastic skrobu. Soucasné analytické metody
zaloZzené na enzymovém stanoveni celkového obsahu
Skrobu, obsahu amylosy, rychle a pomalu stravitelné-
ho 3krobu a skrobu rezistentniho mohou byt vyznam-
nym pomocnikem pfi tvorbé funk¢nich potravin a pfi
navrhu potravinovych receptur, které omezi energe-
tické zatiZeni lidského organismu a zvysi obsah zdravi
prospésnych butyratl v tlustém stievu.
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Souhrn:

Sarka E., Smrékova P.: Skrob - biosyntéza, nutriéni vlastnosti, biotechnologie, enzymové metody stanoveni jednotlivych
forem

Skrob je biopolymer, obsazeny v rostlinach a fasach. V zelenych rostlinach se tvofi pfi fotosyntéze v chloroplastech jako tzv. tranzitni
Skrob, ktery je v prbéhu temné faze transportovan v podobé rozpustnych sacharid(l do zasobnich organd rostlin, kde je opét preve-
den do podoby 3krobovych zrn. Tato opétna syntéza se lisi pro jednodélozné a dvoudélozné rostliny. Prdimyslové izolovany $krob ma
fadu vyuziti, hlavni roli hraje enzymova hydrolyza na sirupy, které pak mohou byt vychozi latkou pro celou fadu dal$ich biochemickych
transformaci. Clanek se v&nuje rovnéz nutri¢nim aspektam $krobu, piedevsim jeho stravitelnosti. Je popsan zéakladni princip enzymo-
vych metod ke stanoveni obsahu celkového $krobu, obsahu amylosy, rychle a pomalu stravitelného $krobu a skrobu rezistentniho.

Summary:

SarkaE., Symrékové P.: Starch - biosynthesis, nutritional properties, biotechnologies, enzyme methods for determination
of its individual forms

Starch is a biopolymer found in plants and algae. In green plants, it is formed during photosynthesis in the chloroplasts as so-called
transitory starch, which is transported during the dark phase in the form of soluble carbohydrates to the storage organs of plants,
where it is again converted into the form of starch granules. This repeated synthesis is different for monocots and dicots. Industria-
lly isolated starch has a number of uses, the main role is played by enzyme hydrolysis into syrups, which can then be the starting
material for a whole range of subsequent biochemical transformations. The article also deals with the nutritional aspects of starch,
especially its digestibility. The basic principle of enzyme methods to determine the content of total starch, amylose content, rapidly
and slowly digestible starch and resistant starch is described.
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Introduction

Industrial biotechnology is an important part of
current world. It takes place in pharmacy, food pro-
duction, energetics and many other parts of human
activities. Bioreactors are heart of every biotechnolo-
gical process and their success entirely depends on
them. Bubble column is specific type of bioreactor and
is commonly used for the cultivation of shear sensitive
cells. This work presents a brief comparison between
bubble column and stirred tank reactor, discusses their
advantages and disadvantages and reviews few com-
mon cultivations.

Bioreactors and biotechnology

Biotechnology has been a part of human producti-
on for thousands of years. One of the oldest examples
comes from Egypt, where in 3000 BC the Egyptians
were using simple bioreactors, vessels with controllab-
le conditions used for the biotechnological process, to
make bread and cheese. About 2000 BC, the Chine-
se were utilizing bioreactors and distillation for pro-
duction of ethanol. Over time biotechnology slowly
developed until the twentieth century, when several
discoveries launched broad development of biotech-
nology. For example, the discovery and mass produ-
ction of penicillin and citric acid, which began in the
USA. Biotechnology these days is much more complex
and allows higher control over the entire cultivation
system, thanks to discoveries in several scientific disci-
plines'. Biotechnology is not a single scientific discipli-
ne but a combination of several others, namely micro-
biology, biochemistry, chemical engineering, genetic
engineering and molecular biology2. The process itself
is not just what happens inside the bioreactor, but also
what happens before, called upstream processes, and
after, called downstream processes. Upstream proce-
sses include reactor design, selection and preparati-
on of cell culture, preparation of nutrients etc. Down-
stream processes include isolation and purification of
the final product, cleaning of bioreactor, repairs etc.>.

Bioreactors connect starting materials and final pro-
ducts and they are the center of every biotechnological
process. Design of every bioreactor is unique and chan-
ges according to certain process. Its design will affect
effectivity of the process as well as the quality and cost
of the final product. Primary objective of every biotech-
nological process is to utilize biological system while
keeping maximal conversion yield of starting materials
to final product and minimal production costs?. The
bioreactor in general is a tank or a vessel containing
cells or enzymes which transform substrate to the fi-
nal product and/or to the less undesirable byproduct.
It is a complex system of pipes, valves, sensors and

pumps. They are usually cylindrical in shape and their
size varies from liters to hundreds of cubic meters'.

Size and scale-up

Massive bioreactors are not just bigger but also much
more complex compared to small variants. An illustra-
tion of a scale-up process is shown in Figure 1. Smaller
bioreactors are very common in laboratories and are
classified into “laboratory-scale bioreactors” or just
“lab-scale”. Petri dishes, jars, Erlenmeyer flasks and
roller bottles are the most common examples. They
are easy to use in large numbers and easy to opera-
te. Temperature is easy to control, usually by changing
the temperature inside laboratory. Homogenization is
usually not necessary and if so, it is done by simple
means like a shaker. Aeration is also easily performed
by surface aeration. Ratio between liquid surface and
liquid volume is pretty small, which leads to relatively
high gas transfer through free liquid level. The main
role of these small bioreactors is not to produce desi-
red product but to gain data about microorganisms, dif-
ferent substrates and cultivation conditions and deci-
de if large-scale cultivation is even possible and worth
to perform®. This testing phase requires screening
a large number of possible combinations and there-
fore requires a significant amount of time. Afterwards,
most promising variants move on to the next phase
and which is “pilot-scale” testing®.

Pilot-scale is the middle point between lab-scale and
industrial production. The size of pilot-scale bioreactor
is between 25 and 50 % of the industrial version and
it is much more complex compared to lab-scale vari-
ants?. Pilot-scale is a simulation of full-scale industrial
production and its main objective is to identify whether
the process can be used in industry or not and to op-
timize the entire process®. Scale-up can't go to infinity.
Above some critical volume, new problems start to
appear, which put restrictions on the final design. This is
the reason why the variety of large bioreactors is less
wide compared to lab-scale?. There are five main items
needed for functional bioreactor design:

* stoichiometry

* thermodynamics

* microbial kinetics

* transport phenomena (mass and heat transfer)

* economics.

Stoichiometry, thermodynamics and microbial kine-
tics are not dependent on the scale of the process,
however transport phenomena and economics are
the exact opposite®. Mass transfer is a typical problem
for every process where cells require a steady supply
of oxygen or when water insoluble nutrient is used.
Heat production usually comes from cell metabolism.
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Heat production increases linearly with volume, howe-
ver surface increases with the square of the power
and the volume with the third power of the reactor di-
mensions. In other words, the heat production quickly
overcome the vessel’s own cooling capabilities, thus
external cooling is necessary?.

Economics plays a significant role in the bioreactor
design and operation. Expenses can be divided into
three groups. The first group is given by development
and construction costs, which are expensive and time-
-consuming investments. The second group inclu-
des the operating costs, such as electricity, cleaning,
maintenance and trained personnel*. The third group
includes production costs like cell lines and raw ma-
terials. Despite these expenses, the whole process
must be profitable. Even well-known biotechnologies,
like the production of citric acid, are not perfect. New
materials, new cell lines, new media composition and
many other aspects are being researched to increase
the effectivity of the processes to maximum and while
keeping their costs to a minimum.

Microelements (Fe, Ca, Mn, Co, Cu and others) are
required by most cells, but in much lower quantities.
Trace elements (Se, W and others) are essential as well,
but their required amount is so small, that cell needs
are usually covered by contamination of other salts
used for media preparation®. In general, the nutrition
needs are reflected in a cell’s natural environment.
Detailed knowledge of the environment and chemical
compositions can be a great help in process design.
Control over cell nutrition is achieved mostly through
media composition. Media composition is not just
about having right elements in their plausible form,
but also about their amount and ratio to other ele-
ments, since each organism has its own needs for eve-
ry essential element. There are also some organisms
which can utilize multiple sources of one element.
In this case, the most easily available molecule is cho-
sen. Media composition does not change just with
the organism, but also with the aim of the cultivation’.

A good example can be assumed the cultivation
media of Aspergillus niger in citric acid production.
For optimal production, A. niger

requires high concentrations of su-
gars, above 120 g:I", and very low
concentrations of heavy metals®.
Another example can be the me-
dia for cultivation of mammalian
cells, which must contain sources
of macro and microelements, but
also growth factors and amino
acids'.

Aeration

Nutrients present in cultivation
media are not the only substances
necessary for cell growth. Gases,
such as CO, or oxygen, are equ-
ally important as any other nutrient
in media. Air, as the most availab-

Figure 1: From lab-scale to industry; figure taken from ref.¢

Condition control

As mentioned before, bioreactors are vessels that
allow control over cultivation conditions'. There are
vast amounts of organisms, each with its own unique
characteristics and optimal conditions, some of which
are quite extreme’. These conditions are absolutely
necessary to know for efficient operation of every bio-
technological process.

Cultivation media

Every living organism, whether used in biotechnolo-
gy or not, needs some form of nutrition for its survival.
Cells utilize nutrients for their growth, multiplication,
synthesis and energy. Nutrients are not just organic
compounds like sugars and vitamins but also inorganic
compounds such as CO, or NO;" ions’. Elements which
form nutrients are categorized into four groups: mac-
roelements, microelements, trace elements and none-
ssential elements. Macroelements (C, H, O, N, P and
S) form most of the cells’ dry weight and are needed
in relatively high concentrations in cultivation media.

le gas, is used as the carrier gas to
supply the proper gaseous compo-
nent to the liquid.

In the case of photoautotrophic microorganisms, CO,
is a carbon source for photosynthesizing cells as well
as a pH driver for the cultivation medium. However,
the amount of CO, in the air is about 0,03 %, which is
very low and often limiting for cultivation. Therefore,
air is often enriched by CO, up to 10 %’. An example
of such CO, enrichment is biomass production of cya-
nobacteria Spirulina maxima", whose biomass is po-
pular food additive.

In aerobic cultivations, air does not need any oxygen
enrichment. However, there are other problems rela-
ted to lower O, solubility, which is considerably less
soluble in water than CO,. Media are usually water-
-based' and the solubility of oxygen in pure water, at
25°C and air used as aeration gas, is 2.56 - 10* mol dm?,
which is very low in general®. This causes many com-
plications in the design and operation of the pro-
cess, because cells utilize oxygen dissolved in liquid
media and not directly from gas bubbles. The care-
ful control of oxygen supply is then highly desirable.
There are many aerobic cultivations, which some of
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them influence our day-to-day lives. A typical exam-
ple of aerobic cultivations is wastewater treatment',
which uses a mixture of different microorganisms to
remove organic and inorganic wastes. Another typical
example of aerobic cultivation of Saccharomyces cere-
visiae, better known as baker’s yeast'.

The problem of oxygen transfer has been addressed
almost from the beginning of the research in chemi-
cal engineering. Due to the low solubility and high
consumption of oxygen by cells, oxygen must be
continuously supplied to the system. At some point,
the oxygen mass transfer can be used as a controlling
step for aerobic cultivations. The concentration of oxy-
gen in media depends on oxygen transfer rate (OTR)
from gas to liquid and oxygen uptake rate (OUR), which
is fundamental physiological characteristic of cultivati-
on media. OTR is described by the volumetric mass
transfer coefficient k,a, where k, is liquid side mass
transfer coefficient and a is interfacial area per liquid
volume. OTR is affected by properties of liquid, hydro-
dynamics and geometric parameters of the bioreactor.
Each bioreactor and each specific biotechnology has
its own value of k,a'? and therefore, the volumetric
mass transfer coefficient is the key design parameter
of bioreactors.

PH

pH control, along with temperature, is one of the first
parameters discussed in industrial cultivations. The rea-
son behind this is that both specific growth rate and
product formation rate are strongly dependent on pH'.
The aim of pH control is to maintain pH within desi-
red range and it is usually done through addition of
acid or alkaline. However, the addition of acid or alka-
line can lead to a large local change of pH, which can
negatively affect the whole process either by dama-
ging cells, enzymes or the desired products. Moreover,
this effect worsens with increasing scale, because large
vessels have longer time necessary for homogeniza-
tion. This is often a challenging problem during the de-
sign process'’. Furthermore, the addition of acid and
alkaline significantly increases the osmolality of the
medium, which can negatively affect the process as
well'®. Fortunately, there are other ways how to solve
such problem, for example, the addition of acid can
be replaced by CO, sparging. This system is usually
used on media containing carbonates or bicarbo-
nates and offer a good solution for osmolality prob-
lem.

Change of pH during cultivation can be caused by
several reasons. The first case is the CO, produced by
cells. This can be solved by pH regulation mentioned
above or just by efficient CO, removal. The second
possible reason is the production of metabolites
which affect the pH of media, such as organic acids'.
Another reason is the consumption of the carbon
source like carbonates or bicarbonates, which affect
the pH of the medium. There are several solutions of
this specific case like the addition of CO, to the aera-
tion gas, addition of the carbon source or addition of
the acid™.

Temperature and heat

Heat control of bioreactors is also discussed right
at the beginning of the design process because speci-
fic growth rate and product formation rate are strongly
dependent on temperature'’®. Moreover, temperature
also influences biochemical composition of cells and
their physiology?. Every organism has its own tempera-
ture requirements and can be characterized by its mi-
nimum, optimum and maximum growth temperatu-
res, also known as “cardial temperatures”. Organisms
are usually categorized to three different groups accor-
ding to their cardial temperatures: psychrophiles, me-
sophiles and thermophiles’. The cardial temperatures
of psychrophiles are below 20 °C. In some cases, cells
grow even under temperature below 0 °C. Mesophiles
are the most common. Their cardial temperatures are
between 25 °C to 40 °C. In the case of thermophiles,
their cardial temperatures are above 55 °C. Cultiva-
tion of thermophiles or psychrophiles is more energe-
tically demanding due to the intensive heating or
cooling requirements compared to mesophiles, thus
thermophiles and psychrophiles are not so often used
in industrial cultivations.

Heat management of bioreactor is often a difficult
problem in industry, because of the large amount of
heat generated by the cell metabolism. Heat removal
is proportional to the surface area of the vessel. There
is @ maximum size of the vessel that can be cooled
without an additional cooling unit?. Evaporation of
water also helps to cool down the bioreactor, but at
some point it isn't sufficient?°. Additional cooling/hea-
ting units can substantially increase heat transfer and
enable the usage of larger vessels. External jackets pla-
ced around the vessel and internal coils placed inside
the vessel are the most frequently used heat contro-
llers followed by double walled baffles and draft tu-
bes?'. These units help in terms of heat management,
however, the temperature problem can be reduced
also biologically. Even a small change in nutrient com-
position can improve the heat management, because
some nutrients have better conversion efficiency than
others. By choosing a more efficient nutrient, heat ge-
neration can be reduced?. However, the usage of these
nutrients is not necessarily more economical because
they are usually more expensive.

Homogenization

Proper homogenization maintains a suitable envi-
ronment for cultivation. It prevents the formation of
gradients in heat, concentrations and light in the case
of photobioreactors. Homogenization also prevents
cell sedimentation at the bottom of the bioreactor,
which could lead to cell starvation and death3. Appro-
priate homogenization requires sufficient mixing. This
needs a certain power input, which is limited by phy-
sical, mechanical and biological restrictions. At some
point, homogenization can become so intense that
cell damage begins to occur. This is a problem in cul-
tivations with large volume, where cells are limited by
0, supply and also by shear forces'. Fortunately, there
are ways, how to encounter this problem, for exam-
ple, by changing the dimensions of the bioreactor.
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Dimensionality is an important factor in homogeniza-
tion in general, because it dictates the optimum value
of power input?°.

Mixing by stirrer provides excellent homogenization
of liquid phase. In general, bioreactors equipped with
stirrers have high values of mass and heat transfer.
The operation of this system is influenced by seve-
ral variables that affect the mass transfer and mixing:
number and type of stirrers, their dimensions, gas flow
rate and stirrer speed®.

Another way of mixing in bioreactor is by aeration.
Mixing by aeration is typical for bubble column and
airlift bioreactors. Aeration does not have such intense
mixing as stirred tank bioreactor, but has much lower
values of shear stress. This is great advantage in cul-
tivation of mechanically fragile cells, e.g. mammalian
cells>. However, overcoming the optimal aeration rates
can cause cell damage. No matter which way of mixing
is used, each of them must consider dimensionality of
the vessels, amount of liquid necessary to homogeni-
ze, cell resistance to shear stress and optimum mixing
time?.

Types of cultivations

There are three major types (or modes) of cultiva-
tion. Each type has its own advantages and disadvan-
tages and offers various applications. These three ma-
jor types are batch, fed-batch (also known as semi-
-continuous) and continuous cultivation. They can be
combined with different types of bioreactors and with
or without aeration. The most significant advantages
and disadvantages of particular cultivation modes are
listed in Table I.

Batch

Batch cultivation is the best representation of what
cultivation actually is. It is easy to perform compared
to other types, and it has extensive uses?'. In batch
cultivation, the bioreactor is a partially closed system.
Most of the material are added into the vessel before
the beginning of the process, which is usually addi-

Table I: Comparison of cultivation types

tion of nutrients and cells or enzymes. Volume during
the process usually does not change. At the end of
the process, all contents are removed and the down-
stream process is performed elsewhere. Meanwhile
the vessel is cleaned and prepared for another batch
cultivation. The only materials added during the culti-
vation can be a pH controlling agents, an antifoam so-
lutions and in some cases the gas, the excess of which
is subsequently removed'.

Batch cultivation has several strong advantages.
As mentioned before, it is very versatile, because every
cell line used in industry can be cultivated in batches.
Minimal addition of any excess materials significantly
reduces any risk of contamination. The disadvantages
of batch cultivation come mainly from preparation pro-
cedure. Each batch requires cleaning, sterilization and
filling which takes a considerable amount of time and
labor?'. Another disadvantage are very high concent-
rations of nutrients. Since there is no addition during
the process, all necessary nutrients must be added
at the beginning. This often leads to inhibition of cell
growth at the beginning of the cultivations?2.

Cultivation of microalgae is done in batch mode,
but also in fed-batch and even in continuous mode?.
Microalgae are source of several high-valuable com-
pounds such as phycobiliproteins, carotenoids and
others. Productivity of these compounds can be con-
trolled by growth conditions, which can be altered by
change of cultivation type. Batch cultivation is also
used in wastewater treatment?. The bioreactor goes
through a sequence of five steps: filling, aeration and
mixing, settling, drawing and idle. These five steps
are typical in water treatment and bioreactors used in
water plants are often referred as “sequencing batch
reactors”.

Fed-batch

Fed-batch or semi-continuous cultivation is between
batch and continuous cultivation. The principle is
same as batch cultivation, but with one key difference.

Low risk of contamination

Cultivation type Advantages Disadvantages
Simple Frequent cleaning and filling
Batch Versatile Inhibition by nutrients

No inhibition by nutrients
Feed control

Higher risk of contamination

Less cleaning and preparation
Constant quality of products
Constant production rate

Fed-batch High cell concentration Concentration gradients in larger scales
Effective usage of nutrients
No inhibition by nutrients
Effective use of space High risk of contamination
Continuous High productivity Spontaneous mutations

Inflexible
Concentration gradients in larger scale
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At the beginning, the bioreactor is filled only partially.
At certain point, when cells reach desired concentra-
tion, additional medium is added, either continuously
or intermittently, without any outflow'. Antifoam and
pH controlling agents are added as well if needed.

The main advantage of fed-batch cultivation is the
control over media addition. This eliminates the pro-
blem with high initial nutrient concentrations in batch
cultivation. Moreover, the feeding can be controlled
specifically according to the situation and cell line used,
which increases production and decreases material
consumption. This also helps to reach much higher cell
concentrations compared to batch cultivation?2. Howe-
ver, every addition during the cultivation increases
the risk of contamination'. Another disadvantage of
fed-batch cultivation is the absence of standard fee-
ding regime, since every cell line has different growth
rate and requirements. Another major disadvantage
occurs in larger scale bioreactors. During pulse addi-
tions, homogenization time increases with vessel
size?2,

Fed-batch cultivation is used in production of fatty
acid ethyl ester produced by genetically modified
Escherichia coli, which is used in biodiesel pro-
duction?®. Fed-batch is also used in production of
baker's yeast'®. Fed-batch significantly increases pro-
duction, compared to batch variety.

Continuous

Continuous cultivation starts with simple batch cul-
tivation. At a certain point, a fresh medium is added
to the vessel, just like in the fed-batch version, howe-
ver, there is an outflow. Under steady-state conditions,
the inflow and outflow are kept equal, thus final vo-
lume remains constant. Concentrations of nutrients,
metabolites and cells are almost constant with small
fluctuations'.

Continuous cultivations very efficiently utilize bio-
reactor capacity and have high productivities, which
can be maintained for a long time. This saves a con-
siderable amount of time and materials necessary for
cleaning and preparations, compared to batch cultiva-
tions. The product made has a constant quality and
it is produced at constant rate?'. Continuous feeding
solves cell growth inhibition, similarly to fed-batch
cultivation, however there is a similar problem with
homogenization time?2. Another disadvantage is spon-
taneous appearance of mutant cells, since continuous
cultivations take a long time?'. Risk of contamination is
also increased due to continuous feeding. Continuous
cultivations are quite inflexible and usage for different
process requires many adjustments and retrofitting.

An example of continuous cultivation is the pro-
duction of eicosapentaenoic acid and docosahexa-
enoic acid®*®. These acids are produced by species
Rhodomonas, whose biomass is commonly used in
sea food farms, due to its high amounts of eicosapen-
taenoic and docosahexaenoic acids. However, conti-
nuous cultivation is not entirely optimized yet and
still requires some research. Another example is the
production of lactic acid by Lactobacillus rhamnosus.
27 conducted experiments focused on improvement
of continuous production. They used a two-stage
membrane cell-recycler to capture cells from the out-

flow of the vessel and introduced them back to the
vessel. This modification considerably increased cell
concentration, which led to higher lactic acid pro-
duction.

Types of bioreactors

Bioreactors are diverse devices with various charac-
teristics and features. In the previous section, the bio-
reactors were classified by size. However, this classi-
fication does not say much about how the bioreactor
actually operates or for which cultivations it can be
used.

There are two main groups of bioreactors: mecha-
nically and pneumatically mixed'. The mechanically
mixed reactor is the stirred tank bioreactor, which can
be operated in all three cultivation modes (batch, fed-
-batch and continuous). Pneumatically mixed reactors
are bubble columns and airlift reactors, both of which
operate mostly in batch and fed-batch cultivation mo-
des. This work compares the stirred tank bioreactor
with the bubble column bioreactor.

Stirred tank

Stirred tank reactor (STR) is a cylindrical vessel
equipped with a motor-driven stirrer?'. Size of STR
varies between liters, usually made from glass, and
hundreds of cubic meters, usually made from stainless
steel. Aspect ratio of STR ranges between 1:1 to 6:1.
In most cases, aspect ratio is lower rather than higher,
because smaller STR have few advantages. Small STR
takes less material to build, is easier to clean and its
homogenization requires less energy'. Operating volu-
me of STR is usually around 75 — 80 % of its maximum
volume. The head space serves as disengagement
of any droplets from outgoing gas and compensates
for the appearance of foam?:. A simple schematic of
single-impeller STR is shown in the Figure 2.

)Wbi

Figure 2: Single-impeller STR scheme; figure taken
from ref.2®
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Figure 3: Examples of different stirrers and their flow patterns; from left to right: propeller and pitched blade,

turbine, anchor, helical stirrer; figure taken from ref.2

STR is the most frequently used type of bioreactor
and takes place in approximately 90 % of industrial
bioprocesses, both microbial and enzymatic. One of
the reasons is highly efficient homogenization?®.

In STR, homogenization is carried out by a mechani-
cal stirrer. Mixing inside STR is presumed to be suffi-
ciently intense and uniform, thus, the liquid proper-
ties are effectively homogenous?. The shaft of the
stirrer can enter the STR through its top or bottom sec-
tion?'. There are many kinds of stirrer shapes and each
of them creates different flow patterns, as shown in
Figure 3: Examples of different stirrers and their flow
patterns; from left to right: propeller and pitched bla-
de, turbine, anchor, helical stirrer; figure taken from
ref.?8. To prevent the center vortex creation by stirrer,
the baffles are installed at the walls. Baffles are verti-
cal strips attached to the inner wall of the STR. Besi-
de preventing the central vortex, the baffles intensify
the homogenization?'.

Aeration is another phenomenon influencing the ho-
mogenization. The gas distributor is positioned under

the stirrer to allow sufficient bubble breakage that
considerably increases gas-liquid interface and sup-
ports mass transfer. STRs used in aerobic cultivations
usually have higher aspect ratio. This increases resi-
dent time distribution of bubbles, which prolongs
contact time between bubbles and liquid phase, en-
hancing the mass transfer between phases. However,
higher STR needs additional stirrers to keep the ho-
mogenization at the same level as in single-impeller
configuration?2°,

Geometry of STR influences the number of parame-
ters controlling the cultivation. The mechanical de-
sign affects the hydrodynamics, which in turn affects
the mass and heat transfer, gas holdup and
shearforces®?®. Due to efficient design of STR,
it is needed to keep the geometrical similarity
of scaled-up bioreactor. For this reason, the standard
configuration of STR is comonly preserved, which
holds the geometrical ratios in the range given
in Table 112,

Table II: Typical geometrical ratios used for design and scale-up of STR. Symbols are explained in Figure 4:

/D H/D L/T wy/T H/T w,/D
0.3-0.6 1-6 0.25 0.20 1.00 0.01
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STR in general is an efficient bioreactor applicab-
le in batch, fed-batch and even continuous cultiva-
tions. Intense mixing and quick homogenization are
great advantages and are often necessary for success.
Nonetheless, there are cases where these characte-
ristics are not desirable. Every cultivation is carried out
with respect to properties of used cell line like oxygen
requirements, optimal temperature and resistance to
shear stresses*. Mammalian, plant and mold cells are
highly sensitive to shear stresses and their cultivation
in STR is often problematic. Change of stirrer or dec-
rease of stirring speed are possible solutions, however,
they bring the problem of non-efficient homogeniza-
tion'.

An interesting example is the production of artemi-
sinin. Artemisinin is drug used in combination the-
rapy for malaria treatment. This drug is produced by
plant Artemisia annua, however its current supplies
are not enough to satisfy huge demands. 30 develo-
ped a cultivation in STR, where they cultivated hai-
ry roots from Artemisia annua with Agrobacerium
rhizogenes, which enhanced the growth of hairy root
cells.

Bubble column

Bubble column (BC) is a cylindrical vessel equip-
ped with gas distributor at the bottom of the vessel
without any mechanical stirrer®’. Compressed gas is
delivered through the distributor, which can be per-
forated pipes, plates or membranes. Homogenization,
heat and mass transfer are influenced mainly by pro-
perties of the liquid, gas flow rate and gas distributor.
Basic design of columns is quite simple, however, it
can be modified by internal components like hori-
zontal perforated plates, vertical baffles and corruga-
ted sheets (Figure 4: Simple BC schematic; a — sim-
ple BC, b — horizontal perforated plates, ¢ — vertical

baffles, d — corrugated sheets; figure taken from
ref.3?). These modifications can improve homogeni-
zation and mass transfer without increasing the gas
flow rate, which makes an advantage in terms of ope-
rational costs. A typical feature of BC is the high aspect
ratio (ratio of liquid height to column diameter H/D).
The aspect ratio is considerably higher than in STR and
it typically ranges between 4:1 to 8:12.

Gas distributor serves as homogenization element
and gas delivery system?. Homogenization can be
affected by changes in column geometry, changes in
gas flow rate and in change of gas distributor, which
are similar to changes of stirrer in the case of STR.
There are several different types of gas distributors
such as, perforated plates, porous plates, membrane
rings distributors and arm spargers (examples shown
in Figure 5: Examples of gas distributors; figure taken
from ref.3%). Each of them has its own effects on bubble
characteristics, which alter hydrodynamics and there-
fore, the homogenization, heat and mass transfer in
the column'.

There are two main hydrodynamic flow regimes
in BC, homogenous regime and heterogenous regi-
me?*. The homogenous regime is produced by plate
gas distributors with small openings and small spacing
between them. Homogenous regime appears at low
gas flow rates, where uniform layers of the same size
bubbles appear. Heterogenous flow regime can be
produced by same gas distributors as the homogenous
one, but with higher gas flow rates or by plates with
large openings at any gas flow creating non-uniform
bubbles. These bubbles have large differences in their
size and have a strong tendency to coalesce, which
creates more turbulent flow compared to homogene-
ous regime. These regimes have major influence on
hydrodynamics inside Bc.

BCs were developed specifically
for cultivation of shear force sensi-
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tive cells, such as mammalian ce-
lls and fungi. Construction of BC is
quite simple in comparison to STR.
Although BC is not so frequently
used as STR, it is unreplaceable in
cultivations of cells with low tole-
rance to shear forces'.

Comparison of BC and STR

BC and STR are two entirely diffe-
rent bioreactors, thus their compa-
rison strongly depends on situation
at hand. Every bioreactor is carefully
designed to fit need of specific cul-
tivation and production. However,
there are several criteria that are
crucial during selection procedure.
This work compares BC and STR in
six different criteria:
. Homogenization efficiency
. Usability
. Complexity
. Breakability

Figure 4: Simple BC schematic; a — simple BC, b - horizontal perforated
plates, c — vertical baffles, d — corrugated sheets; figure taken from ref.32

Maintenance and cleaning
Economy
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(c) Perforated plate

(b) 3-concentric-rings sparger

complex mechanical compo-
nents have higher tendency
to break than simple ones.
The main mechanical part of
BC is its gas source. On the
other hand, STR has motor-
-driving stirrer and can be
equipped with a gas source
as well. Complexity of STR is
advantage in its usability, but
it also gives disadvantage in
terms of breakability. For sake
of simplicity, the side systems
like pH and temperature con-
trol are not considered be-
cause their influence on the
breakability of BC and STR
are the same.

Maintenance and clea-
ning partially depend on
complexity and breakabili-
ty. If BC is operated without
internals, it is only the cylin-
drical tube very simple for
maintenance and cleaning.
Complex bioreactors such
as STR, need more main-
tenance in general due to
various internals placed in-
side the bioreactor (shaft,
impellers and baffles).

Economy is the most im-
portant criteria of every

Figure 5: Examples of gas distributors; figure taken from ref.34

Homogenization is a key element in almost every
cultivation. Mechanical homogenization in STR signi-
ficantly increases homogenization efficiency that STR
is often considered as the first choice of bioreactor.
However, the homogenization depends on stirrer type
used and stirring speed which can considerably in-
crease operational costs. Even though, the aeration
in BC is not so effective as in STR, it is sufficient to be
used in cultivations®22.

Large number of different modifications allow STR
to be used in almost every type of cultivation, which
is the main reason why STR is most frequently used
bioreactor. STRs are diverse, they have wide range of
usability, but they produce relatively high shear stress
on cells. STR can be modified to be more suitable for
fragile cells, but even these modifications have their
limits. BC is much more suitable for cultivation of fra-
gile and filamentous cells than STR. Homogenization
via pneumatic way is convenient and does not damage
the cells, if the gas flow rate does not exceed a critical
point.

BC's base construction is simple compared to STR.
This is an advantage also in economics. Simple reactor
is not just easier to build, but also easier to design and
operate.

Breakability of each mechanical component comes
from many factors like frequency of use, materials
used, complexity and others. In terms of complexity,

industrial cultivation. There
are plenty of expenses in in-
dustrial cultivations, some of
which are mentioned above and it is difficult to make
a reasonable comparison. The investment costs of BC
are lower in comparison with STR, due to BC's simpli-
city. Also, the operational costs in BC can be substan-
tially lower as well due to absence of mechanically-
driven parts. However, the production effectivity and
yields does not need to reach the same values as
in STR. Production, effectivity and product value are
dominant factors that dictate the amount of earnings.
Production and effectivity depend entirely on bio-
reactor and cultivation. Without a specific process in
mind, it is hard to say, if BC is more economically more
convenient than STR, since this dilemma is too situa-
tional.

Examples of production

Citric acid

Citric acid is widely used across in various parts of
industry (food, pharmacy, personal care, cleaning etc)
and its usage grows every year. It is probably the most
commonly used organic acid in general due to its re-
latively low production cost, easy biodegradability and
safety®.

Submerged cultivations are usually used for its pro-
duction. Other types of fermentations, such as solid-
-state cultivation are possible, but they have lower
productivity and yields, higher operation costs, higher
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risk of contamination and take more space than sub-
merged variety®*. It is true that submerged cultivations
have more complex equipment, but are easy to au-
tomate, which is another strong advantage over the
other varieties. Overall, submerged cultivations take
place in 80 % of word production in citric acid indust-
ry°. In this case, the most commonly used bioreactors
are Bc. STRs are also used, but despite all their advan-
tages mentioned earlier, they make up only a minority
of production. Reason behind is that BCs are cheaper,
easy to control and are suitable for filamentous orga-
nisms®. This detail is quite crucial, because the main
producent of citric acid is filamentous fungus Asper-
gillus niger.

A. niger is able to utilize cheap materials like liquified
corn flour or molasses and at the same time produce
huge amounts of citric acid. Quality and quantity of su-
gar used is a key factor for achieving high production.
Concentration of sugar used should be in range of 120
to 180 g-I"", depending on the sugar used?®. Initial sugar
concentration affects not only production but also the
morphology of producing cells. High concentrations
of sugars inhibit the activity of o-ketoglutarate dehyd-
rogenase and decrease the production of undesired
byproducts and thus increase yields. Process is very
sensitive to presence of heavy metals as Zn, Mn, Fe and
Cu. These metals must be kept under specific limits,
otherwise activities of key enzymes are altered. Culti-
vation is also sensitive to pH, which has to be changed
depending on cultivation phase. Starting pH must be
above 5 for better mycelium formation and after that
the pH is lowered to 3, when production begins. pH 3
is necessary to inhibit production of other byproducts
and in addition minimalizes risk of contamination®.

In industry, production is carried out in large-scale
batches. Although the production has a long tradi-
tion and has been well optimized over the last one
hundred years, there are new approaches and ideas
for production. One of these ideas is utilization of yeast
as a producing organism. This allows transfer to conti-
nuous cultivation, which has a potential in holding its
ground against large competition on today’s market®’.

Biofuel

Biofuel refers to solid, liquid or gas fuels made from
renewable sources, mainly produced from biomass.
Different compounds like bioethanol, biogas, biohyd-
rogen and lipids or oils take part in biofuel industry3®.

Production of biofuel includes cultivation of olea-
ginous microorganisms, which produce lipids similar
to those of soybean. Microalgae contain high amount
of lipids, making them an attractive source for bio-
fuel production. 39 developed an interesting design
of “double BC photobioreactor system”, which utilized
a mixed culture of microalga Chlorella vulgaris and
yeast Rhodotorula glutinis. This system consisted of
one BC divided into two parts using a polyester fabric
filter. Fabric filter allows the transport of molecules and
keeps cell cultures separated>°.

Another simpler approach is batch cultivation of
just C. vulgaris. 40 cultivated C. vulgaris in small BC
with different light sources in synthetic wastewater
as a source of nutrients. Cells removed considerab-
le amount of pollutants from water and produced

enough lipids, carbohydrates and proteins to be con-
sidered as potential source of biofuel*. Complication
in these cultivations is the necessity of a light sources,
either natural or artificial. Locations with low amounts
of natural sunlight will suffer from low productions due
to insufficient amount of energy. Artificial light is pos-
sible solution for this problem, but it increases energy
costs of the whole process.

Antibiotics

Antibiotics play a crucial role in our history and are
important part of pharmaceutical industry. They are
used in medicine, veterinary, farming and aquacultu-
re. Considerable amount of antibiotics is not used just
for medical purposes, but also as a growth stimulant
to increase size of livestock, which is problematic
in terms of antibiotic resistance®'.

Antibiotics are usually produced in large-scale,
substrate limited fed-batch cultivations under high
cell concentrations to achieve higher productivities.
The main producents are filamentous organisms such
as Penicillium, which is utilized in penicillin produc-
tion. Production of penicillin and other beta-lactams
was one of the first large-scale production in modern
era and the global demand is high even to this day.
Combination of high cell density and filamentous cells
drastically increases viscosity of liquid, which compli-
cates homogenization in general. This can lead to im-
perfect mixing, which can threaten success of entire
cultivation. The cultivation process is very sensitive to
dissolved oxygen concentration*2. Organisms utilized
in antibiotic production are sensitive not just to agita-
tion and oxygen supply, but they are also sensitive to
nutrient transfer. Physiological reaction to these con-
ditions varies between strands, which complicates de-
sign process in general. In addition, good knowledge
of biochemical pathways is needed, mainly antibiotic
structure and list of necessary precursors®.

BCs are commonly used in antibiotic industry due to
their gentle homogenization**. 45 compared STR to BC
in production of rentamycin by Streptomyces olidensis.
Cells were immobilized and used in multiple cultiva-
tions in repeated batch system, where old medium
was simply replaced by fresh. Their overall results sug-
gest that STR has about three times higher productivity
than BC, but it was long-term unstable. STR reached
two to three batches, while BC reached twelve.

Conclusions

Bubble columns are simple and easy to build bio-
reactors, which require a smaller starting investment
compared to STRs. In the case of BCs without the in-
ternals, they required less maintenance due to lack of
complex mechanical parts. However, BCs are not as
versatile as STRs and are much more situational. Even
though, they are unreplaceable part of today’s indust-
ry, especially in cultivations of shear sensitive cells in
high volumes, like production of citric acid or antibio-
tics.

Direct comparison of BC and STR is difficult. Some
studies have conducted tests with specific cultivations
on minds. The final choice between these bioreactors
depends on specific application, cell line used and fi-
nal economics of the entire process.
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Summary

Terentyak M., Sykora V., Zednikova M.: Cultivation of microorganisms in bioreactors

Industrial cultivations are a key source of many products. Each cultivation requires a specific producing organism, conditions and
apparatus. Stirred tanks are most commonly used bioreactors, due to their efficient homogenization and versatility. However, they are
not entirely suitable for cultivation of shear sensitive cells. Bubble columns are more suitable option for shear sensitive cells. Overall
comparison of bubble columns and stirred tanks is complicated, since every cultivation is situational.

Bubble columns are simple and easy to build bioreactors, which require a smaller starting investment compared to STRs. In the case
of BCs without the internals, they required less maintenance due to lack of complex mechanical parts. However, BCs are not as ver-
satile as STRs and are much more situational. Even though, they are unreplaceable part of today’s industry, especially in cultivations
of shear sensitive cells in high volumes, like production of citric acid or antibiotics.

Direct comparison of BC and STR is difficult. Some studies have conducted tests with specific cultivations on minds. Still, the final
choice between these bioreactors depends on application, cell line used and final economics of the entire process.

Keywords: bioreactor, bubble column, stirred tank, cultivation
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Souhrn

Terentyak M., Sykora V., Zednikova M.: Kultivace mikroorganismii v bioreaktorech

Pramyslové kultivace jsou klicovym zdroje mnoha produktd. Kazdé kultivace ma své vlastni produkéni kmeny, podminky a apara-
tury. Nejéastéji pouzivané jsou mechanicky michané bioreaktory, diky jejich efektivni homogenizaci a v3estrannosti. Pfesto nejsou
kompletné kompatibilni s organismy citlivymi na stfizné sily. Pro kultivaci takovych organismd je vhodné&jsi probublavana kolona.
Obecné porovnani probublévané kolony s michanym bioreaktorem je néro¢né, jelikoz je kazda kultivace specificka.

Probublavané kolony jsou jednoduché a snadno konstruovatelné bioreaktory, které vyzaduji mensi pocateé¢ni kapital v porovnani
s mechanicky michanym bioreaktorem. Probublavané kolony nemaji vnitini komponenty a slozité mechanické ¢&asti a jsou proto
méné naro¢né na udribu. Nicméné, nejsou tak viestranné jako michané bioreaktory a jsou mnohem vice ucelové pouzivané. Pfesto
jsou v dnesnim primyslu nenahraditelné, pfedeviim pfi velkoobjemovych kultivacich mechanicky citlivych bunék, jako produkce
kyseliny citrénové nebo antibiotik.

Pfimé porovnani probublavané kolony s mechanicky michanym bioreaktorem je sloZité. Existuji studie zaméfené na porovnani téch-
to bioreaktord pfi specifickych kultivacich. Volba mezi témito bioreaktory pfesto zavisi na dané aplikaci, bunécné linii a ekonomice
celého procesu.

Klicova slova: bioreaktor, probublavana kolona, mechanicky michany bioreaktor, kultivace
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