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ABSTRAKT

PredloZend dizertami prace se zabyva studiem biosyntézy polyhydrdeayedatl, jakozto
mikrobialniho produktu s potencidlem nahradité&mmé konveini plasty vyrabné z ropy.
Dizertaini prace je vypracovana ve fofrdiskutovaného souboru jiz usegnénych publikaci,
které jsou pak sa@asti prace ve fortnpriloh. Prace navazuje na péme rozsahlé znalosti
v oblasti produkce polyhydroxyalkanéaa @inasi nové skutmosti a mozné strategie.
V ramci prace byly testovany ro&ié moznosti analyzy polyhydroxyalkanbabomoci
modernich metod, které&ipaSi gedevsSim rychlost, kteraime byt kltova @i ,real-time”
evaluaci produgniho biotechnologického procesu. Ramanova speldpiskse ukazala jako
velice perspektivni technika pro rychlou kvantifik#HA. Dale se prace zabyva valorizaci
odpad: potravindského a zeguélského mivodu. Diraz je kladen fedevsim na metody
detoxifikace hydrolyzdt lignocelulézy. V tomto kontextu byla poprvé vywiadsorpce
inhibitori na lignin jako alternativa k dalSim detoxifékdm technikdm. Vybrané prodémi
kmeny Burkholederia cepaciaa B. saccharibyly diky detoxifikaci schopné utilizovat
hydrolyzat ntkkého deva pro produkci PHA. V dalStasti prace byla testovana takeé
moznost vyuziti kteciho pé& jako komplexniho zdroje dusiku. V ramci praceobyhke
vyuzito evolgni inZenyrstvi jako mozna strategie pro eliminatiibicniho &inku kyseliny
levulové — mikrobialniho inhibitoru, ktery vznik&iydrolyze lignocelul6zovych material
Adapta&nimi experimenty byly z jvodniho divokého kmen€. necatorvyvinuty kmeny
projevujici se vysSi odolnosti ke kyselilevulové a schopné akumulovat kopolymer
s vy8Sim zastoupenim 3HV. DalSim slibnyrfisfjupem testovanym v ramci prace bylo
vyuziti extrémofilnino mikrobidlniho kmene, coz eedke snizeni naklad na
biotechnologickou produkci. Vybrané druhy rotialomonasprokazaly vysoky potencial
jako halofilni producenti PHA. Z&vecnacast prace seémovala vykru produkniho kmene
s ohledem na vlastnosti vysledného PHA. Kn@upriavidus malaysiensibyl vybran za
Gcelem produkce terpolymeru P(3H®-3HV-co-4HB) u kterého byly odhaleny z&reé
rozdily v materialovych vlastnostech oproti P3HB.

Kli ¢ova slova:
Polyhydroxyalkanoaty, biopolymer, lignocelul6zalor&zace odpadu, evotai inZenyrstvi,
extremofilni mikroorganismy, Ramanova spektroskopie



ABSTRACT

This thesis deals with the study of polyhydroxyalkate biosynthesis as a microbial
product with the potential to replace current cariaal plastics made from petroleum. The
dissertation thesis is elaborated in the form ofliscussed set of already published
publications, which are then part of the thesithanform of appendices. The work builds on
relatively extensive knowledge in the field of pojgroxyalkanoate production and brings
new facts and possible strategies. Various poggBilof analysis of polyhydroxyalkanoates
using modern methods were tested in this work, wbrings especially speed, which can be
crucial in real-time evaluation of production bict@ological process. Raman spectroscopy
has proven to be a very promising technique fordrgpiantification of PHA. Furthermore,
the work deals with valorisation of waste of foawlagricultural origin. Emphasis is placed
on methods of detoxification of lignocellulose hgiysates. In this context, adsorption of
inhibitors to lignin was first used as an altermatio other detoxification techniques. Due to
detoxification, selected production straiBsrkholederia cepaciandB. sacchariwere able
to utilize softwood hydrolyzate for PHA productioim. the next part of the work was also
tested the possibility of using chicken feathera amplex source of nitrogen. Evolutionary
engineering was also used as a possible strategyntnate the inhibitory effect of levulic
acid as a microbial inhibitor that results from thgdrolysis of lignocellulosic materials.
Adaptation experiments were used to develop straxmsbiting higher resistance to levulic
acid and the ability to accumulate a higher 3HV algmer from the original wild-type
C. necator strain. Another promising approach tested in therkwwas the use of
extremophilic microbial strain, which leads to aluetion in the cost of biotechnological
production. SelectedHalomonasspecies have shown high potential as halophilicAPH
producers. The final part of the thesis was devatethe selection of the production strain
with regard to the properties of the resulting PHAe Cupriavidus malaysiensistrain was
selected to produce a P(3HB-3HV-co-4HB) terpolymer which revealed significant
differences in material properties over P3HB.

Keywords
Polyhydroxyalkanoates, biopolymer, lignocellulosislorization of waste, evolutionary
engineering, extremophilic microorganism, Ramarcspscopy
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1 UVOD

S pokr&ujicim tempem sitového hospodakého fistu bude udrzitelny socioekonomicky
rozvoj zaviset na bezpeé dodavce surovinovych vstuppro zemddélstvi, pramysl,
energetiku a souvisejici odtvi. Lidska spolénost byla v poslednichékolika desetiletich do
znané miry zavisla na petrochemiickoliv jsou neobnovitelné zdroje lidem znamy jiz od
pocatku své existence, jejich spelba zdala exponenciakh rist az teprve s nastupem
industrializace. DnesSni vysoka zavislost na neolbelowch zdrojich — zejména fosilnich
palivech — je stale vice omezovana ekonomickymiifigiymi i environmentalnimi faktory.
Postupné werpavani fosilnich zdrdj kolisani cen ropy a v neposledrad také
environmentalni otazky vedou k Usili o nahrazeavajicich neobnovitelnych zdiogdroji
obnovitelnymi.

Lignocelul6za je obnovitelnym zdrojem organické a@oy. Zahrnuje zeduglske,
potravindské a lesnické zbytky¢asti pevného komunalniho odpadu a také plodinynbgho
a drevinného charakteru. Zama surovin vSak vyZzaduje vyznamny technologickyupos
Mikrobialni biotechnologie, jez ma za cilgmenu latek za vyuZiti mikroorganisimje jednim
ze zpmisohi vyuziti lignocelulézové biomasy k vyrélpaliv (nag. bioethanolu), biologicky
odbouratelnych polymér a fady chemikalii takovym Zsobem, ktery je udrzitelnym
z hlediska zivotniho prosdi.

Toto téma se stava stale zasgsim zejména v poslednich letech, kdy se zapad#i sv
z&in& stale zodpadngji starat o Zivotni prosedi, a to pedevSim v reakci na prohlaseni
vychazejici z odborné ¥ejnosti upozatujici na dopad lidstva na stav planety. Zasadnim
problémem je globalni oteplovani, které jiz dnes dafpady na podobu dneSnihoétsv
DalSim vyznamnym problémem je p&aspoteba plast, které nejsou vifrodé rozlozitelné. |
piesto, Ze se ve spdleosti objevuji tendence probléfasit, zda se, Zeada €chto tendenci
ma spiSe opmy dopad. Fkladem niize byt podpora plast které jsou biodegradabilni jen
z ¢asti, coz ma za nésledek vznik mikropladtteré jsou v poslednich letech povaZzovany za
velky problém, arada vysplych stati véetne Evropské unie iichdzi s opaenimi, ktera
budou branit jejich uvoknovani do prosedi.

V poslednich letech je vynakladdano velké Usili 2al€ém nahrazeni syntetickych phast
biopolymery. Konvetini syntetické polymery jsou problémem nejeriilkvysoké zavislosti
na fosilnich palivech, ale takérquistavuji hlavnicast nerozlozitelného tuhého odpadu.
Kumulace plastového odpadu se stala velifezitou otazkou Zivotniho prasdi.

Polyhydroxyalkanoaty (PHA) jsou obecmovazovany za alternativu k syntetickym
polymeiim produkovanych v petrochemickémapryslu. Tyto mikrobialni polyestery jsou
nékterymi mikroorganismy z doméBacteria a Archaeasyntetizovany a akumulovany jako
intracelularni granule. Tento jev je znam jiz okuol926, kdy mikrobiolog Maurice
Lemoigne poprvé identifikoval v bakterii poly-3-hyaybutyrat (P3HB). Pozgi se ukazalo,
Ze fyzikalni vlastnosti jsou velmi blizké polyprdegu, coZ odstartovaléadu rozsahlych
studii zangienych na snizeni naklkadna vyrobu polyhydroxyalkanaat za ®&elem
konkurenceschopnosti oproti vyrokonverénich polymei.

Cilem této prace bylo @it nékolik moznych strategii, které by ve svérisibdku mohly
veést ke snizeni ceny produkce PHA, dikgmuz by se tato technologie mohla stat



konkurenceschopna konwemim syntetickym polymeém z ropy. Zansiili jsme se na snizeni
ceny zakladni vstupni surovinyfgchodem na odpadni materialy odvozené zejména od
lignocelulézy. Dale na vys vhodného extrémofilniho bakterialniho kmene, gctéhno
produkce PHA i v progedi, ve kterém typti predstavite PHA produkujich bakterii
nepgezivaji. Tato vlastnost pak snizi ndklady vynal@Zea detoxifikaci substratu ziskaného

z odpadnich material Bakterialni kmen a sloZeni kult&siho média mize byt zodpogdné i

za vysledné materialové vlastnosti PHA. S cileiprpvit termoplast s vySSi houzevnatosti a
podstatg nizSi krehkosti v porovnani s beznym P3HB byl wy@pravidus malaysiensis
ktery byl schopny akumulovat terpolymer s obsahemyd®oxyveleratu a 4-hydroxybutyratu.



2  TEORETICKA CAST

2.1  Polyhydroxyalkanoaty

Polyhydroxyalkanoaty (PHA) jsou biopolymery nelmdlymery girodniho givodu. Jedna
se 0 mikrobialni polyestery syntetizované a akuwah@ ve formy intracelularnich granuli
fadou mikroorganisinz domén bakterie a archea. VSeokigesou povaZzované za alternativu
k petrochemickym syntetickym plash. V porovnani s polypropylenem, ktery ma podobné
fyzikalni a mechanické vlastnosti, jsou PHA biokatipilni, biodegradovatelné a je mozné
k jejich produkci vyuZitadu obnovitelnych zdroji odpadnich material(Flickinger a Drew,
1999).

2.1.1 Fyzikalné-chemické vlastnosti

Z chemického hlediska jsou PHA linearni polyesthygroxyalkanovych (HA) kyselin
(obvykle 3 hydroxyalkanovych kyselin). Jak je &ticha Obrazek 1, esterova vazba vzajemn
spojuje jednotlivé hydroxyalkanové kyseliny a jeoitna kondenzmi reakci mezi
hydroxylovou skupinou a karboxylovou skupinou sakdbo monomeru. V této skugin
polymeit Ize kombinovat vice nez 15Ganych monomer a vysledné materialy maji vyrazn
odliSné vlastnosti. Ii@sto jsou &které vlastnosti spoleé, a to Ze se jedna se o elastomerni a
termoplastické polymery, nerozpustné ve &od maji vysoky stupe polymerizace
(molekulova hmotnost 2 10° az 3x 10°). Ve v8ech PHA, které byly dosud charakterizovany,
je atom uhliku substituovany hydroxyskupinou R-kgmface v dsledku stereospecifity
PHA biosyntetickych enzyfp s vyjimkou rkterych zvlastnich ippadi, kdy neexistuje
chiralita (Muhammadi a kol., 2015).

n=1] R =hydrogen Poly(3-hydroxypropionate)
H R = methyl Poly(3-hydroxybutyrate)
| R = ethyl Poly(3-hydroxyvalerate)
—0—C—(CHy)—C— R = propyl Poly(3-hydroxyhexanoate)
| " R = pentyl Poly(3-hydroxyoctanoate)
R 0 R = nonyl Poly(3-hydroxydodecanoate)
100-30 000 |n=2| R =hydrogen Poly(4-hydroxybutyrate)
n=3! R =hydrogen Poly(5-hydroxyvalerate)

Obrazek 1 VSeobecna molekularni struktura polyhyghitikanoa# (Volova, 2004)

PHA mohou byt rozéleny do ti skupin v zavislosti na gtu atonti uhliku v monomernich
jednotkach (Volova, 2004).

1. Short-chain-lenght (scl-PHA), ktera obsahuje & uhliku.
2. Medium-chain-lenght (mcl-PHA), ktera obsahujg4atont uhliku.
3. Long-chain-lenght (Icl-PHA), ktera obsahuiji vieez 14 atorin uhliku.



Toto rozaleni polymeti do skupin je zaloZeno na substratove speédiiiA syntaz, které
mohou pijimat pouze ufité HA kyseliny v pfibéhu polymerace. Bve se pedpokladalo, ze
PHA syntdzaCupriavudus necatora dalSich prozenych kmeti dokdze syntetizovat
materialy obsahujici pouze HA kyseliny se 3-5 atamhliku. A steji tak, Zze v pipad u
raiznych kmed Pseudomonas oleovora®HA syntazy mohouiflimat pouze 6-14 uhlikaté
monomery. AZ pozi byly zaznamenanyifpady girozenych kmea, které jsou schopny
syntetizovat jak scl-PHA, tak i mcl-PHA (Steinbuthé/alentin, 1995).

NejprostudovagiSim a zarové i prvnim objevenym polyesterem ze skupiny
polyhydroxyalkanodi je poly(3-hydroxybutyrat) (P3HB). UZ v roce 1926rhoigne izoloval
a charakterizoval P3HB z bakterialniho kmd&azillus megateriumP3HB je homopolymer
se vSemi chirdlnimi atomy uhliku v R-konfiguracijeaproto vysoce krystalicky. Vysoka
krystalinita (typicky 55-80 %gini P3HB pongrné tuhé a kehké. Teplota skelnéhdgrhodu
(Tg) P3HB lezi mezi 5 a 9 °C a teplota tani (Tm)nsehazi mezi 173 a 180 °C. Polymer
P3HB se rozkladaftiplizné pri teplo€ 200 °C, coz je pommné blizko jeho teplat tani.
Mechanické vlastnosti, jako je Youig modul (3,5 GPa) a pevnost v tahu (43 MPa)
materialu P3HB, se blizi hodnotam izotaktického ypmpylenu. Hodnoty po#mnéeho
prodlouzeni fi pretrzeni P3HB &b = 5 %) jsou 80krat nizSi nez dosazené hodnoty
polypropylenu §€b = 400 %). Proto je P3HB ve srovnani s polypropgita daleko tuzsi a
kiehci material (Flickinger a Drew, 1999).

Jak jiz bylo zmi#no, mechanické vlastnosti jednotlivych PHA jsoumvelzavislé od
piitomnych monomernich jednotek. Proto moZnj@Senim {i snaze zlepSit mechanické
vlastnosti P3HB je inkorporace vhodnych monomerniiinotek do jeho struktury.fiP
zabudovani ndgklad 3-hydroxyvaleratovych jednotek do polymerus@lineme vyrazné
zmeny ve flexibilitt materialu. Vysledkem je sniZeni Youngova moduld pg7 a snizeni
pevnosti v tahu pod 30 MPa. Teplota tani je v 2éstsna obsahu 3-hydroxyvaleratu snizena
az na 130 °C, coz vyragZrushaduje tepelné zpracovani, jako je roztaveni polymieea
tepelné degradace materidlu. Vyréazse néni i moznosti elongace, které se zvysuji se
zvySovanim frakce PHV (Sudesh a kol., 2000).

Tabulka 1 Srovnani vlastnosti PHA polyereZznymi plasty (Sudesh a kol., 2000).

Bod Skelny  Youngiv Pevnostv Délkove
Polymer tani pirechod modul tahu prodlouzeni p¥i

[°C] [°C] [GPa] [MPa] piretrzeni [%]
P(3HB) 180 4 3,5 40 5
P(3HB-c0-20 mol% 3HV) 145 -1 0,8 20 50
P(3HB-c0-6 mol% 3HV) 133 -8 0,2 17 680
Polypropyelen 176 -10 1,7 38 400
LD polypropylen 130 -30 0,2 10 620
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V nedavné dob byly vyvinuty nové pizpisobené kopolymery nahodnym caenim
kontrolovaného mnozstvi flexibilnich linearnich fafickych hydroxyalkanoat podél
hlavniho fetézce, napiklad 3-hydroxypropionat nebo 4-hydroxybutyrat (AHB/ysledkem
jsou semikrystalické kopolymerni struktury navrZzéaié aby ndly teplotu tani na miru mezi
80 °C a 150 °C a které jsou n¥éaitlivé na tepelnou degradacéhem zpracovani. Jejich
vlastnosti sahaji odi&hkych termopladtpo gumovité elastomery. Jejich produkcézen byt
fizena volbou substratu, bakterialnino kmene a fetayeich podminek (Garcia-Quiles a
kol., 2019). Tabulka 2 znazarje rozmanitost materialovych vlastnosti v zavisloa obsahu
4HB v polymeru.

Tabulka 2 Vlastnosti kopolymeru P(3HB-co-4HB) filpii 23 °C (Saito a Doi, 1994)

4HB frakce [mol%)]

Viastnost 0 3 10 16 64 78 8 90 100
Krystalinita [%0] 60 55 45 45 15 17 18 28 34
Youngiv modul [MPa] 3500 30 24 45 100 149
Pevnost v tahu [MPa] 43 28 24 26 17 42 58 65 104

Délkové prodlouzeni ip

s 45 242 444 591 1120 1320 1080 1000
pretrzeni [%0]

Kromé scl-PHA kopolymel, z hladiska vysoké elasticity a houZevnatosti mginam
také mcl-PHA. Matridly na béazi mcl-PHA v porovnésiscl-PHA maji vyznamn nizsi
teplotu tani, kterd se pohybuje v rozmezi 39-61T%plota skelnéhoipchodu je pak obvykle
hluboko pod pokojovou teplotou v rozmezi od -43 @5 ° C a krystalinita mcl-PHA
dosahuje fiblizné 25 % (Flickinger a Drew, 1999).

2.2  Biosyntéza PHA

Biosyntéza PHA je z biochemického hlediska velnugtudovanou metabolickou drahou
(Sudesh a kol., 2000). Bakterialni km€unpriavidus necatoH16 (v minulosti znamy pod
mnoha nazvy jakdlcaligenes eutrophydRalstonia eutrophaHydrogenomonas eutropha
nebo Wautersia eutrophaje povazovany za modelovy organismus pro metsimis
scl-PHA. C. necatorH16 tvai P3HB ftistupiovou enzymaticky katalyzovanou reakci, ktera
vychazi z acetyl-CoA. D¥vmolekuly acetyl-CoA se kondenzuji na acetoacetyf@omoci
3-ketothioldzy (PhaA). Produkt nasledpodléha redukci NADPH-dependentni reduktazou
(PhaB), ktera produkuje (R)-3-hydroxybutyryl-CoA. a&recnym krokem je pak
polymerizace (R)-3-hydroxybutyryl-CoA mononieza vzniku P3HB granuli zafipomnosti
enzymu PHA syntazy (PhaC) (Obrazek 2, Draha |) ¢val 2004).
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Ziroj uhlikn
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Obrazek 2 Metabolické drahy, dodavajici hydroxyatketové monomery pro biosyntézu
PHA. PhaA, 3-ketothioldza; PhaB, NADPH-dependemtetoacetyl-CoA reduktaza; PhaC,
PHA syntaza; PhaG, 3-hydroxyacyl-ACP-CoA transfer&hal, (R)-enoyl-CoA hydrataza;

FabD, malonyl CoA ACP transacylaza; FabG, 3-ketb#yA reduktdza (Sudesh a kol.,
2000).

Zdroj uhliku zasadh urtuje, ktery typ PHA bude dany bakteridlni kmen piaalat.
C. necator (a fada dalSich bakterialnich km@ndokaze p pouziti snésného substratu
fruktdbzy a kyseliny propionové syntetizovat kopobmm 3-hydroxybutyratu a
3-hydroxyvaleratu. Stejného efektu lze docilitridavkem kyseliny valerové jakofiméeho
prekurzoru 3-hydroxyvalerové kyseliny. \fipact pouziti propionatu je biochemicka draha
v podstat stejna jako p syntéze P3HB s tim rozdilem, Ze propionyl-CoAcatgl-CoA jsou
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kondenzovanyB3-ketothioldzou za vzniku 3-ketovaleryl-CoA, coZ pamlukci keto- skupiny
paticnou dehydrogendzou vede kctaeéni monomelt 3-hydroxyvalerdtu do polymeru.
Kyseliny alkanové s lichym gtem uhliki v fettzci mohou také slouzit jako zdroj pro
syntézu kopolymeru. V tomtotipac vznika 3 hydroxyvaleratifmo z 3 oxidace &chto
mastnych kyselin (Sudesh a kol., 2000).

Nicmérg, PHA slozené z mcl (R)-3 hydroxy-mastnych kysejsou syntetizované
odklorgnim meziprodukt metabolismu mastnych kyselin na (R)-3-hydroxyaCglA a tedy
k mcl-PHA (Obrazek 2, Draha Il a lll). Pokud je apduhliku oxidovan na acetyl-CoA, vyjma
jeho tvorby cesto3-oxidace mastnych kyselin, pak meziprodukty bioggyt mastnych
kyselin de-novo se stanou prekurzory pro biosyntézu mcl-PHA aclhgji konverze je
katalyzovana transacylazou PhaG (Sudesh a kol()200

Tato specifickd transacyldza se podili @npsu (R)-3 hydroxyacylovéasti fFislusného
thioesteru ACP (acyl carrier protein) na CoA. PHag pouzit pro metabolické inZenyrstvi
biosyntézy mcl-PHA za delem ziskani konkrétniho biopolyesteru. Je-li zdubjliku
oxidovan cestol3-oxidace mastnych kyselin, potom (R)-specificka y@oA hydrataza
(PhaJ) katalyzuje oxidaci enoyl-CoA na (R)-3-hydmaayl-CoA. (R)-3-Hydroxyacyl-CoA je
substrat pro PHA syntazu (PhaC) jakénpy prekurzor biosyntézy PHA. PhaJd byl také pouzit
pro metabolické inZenyrstvi biosyntézy mcl-PHA za&elam ziskani konkrétniho
biopolyesteru. Geny kodujici proteiny biosyntézy APHsou casto kolokalizovany a
organizovany v operonu (Tabulka 3), avSak geny Phafo PhaJ kolokalizovany nejsou.
Metabolické inZzenyrstvi si davéasto za cil ziskani PHA s definovanym sloZzenim a
pozadovanymi vlastnostmi matefifRehm, 2003).

2.2.1 PHA syntazy

PHA syntazy mohou byt roZtény doctyi hlavnich tid s ohledem na sloZeni substratu a
podjednotky (Tabulka 3).

Tabulka 3 Klasifikace PHA syntaz (Rehm, 2003)

Tfida Organismus Podjednotky Substrat Organizace operonu
3HA5¢L-COA (~C3-C5).
I C. necator ~60-73kDa  4HAgcr-CoA, SHAgcr -CoA, { phaC > phaA »{phaB
SNMSCL-COA

it £ amughiona and  ~60-65kDa  3HAyer-CoA (~C¢-Cy0) {phaCi >{phaZ >{phaC2 >{phaD

P. oleovorans
~40 kDa 3HAgcr-CoA (~C3-Cy),

I A. vinosum 7 [3HAyc1-CoA (=C¢-Cy), - phaC | phaE H phaA >ORF4 phaB
(®haE) ~40kDa 4HAgcr -CoA, SHAcr -CoA]

(®haC) ~40kDa

v B. megaterium @ 22kDa 3HAgcr -CoA (~C3-Co) —{phaR >-{ phaB -{ phaC >—

PHA syntazyitidy | se skladaji z jedné podjednotky (PhaC) 6(kDa a syntetizuji PHA
slozené z monomeérs kratkymiettzcem (scl-PHA) (Rehm, 2003). Veide Il se PHA
syntazy nachazeji ve fluoreskujicich pseudomonadadaké obsahuji pouze jeden typ
podjednotky (PhaC) (Timm a Steinbtchel, 1990). Madil od PHA syntazridy | je
preferovanym substratem (R)-3-hydroxyacyl-CoA sigze 6 az 14 atoimuhliku. Na rozdil
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od syntaziid | a Il jsou syntazy PHAridy 11l slozeny ze dvoutiznych podjednotek. Jedna
podjednotka PhaC asi 40 kDa, jejiz primarni strigktuykazuje silnou podobnost s PHA
syntézami pedchozichiid, a PhaE podjednotkou (asi 40 kDa) (Liebergesediteinbuchel,
1992). Zatimco, syntazy llliily dovedou v &kterych gipadech krora scl-PHA syntetizovat

i mcl-PHA, tak vefttidé IV syntazy PHA syntetizuji pouze scl-PHA. PHA Sy tidy IV se
nachazeji u bakterii rodBacillus a skladaji se z podjednotky PhaGil§pzné 40 kDa) a
menSi PhaR podjednotkyiplizné 20 kDa (McCool a Cannon, 1999).

U C. necator v poslednim kroku syntézy dochazi k polymeragi3mydroxybutyryl-CoA
na P3HB pomoci PHA syntazy.iie se pedpkladalo, Ze vysledné granule PHA jsou pak
potazeny vrstvou fosfolipida bilkovin. AZ teprve v nedavné dobe ukazalo, Z€. necator
in vivo neobsahuje Zadné fosfolipidy &ppoklada se, Ze povrchoveé vrstvy granuli PHA u
piirodnich produceiit obecrt fosfolipidy neobsahuji a sestavaji pouze z prétepiicemz
pievladajicimi proteiny jsou tzv. phasiny (Bresanch,k2016). Jedna se éidu proteiri o
velikosti 14 az 28 kDa, které tkiovrstvu na povrchu hydrofobniho jadra PHA graniMaji
také vliv na poet a velikost granuli PHA. Phadsth necatorje kédovan genermphaPa tvorba
PhaP je zavisla na biosyntéze a akumulaci PHA. Bylokdzano, Ze mnoZstvi phasinu
piitomného v bitkach je andrné s mnozstvimiftomného PHA (Pdtter a kol., 2002).

PHB granulein vivo jsou diky peptim vysoce organizované futik jednotky a byvaji
ozna&ovany jako karbonosomy. Doposud byldCu necatorrozeznano devatenact bilkovin,
které jsou zjevé spojeny s proteinovou povrchovou vrstvou grantiAP Jejich funkce fi
regulaci biosyntézy jeifblizena v nasledujici kapitole a r@tehy mohou byt takto (Pfeiffer
a Jendrossek, 2014):

* PHB syntdza PhaCl

* sedm depolymeraz PHB (souhéfhhaZ, PhaZal az PhaZa5, PhaZdl a PhaZzd?2)

* dw¢ oligomerni hydrolazy PHB (PhazZb a PhaZc altermgtiozna&ované PhaY1l a
PhaY2)

» sedm phasiin(PhaPl az PhaP7)

» dva DNA- a PHB-vazné proteiny (PhaR a PhaM)

2.2.2 Regulace PHA biosyntetické drahy

Ucinek kultivanich podminek na metabolismus PHA byl poprvé stadowvroce 1958 pro
nesporulujici kmerB. megaterium Bylo pozorovano, Ze mnozstvi akumulovaného PHA
vzrostlo @i navySeni poréru uhliku k dusiku (Macrae a Wilkinson, 1958). Pgizdbylo
zjisteno, Ze bakterie produkuji a akumuluji PHA v podndictk kdy jim chybi kompletni
rozsah Zivin paebnych pro bu&né dleni a zarovié maji nadbytek uhliku. Bylo prokazano,
Ze biosyntéza PHA fize byt iniciovana nedostatkem ihiku, siry, dusiku, fosforu nebo
kysliku (Senior a kol.,, 1972). Pravtyto nevyrovnané podminkyastu ¢asto vedou
k pozitivnimu vlivu na regulaci na enzymatické umov

Pro C. necator jako modelovy bakterialni kmen je regulace pod&olpopsana.
Koncentrace acetyl-CoA a volného CoA jsoucdliymi faktory ovliviiujicimi aktivitu
3-ketothiolazy, ktera katalyzuje prvni krok syntd2A. Dale bylo prokdzano, Ze biosyntéza
P3HB je silk stimulovana, jak vysokymi intracelularnimi konaaaemi NAD(P)H, tak
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vysokymi pongry NAD(P)H/NAD(P)+. Tyto podminky vedou k vyznammeéhibici citrat
syntdzy a citrat dehydrogenazy, coz ma za nasleng®ené zapojeni acetyl-CoA do
biosyntetické drdhy PHA namisto citrdtového cylxperiment, ktery provedl Park a Lee
(1996), tuto hypotézu potvrdil. Ukazalo se, mutdht necator s narusenou isocitrat
dehydrogenazou, vykazoval vyr&znizsi aktivitu citratového cyklu a zaraveprodukoval
PHA rychleji nez v pipact nemutovaného kmene. Rychlost biosyntézy PHA jevio#h
aktivitou enzyni [-ketothioldzou a acetoacetyl-CoA reduktazou, zadimbsah P3HB je
fizen PHA syntdzou (Jung a kol., 2000).

K regulaci ovSsem, krothenzymatické urow) dochazi i na arovni genoveé exprese. K tomu
slouzi transkripni regulatory PhaR, které oviiuji expresi phasina biosyntézu PHA. PhaR
je protein (kodovan genephaR), ktery je schopen se vazat na intergenni oblHs# (phaC
phaPaphaPphaR. i podminkach nevhodnych pro biosyntézu PHA se P& ngphaP
promotorovou oblast, a tim inhibuje transkripci.shd@re, kdyZ nastanou podminky vhodné
pro akumulaci PHA a zae PHA syntaza tud PHA granule, tak se PhaR e vazat na
povrch PHA granuli. K tomu dochazi ziwbdu vysoké vazebné schopnosti PhaR na
hydrofobni povrchy. Tim dojde ke sniZzeni jeho kanice v cytoplaz#ha transkripce phaP
piestane byt potteena. To vede k syntéze PhaP, ktera se okamdie na PHA granule. Po
dosazeni maximalni velikosti PHA granule a pokwiginy jejiho povrchu PhaP proteinem,
dochazi opt k uvolrini PhaR do cytoplazmy. To &pumoziuje vazbu na ffislusné DNA
sekvence a pottani transkripcephaP, a taképhaR Autoregulaci expres@haR slouZzi
k zabragni syntéze vice PhaR, neZ je nutné pro dastaterepresi expresghaP (Grage a
kol., 2009; Pdétter a kol., 2002).

DalSim z peptid na povrchu PHA granule @. necatorje 32 kDa PhaM, ktery je zje¥n
zodpowdny za pipojeni granuli PHA k bakteridlnimu nukleoidu aiZajje, Ze ob dcdiné
bunky ziskaji Bhem dleni burgk ténei stejny péet granuli PHB z matské buiky. Pfeiffer
a Jendrossek (2014) se zdiin na objeveni dalSich funkci tohoto proteinu &tj, Ze jen
~16 nM PhaM stilo k prepnuti ~165 nM PhaCl z neaktivni na aktivni formu. Navic
specificka aktivita PhaM-aktivované formy PhaClaplodstaté vysSi (~17 versus ~5 U/mg)
ve srovnani s maximalni aktivitou stanovenou pra@®hv nepitomnosti PhaM. Jedna PhaM
molekula je tedy dostatea pro aktivaci fiblizné 10 az 11 molekul PhaCl. | kdyZz vezmeme
v Gvahu ugitou chybu @i stanoveni koncentrace proteinu, jejmé, Zze PhaM je vyZzadovan
pouze v substechiometrickych mnoZzZstvich (Jendro&xo).

Protoze fyziologickou funkci akumulovaného PHA kiegiich je poskytovat energii a
uhlik pro metabolismuséhem fazi hladogni, je regulace degradace PHA nedilezita.
Enzymy, které Kkatalyzuji depolymeracitivk nashromazohého PHA, se nazyvaji
intracelularni PHA (iPHA) depolymerazy (PhaZ). Dpeerazy iPHA byly poprvé popsany
u mcl-PHA akumulujiciPseudomonas putidaZ o fadu let pozgi byly popsany proteiny
zodpowdné za degradaci iPHA i u scl-PHA producer@@a necator V zavislosti na
vzajemnych podobach primarnich aminokyselinovyctkveeci byly tyto hydrolazy
pojmenovany PhaZal az PhaZa5 a PhazZdl a PhazdPiB depolymerdzy a Phazb a
PhaZc pro oligomerni hydrolazy. Znalosti v tétoashi jsou zné&né limitovany obtiZznosti
stanoveni depolymerazy iPHA, vzhledem k povazememiho substratun vivo jsou PHA
amorfni a jsou pokryty povrchovou vrstvou sest@iagi proteii. V mnoha vyzkumnych
laboratdich je aktivita iPHB depolymeraz testovana pomauélych detergentem (na bazi
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cholatu nebo oleatu) potazenych artificialnich gtaRHB (aPHB) jako substratu, které byly
piipraveny z¢isteného krystalického PHB, nicménetnto substrat zcela neodpovida nativni
amrofni forn& PHA granuli v biikach. Prvni a nejlépe prostudovanou depolymeraeou |
Phazal. Akoli nema detekovatelnou hydrolytickou aktivitui gofidani k izolovanym
nativnim granulim P3HB (nPHB) a pouze nizkou akiifePHB)in vitro, PhaZal je protein
vazany na nPHB granule vivo a delece phaZal vede k signifikahtmenSimu uvalovani
3HB z PHB akumulovanych btk ve srovnani s divokym typem. Dagbveé experimenty,
ve kterych byl PhaZal exprimovan v rekombinantniBPEkumulujici Escherichia coli
vykazovaly zvySené uvbbvani 3HB. DalSi studie pak ukazali, Ze PhaZd¥erkatalyzovat
thiolyzaini reakci granuli nPHB vitro (Jendrossek, 2009).

2.2.3 Biologicka role PHA

PHA jako mikrobialni metabolit neni bakteriemi ¥irpck syntetizovan zcela be&girg,
ale naopak produkceahto polymernich latek dodava jejich nodital zjevnou strategickou
vyhodu. V minulosti byla produkce PHA spojovanasperulaci bakterii, icemz se o za
to, Zze PHA vznika f&d nastupem sporulace a rychla utilizace polyméedghazi sporulaci
(Slepecky a Law, 1961). Nicm&mpozd;ji byly tyto piredstavy vyvraceny, protoze se ukazalo,
Ze ne vSechny sporulujici bakterie dokazou prodak®HA a zaroue se také ukazalo jaké
negeberné mnozstviuznych nesporulujicich drih mikroorganisnd je schopno PHA
akumulovat (Emeruwa a Hawirko, 1973). Proto v ¢smmosti je z fyziologického dhlu
pohledu vyznam biosyntézy PHA spojovan se schopraésimulovat polymerni latku, ktera
pii hladowni slouzi jako zdroj uhliku a energie. PHAeg@stavuje idealni material pro
ukladani uhliku a energie &\ své nizké rozpustnosti a vysoké molekulové hrostin ktera
pusobi na bakteridlni ku zanedbatelnym osmotickym tlakem (Dawes a Sediov3).
Nicmért je prava@podobné, Ze PHA hraje mnohem sl&git roli ve stresové reakci bakterii.
Ostatrt bylo testovano, Ze expozice bakterialni kulturykkatrolované stresové davcdire
vést k navySeni produkce PHA. Podiehto vysledk piidavek etanolu nebo peroxidu vodiku
do kultivatnich meédii vyrazé zvysil akumulaci PHA \Cupriavidus necatoH16,¢imz doslo
k vyznamnému zlepSeni procesu vyroby PHA (Obrukal.2a2010).

To, Zze PHA v biikach ma zasadjsi vyznam neZ jen slouzit jako zasobni material,
doklada dalSi studie, ve které Zemych stresovych faktarbyly porovnavanyCupriavidus
necatorH16 a mutantni kme@upriavidus necatoH16/PHB-4 neschopny produkovat PHA.
V téchto testech prokazal produkujici kmen lepSi scheprodolavat zvySené teploi
oxidativnimu stresu (Obruca a kol., 2016). ProdticdPHA jsou i hoj@ pritomni
v prostedich, které jsou vystaveny nizkym teplotam. ildad v antarktické sladké ved
byla identifikovanaada PHA akumulujicich bakterii (Ciesielski a k&D,14).

2.2.3.1  Pouziti producentia PHA v zemédélskych inokulantech

Znalost zvySené odolnosti PHA akumulujicich baktemia dalekosahly dopad na
zemedélské aplikace. Inokulanty zaloZené na bakteriiaddpkujicich PHA jsou jizZ mnoho let
vyuzivany pro ochranu rostlin a podporu jejiéistu.

Bakterie fixujici dusik neboli diazotrofy, jsou sgny genmenit atmosféricky dusik na
anorganickeé latky pouzitelné rostlinami. Jejichhzlge nepostradatelna v koldtu dusiku,
protoze jsou odpawiné za fixaci asi 90 % organicky vazaného dusiketna skupina

16



diazotrofi tvori v padé symbiotické komplexy s dgkterymi druhy rostlin, neépst;ji
s lus€ninami. Z tohoto @vodu jsou znalosti z této oblastiedy nezbytné v oblasti
zemedelstvi a vyroby hnojiv (Rogers, 2011Rhizobiuma Azospirillumjsou dolie studované
piiklady bakterii podporujicichast rostlin. Jednotlivé kmeny géati do €chto rodi se
vyznauji mimo jiné schopnosti akumulovat PHA. Skutest, Ze stresova odolnosthto
bakterii je disledkem jejich schopnosti akumulovat PHA, byla poéwa viad pripadi
(Kadouri a kol., 2003; Zhao a kol., 2007). Protoujsdiazotrofy produkujici PHA velmi
slibnymi promotory iistu rostlin.

Azospirillum brasilenseobsahujici vysSi mnozstvi PHA se projevili podstatySSimi
Gcinky na podporu rstu rostlin. Tato pozorovani byla potvrzena zvySeniynosi plodin
dosazenych na kukidnych a pSernych polich v Mexiku, kde byly hiky A. brasilense
s vysokym obsahem PHA pouZity jako inokulanty ra§e(Dobbelaere a kol., 2001). Déle
bylo zjiS€no, Ze tizné druhy rhizobii péebuji P3HB pro usfny proces nodulace. Aneja a
kol. (2005) uvedli, Ze naruseni biosyntézy PHA&inorhizobium melilotvyustilo v zavazné
naruSeni d@stu a schopnosti nodulace. Navic je biologicka dexadusiku energeticky
naranym procesem, jehoz energetické narokyckst€né pokryt vyuzitim PHA.

Voln¢ Zijici diazotrofy nemaji schopnost se vazat keaekim rostlin a mnozstvi
fixovaného dusiku je obe&mpomerné nizké, ale s hodnotou 2-25 kg'hza rok stale zrmé.
Kmeny rodu Azotobacter Bacillus Burkholderia a Pseudomonagsou Siroce pouZzivani
producenti PHA jako dopék konvergnich inokulant pro jejich st podporujici vlastnosti
(Patel a kol., 2016; Singh a kol., 2013).

2.2.3.2 Aplikace PHA produkujcich bakterii pro in situ remediace

Prirozere se vyskytujici mikroorganismy produkujici PHA seké Siroce pouzZivaji
v technologiich zagfenych na odstigvani organickych, a dokonce anorganickych
znegistujicich latek z Zivotniho prasdi. Napikladem mohou byt diky mintadreé Siroké
metabolické aktivit nékteré druhyCupriavidus necatoVandamme a Coenye, 2004].
necatorH16, Ize pouzit k odstréni aromatickych slatenin, jako je toluen, xylen, kyselina
benzoova (Berezina a kol., 2015), ethanethiol (@eda kol., 2013), chlor-aromatickych
slowenin (Lykidis a kol., 2010) nebo p-nitrofenol (Sala kol., 2010). Genetické inZenyrstvi
muze navic rozsit spektrum degradovanych polutanSaavedra a kol. (2010) genetickou
modifikaci upravil Cupriavidus necatorJMP134 za vzniku kmene schopného zcela
mineralizovat polychlorované bifenyly.

Zastupci rodu Pseudomonas,ikfsou obvykle schopni akumulace mcl-PHA, mohou byt
pouzivayny k odsttovani rady polutani véetns, nitrofenofi (Arora a kol., 2014),
polyaromatickych uhlovodik (Bisht a kol., 2015), fenolu a jeho deritdKrastanov a kol.,
2013) a ropné uhlovodiky (Safiyanuc a kol., 201&ipdegradani kapacitaPseudomonas
Spp. pro organické polutanty je vylepSena jejichopnosti produkovat biosurfaktanty, diky
nimz jsou tyto &Zko rozpustné nebo dokonce nerozpustné substréteriznim buikam
pristupné (Li, 2017).

Bakterie produkujici PHA mohou byt vyhadpouZity jakogcisté kultury nebo dokonce i
jako sowast smiSenych mikrobiélnich konsorcii pio situ bioremediani technologie.
Obecrt je z&kladni vyhodou mikroorganisinprodukujicich PHA jejich zvySen& odolnost
vaci stresu a robustnost. V této souvislosti je nuirg kEhem gipravy inokula v potaz, Ze
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vysoky obsah PHA v mikrobialnich bkach je dlezitym pozitivnim faktorem. Krogtoho,
piestoze existuji @ité obecné pochybnosti o pouziti geneticky modifgaaych bakterii pro
bioremedia&ni technologie in situ, je genetickda modifikace tealk obecd povaZzovana za
slibnou strategii, kterd vyragnzvySuje @innost procesu bioremediace (Srivastav a kol.,
2014). Protoze akumulace PHA a souvisejici metekélidrahy maji velky potencial pro
zlepSeni procesu biologického rozkladu, bylo byimayé bd geneticky modifikovat
prirozené producenty PHA, aby se zvysil jejich potéhbiodegradace, nebo pouZzit nastroje
genetického inzenyrstvi k umar biosyntézy PHA u bakterii se slibnou biodegiada
aktivitou, ale neschopnych akumulovat PHA.

2.2.4 Charakterizace vybranych producenti PHA

2.2.4.1  Cupriavidus necator H16

Tento bakterialni kmen je povazovany za modeloyganismus pro metabolismus PHA.
Jedna se o Gramnegativni, fakultaivnh chemolithoautotropni  bakterii fity
Betaproteobacteria, ktera byla intenzivtkoumana tégf 50 let. Vzhledem K ifisluSnosti
k raiznym taxom se nézev této bakterie v minulogtisto n&nil, a proto i v literatu¥
matouci. V roce 1961 byl kmen izolovan jako zastupmuHydrogenovoransV roce 1969
byl pieveden do rodédlcaligenesa od té doby vysidal nazvyAlcaligenes eutrophubki16,
Ralstonia eutroph#d16, Wautersia eutroph&l16, az senakonec ustalil nazevGwgpriavidus
necatorH16 (Vandamme a Coenye, 2004).

Jako fakultativni chemolithoautotrofni ,Knallgasbekum® C. necatorH16 se asimiluje
v autotrofnim #éstovém reZzimu C@ prostednictvim cyklu Calvin-Benson-Basham, ale je
také schopen heterotrofickéhistu s vyuZzitim fruktozy, kyseliny glukonovéznych dalSich
organickych kyselin, a dokonce i aromatickych &min jako zdroji uhliku a energie.
Centralni metabolismus uhlikD. necatorH16 se iz poddlo podrobré popsat. Frukt6za a
kyselina glukonova jsou katabolizovany cestou Enbwudoroff s 2-keto-3-desoxy-6-
fosfoglukonat aldolazou jako Kbvym enzymem. Cesta Embden-Meyerhoff-Parnass je
neuplna, protoze chybi kbvy enzym fruktéza-1,6-bisfosfat (FBP) aldolasaykBlyza je
vSak probiha v ibpack, Ze je FBP aldolaza Escherichia coli (PfkA) exprimovana
v C. necator C. necatorvyZaduje pro ist respirani metabolismus, ke kterému dochazi
tehdy, kdyz je mozné pouzivat kyslik, dirdny nebo dusitany jako akceptory koncovych
elektroni. Nicmérg k sekreci typickych fermentaich produki do média dochazi, pokud
jsou buiky kultivovany za podminek omezenéhiispnu kysliku. (Reinecke a Steinblichel,
2009).

C. necatorjako jeden z malaipozenych kmet dokaze akumulovat PHA v uspokojivém
mnoZstvi z hlediska pmyslové produkceC. necatorbyl prvni druh, ktery byl pouzit pro
vyrobu kopolymeru P(3HRo0-3HV) spol&nosti Imperial Chemical Industries pod
obchodnim nazvem Biopol™. \&#nost PHA se i utilizaci ¢istych sachariél obvykle
pohybuje nad 100 g/l polymeru (Mejko-Ciesielska a Kiewisz, 2018]}. necatorH16 se zda
ma potencial se statipnyslovym producentem v biotechnologii vyuZivajidpadni substrat,
protoze kmen dokaze vyuzit odpadni fritovaci olg) produkci PHA. Toto mgmyslové
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zpracovani vyuziva biotechnologie Hydal i@t spol€nosti Nafigate (Brigham a Riedel,
2019).

2242 Rod Bacillus

Druhy roduBacillus jsou podrob& studovany ve s#¢ PHA od doby objeveni P3HB
v cytosoluBacillus megateriunfrancouzskym Lemoignem v roce 1926. Bylo popsamw,
n¢které druhy dosahuji az 90 % PHA v biomase. Dr8agillus se stavaji modelovymi
organismy v pimyslovém a akademickém &¥, a to gedevSim diky genetické stabilit
Kromé vySSi rychlosti iistu ve srovnani s jingmi bakteriemi je pouziti druBacillus
k produkci PHA vyhodné oproti jinym diky absengidpolysacharidové \#si vrstvy v nich,
coz velmi usnaiuje extrakci PHA. Druhy Bacillus jsou také schopm®dukovat PHA
kopolymery za vyuziti relativhjednoduchych, levnych a struktdrmesouvisejicich zdrbj
uhliku. Izolaty navic maji schopnost viwatiadu hydrolytickych enzyi které Ize vyuzit
pro ceno¥ dostupnou vyrobu PHA, néglad vyuzivanim odpadzentdélského ptimyslu
(Mohapatra a kol., 2017). Nevyhodou vSaki praci s druhyBacillus na produkci
biopolymeru ve velkém #iiitku je sporulace, ktera jaidodem nizké produktivity P3HB. Je
ziejmé, Ze tomu tak je vzhledem k tomu, Ze tvorba spékumulace PHA jsou vyvolany
podobnymi podminkami nutimiho stresu. UB. cereusmize byt sporulace potiana kyselym
prostedim nebo nedostatkem drasliku. Tyto podminky pgkeminhibuji tvorbu spor, ale
také mohou zvysit produktivitu PHA. Proto je slibpgozkoumat strategie, které zalug
sporulaci drubi Bacillus ke zvySeni produkce PHA a jejiho ¥¥ku z pouzitého zdroje uhliku
(Rodriguez-Contreras a kol., 2013).

Bacillus megateriumje grampozitivni aerobni sporulujici bakterie, riastese nachazi
v Siroce rozmanitych lokalitach odigly po mdiskou vodu, sediment, ryZova pole, med, ryby
a suSené jidlo. Kke st v jednoduchych médiich na vice nez 62 zdrojibhku z 95
testovanych, &etrg vSech meziprodulit cyklu trikarboxylovych kyselin, mraveéanu
a acetatu. V roce 1884 De Bary pojmenoBactillus megateriunjako ,big beast, protoze
jeho velikost byla piblizn¢ 100krat ¥tSi nez uEscherichia coliObecr je metabolicka draha
PHA ponerné podobna jako uC. necator nicmér na syntéze PHA se podili jinA PHA
syntaza (tida 1V) a dalSi protein, nazyvany phaQ, regulugixpresi syntetickych gé&nPHA.
Navzdory skutenosti, Ze obsah PHA v bkachB. megateriunje ve srovnani €. necator
pomerné nizky (asi 50 %), diky zwaé variabilie vyuzitelnych zdraj uhliku je
B. megateriunslibnym kandidatem na produkci PHA Znych odpadnich substéiafako je
nagiklad melasa z cukrovétiny, tekutina z kukkice nebo mlény odpad (Jendrossek, 2009).

Dalsi druhy rodyBacillus schopné produkovat PHA v biomase v rozmezi 11-68%
B. amyloliquefaciens B. laterosporus B. mycoides B. licheniformis B. cirulans
B. maceransB. cereusB. firmus, B. subtilisB. coagulansB. sphaericusB. brevisa B.
thuringiensisMohapatra a kol., 2017).

2243 Haloferax mediterranei

Haloferax mediterranei je extrémg halofilni organismus p#ti do celedi
Halobacteriaceae v dom&rArchaea. Poprvé byl izolovan z nadrzicamych pro vyrobu
moiské soli pobliz Alicante ve Sp&sku v roce 1980, kdy byl popsanésiito klicovymi
vlastnostmi — Gramnegativni, fidowla pigmentace, tvorba pleomorfniciityek, optimalni
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salinita 250 g/l NaCl s rozsahem 100-300 g/I. Sobspakumulovat PHA byla odhalena az
vroce 1986.H. mediterraneiroste rychleji nez &sSina ostatnichtleni Halobacteriaceae
a vykazuje pozoruhodnou metabolickowininost a stabilitu genomu fip vysokych
koncentracich soli, a proto slouzil jako dobry modg organismus pro studie fyziologie
haloarchaea a metabolismu p&kolik desetileti.H. mediterraneije schopen akumulovat
poly(3-hydroxybutyrat-co-3-hydroxyvalerat) (PHBV) mnoha levnych zdrdj uhliku,
piicemZz pro syntézu kopolymeru nevyzadujgdavek externich strukturnich prekur&or
3HV. U H. mediterraneibyly identifikovany dva kkové enzymy (PhaEC a PhaB) a
strukturni protein (PhaP) zapojeny do biosyntéz8WKHan a kol., 2012).

Obecrt jsou PHA syntazy, které se nachazeji v haloarchaeskupeny doridy .
Syntazy PHATttdy Ill byly identifikovany v rékolika eubakteriich, n&fklad Allochromatium
vinosumnebo Thiocapsa pfennigiia polymerizuji kratké hydroxyacyl-CoA, jmenayity,
které nejsou delSi nez 3-hydroxyvaleryl-CoA. Najgimu takové syntazy typicky slozeny ze
dvou podjednotek: katalyticky aktivni podjednotkaalE (molarni hmotnost v rozmezi 40-53
kDa) a strukturalni podjednotka PhaE (molarni hrostr20—-40 kDa), ktera je také nezbytna
pro polymeraci. Spots¢ tyto dw podjednotky tvéi biokatalyticky klastr PhaEC (Koller,
2019).

Spolu se syntézou PHAJ. mediterranei je extracelularni polymerni latka (EPS)
vylu¢ovana jako vedlejSi produkt, coZ sniZujéininost produkce PHA. EPS lze ziskat
z roztoku vysrazenim studenym ethanolem a jednéhsenicky o aniontovy, sulfatovany
polymer, skladajici se z pravidelné jednotky opakufisacharidy s jednou manosou &mha
monomery kyseliny 2-acetamido-2-deoxyglukuronovie@né vazby esterového sulfatu na
trisacharidovou jednotku. Bylo zji&to, Ze vysoké koncentrace NaCl inhibuji produktivit
EPS a sotasré zvysuji produktivitu PHA (Cui a kol., 2017).

2.2.5 Strategie  zvysujici  konkurenceschopnost PHA
produkce

PHA se vyrabji od 80. let minulého stoleti s omezenym d&d@m na trhu. Mnoho
vyzev se tyka omezené komercializace PHA (Tabulkazéjména vysokych vyrobnich
nakladi a nestability termomechanickych vlastnosti vypjisiah z nestabilnich
molekulovych hmotnosti (Mw) a struktur, které jstaké spojeny s nestabilni aktivitou
syntdzy PHA a dodavkami mononer
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Tabulka 4 Vyzvy pro vyrobu naklagdsonkurenceschopného PHA (Chen a Jiang, 2017)

Problémy Divody Reseni

Sterilizace a intenzivni

Vysoké energetické naroky Nesterilni a mikroaerobni procesy

provzdudovani
Nizka konverze substratu na Substraty se spiabovavaji pro Odstrarni nebo oslabeni
PHA jiné ely nesouvisejicich cest PHA
. Vice cest spdebovavajicich Odstrarni nebo oslabeni
Nestabilni struktury PHA P J C
prekurzory PHA nesouvisejicich cest PHA
Nestabilni Mw Nestabilni aktivita PHA syntazy Rizeni aktivity PHA syntazy
Pomaly fist Binarni dleni aj. Vicenasobné&sleni
. S Vyvarovani se mozné Pouziti kmefi odolnych Wi
Diskontinualni procesy o o
kontaminaci kontaminaci
Drahy downstream Slozita extrakcéisteni produkti Morfologické inZenyrstvi

YRy

Vysoké naklady jsou vysledkem vysoké energetickéodamésti spojené se sloZitou
sterilizaci a intenzivnim provzdidvanim, nizkou femenou uhlikovych substratna PHA,
pomalym fistem mikroorganisfy diskontinudlnimi procesy a drahym néslednym
zpracovanim atd. Pouziti extrémofilnich bakterikombinaci s metabolickym inZenyrstvim
a syntetickou biologii by mohly tyto problémy plnvyieSit. Budouci inZenyrstvi na
mikroorganismech produkujicich PHA by seélo zanttit na bakterie odolné i
kontaminaci, zejména extremofily, zvySeni konvemstratu na PHA a kontrole Mw
produkovaného PHA. Studieikibzi koncepce jsou né&stji provadny naE. coli nebo
Pseudomonaspp., které se snadno pouzivaji pro molekularmipugace (Chen a Jiang,
2017).

2.2.5.1 Molekularni strategie ke zlepSeni produkce P(3HB)

Rychly rist na jednoduchych médiich a mozZnost dosahnoutkeysmurécné hustoty
v kulture s vysokym obsahem P3HB jsotleFité faktory, které jeréba vzit v Gvahu pro
uspsny vyrobni proces P3HB. ProtoZe coli je rozsahle studovana bakterie s idob
zavedenymi technologiemi pro manipulaci s genomkuoitivaci a nasledné zpracovani,
mnoho studii se zatilo na pouzitiE. coli k efektivni produkci ¢chto polymeii. Tato
bakterie neni producentem PHA. GenyCz necatorH16 byly vSak VE. coli klonovany
poprvé Slaterem a kol., 1988, coZ umoznilo prodd#&iHB v tomto organismu. Od té doby
bylo provedeno mnohotiznych genetickych modifikaci, a to jak ke zlepSakumulace
P3HB @i nizkych nakladech s vysokou produktivitou, tak pkodukci rozmanitych
kopolymeri pomoci metabolického inZenyrstvi a strategii sjcké biologie (Pefia a kol.,
2014).

Na udrZzovani bakterialnich tvase podili mnoho gén Manipulace s&mito geny nam
umoAiuji zmenit tvary bakterii z t§inek na vldkna nebo na matévelké kuloidni Gtvary.
Takovéto Upravy pak byvaji ozt@many za morfologické inZenyrstvi au#e slouZzit pro

21



usnadini downstreamovych proaies Geny proteifi ftsZ a mreB kodujicich bakterialni
Stpny kruh a kostry jsou nezbytné prést burgk a pro zachovani bakterialnich taar
K regulované intenzit expreseftsZ nebo/amreB v E. coli, ktera vedla kiznym snizenym
hladinam expresésZ nebo/amreB se pouzila metoda zasahu do segih@ahromadnych
pravidelrg¢ rozmistnych kratkych palindromickych repetic (CRISPRI).I®yjiStno, Ze¢im
coli. Kombinované represe na expritssz amreBgenerovaly dlouhé at8i E. colis iznymi
morfologiemi etrg riznych velikosti tykvi, tyinek, koki, vieten a elipsoiil Ve vSech
piipadech doslo ke zlepSeni akumulace PHBé&ammorfologie zvysila syntézu P3HB ze
40 % na 80 % a podporuje gravitd separaci buik (Jiang a Chen, 2016).

DalSi mozZnosti metabolického inZenyrsvi fjegérovani substrétna biochemické drahy
smetujici k PHA. Jako fklad Ize pouzit syntéza PHA neobsahujicich monoBi#B, ktera
vyZzaduje mastnou kyselinu jako substrat pro tvojimjch monomei. ProtoZze ¥utSina
mastnych kyselin bud@-oxidaci glemenéna na acetyl-CoA, ktery bude pouZit i mnoha jinymi
biosyntetickymi drahami jinymi nez jen pro syntéP#A, dojde ke zbytmému plytvani
drahych mastnych kyselin (Obrazek 4). ¥skkdkup-oxidace je pemena mastnych kyselin
na produkty PHA velmi nizka, coz vede k vysokymladkm na vyrobu PHA (Chung a kol.,
2011).

Uginnost gremeny substratu na PHA Ize vyznaialepSit odstragnim enzyni FadA a
FadB v draze3-oxidace Pseudomonas putidaebo P. entomophila Substraty mastnych
kyselin byly &tSinou gevedeny na 3-hydroxyacyl-CoA vstupujici do syntetitahy PHA,
namisto postupné oxidace se na acetyl-CoA (ObrdekJ Pseudomonaspp. s timto
genetickym zasahem bylo popsano, Ze produkované Bbsahovalo 3-hydroxyhexanoat,
3-hydroxyoktanoat, 3-hydroxydeekanoat a 3-hydroxighanoat ve forgh homopolymet,
blokovych nebo ndhodnych kopolymi€Chung a kol., 2011).
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p-Oxidation cycle
Obrazek 3 Biosyntéza PHA z mastnych kyselin drgaxidace. Delece na enzymech
(FadA + FadB) v#-oxidacnich drahach umaiiji vetSine mastnych kyselin sfifovat
k syntéze PHAiIimZ se vyrazhzlepsSuji porry substraél k PHA produktu (Chen a Jiang,
2017).

2.2.5.2  Evoluéné inZzenyrské pristupy ziskavani novych produceni PHA

Vedle cilenych zasd@ahdo genomu mikroorganisinza &elem pozitivie ovlivnit proces
biosyntézy PHA se fitzeme také setkat siptupy zaloZenymi na nahodilejSich @mach u
potencialniho producenta PHA. Techniky ewvwlino inZenyrstvi (EI) napodobuji evohi
proces a postupnymipobenim nuti mikroorganismus k prigobeni se wWjSimu prostedi.
Postupnou selekci jsou pak vybrany kmeny, jejichizppsobeni nejlépe odpovida
poZzadovanym vlastnostem. Techniky se skladaji zeudkroki: aplikace nefiznivého
prostedi, které vyvova vznik kménodlisSnych od fivodniho kmene, a nasledna selekce
vhodného kmene. El Ize rodd podle typu progedi indukujiciho zrnu v mikrobialnim
genu. Nejastji se mizeme setkat siflavkem stresového faktoru do prodniho média a
naslednym opakovanyniguntkovavanim do stéle stejného piesti docilit postupné adaptace
na dany stresovy faktor. MoZnosti také je postumvySovat selekni tlak napiklad
postupnou zvysujici se koncentraci strasového faki®alSi moznosti, jak indukovat Zmu
v organismu, je ndhodna mutagenezésppena alkylenimi ¢inidly, jejichz aplikace mize
vést k poSkozeni DNA. Za timta€élem se nepstji vyuzivd UV ionizujici zé&eni nebo
methyl metansulfonat (MMS). Aplikace DNA poskozigit ¢inidel je ¢asto kombinovana i
s piidavkem strasového faktoru (Chae a kol., 2017).

Nevyhodou &chto technik je, Ze proces adaptace byaéto zdlouhavy a s nejasnymi
vysledky. Vysledkem byva enormni mnozstvi evolvoxdn kmerti, u kterych je iieba
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nalezi¢ posoudit, zda doslo k zasadniemod pivodniho kmene aifpadré zda jsou zreny
pozitivniho charakteru, protoZze negativni dopadyrganismus mohouievazovat u #tSiny
ziskanych kmein Naopak vyhodou je, Ze pomocichto technik Ize adaptovat
mikroorganismy ke snéSeni stresovych faktokteré vyvolavaji komplexni stresovou
odpowd mikroorganismu. V takovychifpadech bychom nedokazali pomoci cilené genové
manipulace dosahnoutfippisobeni k danému stresu.rilladem niZze byt adaptace
mikroorganismu na inhibni latky vznikajici pi hydrolyze lignocelulozy (nap furfural).
Rezistence inhibitdrvybraného fermentaiho mikroorganismu fi¥e byt zlepSena adaptivni
evoluci. Nedavnéijklady EI zahrnuji kmeny kvasinek vykazujici zlepde odolnost i
hydrolyzatu smrkovéhoidva (Koppram a kol., 2012) neba¢v hydrolyzatu kukii¢né slamy
(Almario a kol., 2013).

2.2.5.3  Priamyslova biotechnologie nové generace

Extremofily pestované v extrémnich podminkach jsou odgin vici mikrobialni
kontaminaci. Mezi nimi jsou halofilni bakterie sgm@ rychléhoistu v médiu s vysokymi
koncentracemi soli ip vysokém pH, jsou tedy odolnéidi kontaminaci, protoZe je toho
schopno jen malo jinych mikroorgani8mBylo zjiS€no, Ze halofilni bakterie rostou bez
kontaminace v otéenych nesterilnich a kontinualnich procesech \sk#m prosedi po
dobu nejmé# dvou nesiai. Jejich vyuzitelnost Ize dale v budoucnu zlep&idignim novych
metabolickych drah genetickou Upravou (Chen a Ji2adg7).

Uginnost genetické manipulace je v3&sto ovliviena hostitelskymi kmeny a zména
aktivita biologickychcasti casto zjisobuje selhani ¥idicim procesu. Proto, aby se ¢In
vyuzil potencialHalomonas je teba vyvinout genetické&asti se striktni regulaci a vysokou
acinnosti. Nedavno byla také vyvinuta technologie gemetickou manipulaci s halofilnimi
bakteriemi. Byly vyvinuty nastroje pro molekuldrninZenyrstvi pro konstrukci
rekombinantnihddalomonasspp. pro produkci cizich protginnizkomolekularni slateniny
5-aminolevulinové kyseliny a PHBV kopolyniesestavajicich z 3-hydroxybutyratu (3HB) a
3-hydroxyvaleratu (3HV) s vysokouc¢ianosti gemény substratu na PHA (Chen a Jiang,
2017).

Biotechnologie zaloZzena na extremofilectéstpvanych v otaenych nesterilnich
podminkéach jist podpdi vznikajici ,primyslovou biotechnologii nové generace* (neboli
NGIB z anglického ,Next Generation Industrial Bicteology”) pro bioprodukci se
snizenymi naklady, a tim i zvySenou konkurencesebst) (Chen a Jiang, 2018).

2.3  Zpracovani rostlinné biomasy s ohledem na
jeji vyuziti v biotechnologickém procesu

e

¢asti zivého organismu. Nicm&mro biomasu jako obnovitelny zdroj se definice yitbg
zuzuje na materialy rostlinnéh@vodu. Ty zahrnuji zejména zédElské zbytky (pSerna a
kukuricna slama), vedlejSi produktygonyslovych proces (dievené piliny, odpadni viaknina,
mlato) nebo energetické plodiny (rychle rostouévihy, fepka olejka) (Pothiraj a kol.,
2006).
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2.3.1 Chemické slozeni rostlinné biomasy

Rostlinna biomasa @ize zaujimat mnoho podob, avSak sklada se ze stepgkladnich
stavebnich blok Zakladnim blokem je lignoceluléza, ktera se s&ladligninu, celulézy a
hemicelulozy. DalSimi komponentami pak dale jsotrahovatelné latky, proteiny a popel.
Podil jednotlivych komponent v biomase zavisi v camostliny na typu a statkans. U
raznych rostlin pak zavisi na genetice a piexit (Hames, 2009).

Lignoceluléza je hlavni strukturni slozkouedtin a bylin a pedstavuje hlavni zdroj
obnovitelné organické hmoty. Lignoceluléza se skladkomplexni struktury biopolymier
zahrnuijici lignin, hemicelul6zu a celulézu. Tytozakladni slozky jsou vzajerdrpropojeny
a zasiovany a vysledkem je velmi robustni struktura odaji€i vrejSim viivam. Chemickeé
vlastnosti jednotlivych komponent vSakélaji z lignocelulézy substrat s enormni
biotechnologickou hodnotou (Pothiraj a kol., 2006).

~OH OH OH
% = z
RS S Ve
‘ I/ [ Z O/ \O/EQ\O/
OH OH OH
p-Coumaryl alcohol Coniferyl alcohol ~ Sinapyl alcohol

68 & 4

©®

@
@@Q?

ngnm

Macrofibril

=/ Macrofibril

Lignin

Hemicellulose

Pentose

Hexose ..Wg
e @ m

Crystalline |
cellulose

Obrazek 4 Struktura lignocelul6zy (Rubin, 2008).

2.3.1.1  Lignin

Lignin je obecny termin pro velkou skupinu aromigjch polymet, které vznikaji
oxidativnim spojovanim 4-hydroxyfenylpropandidBoerjan a kol., 2003, Ralph a kol.,
2004). Tyto polymery jsou uloZenyqvazrie ve stnach sekundaegnzesilenych butk, ¢imz
se stavaji tuhymi a nepropustnymi. Vedle vyveéjoaprogramovaného umisf ligninu nize
byt jeho biosyntéza indukovana také giiznych biotickych a abiotickych stresovych stavech,
jako jsou zra#ni, patogenni infekce, metabolicky stres nebo pgoruce struktie burgécné
sttny (Cano-Delgado a kol., 2003; Tronchet a kol.,®0Yzhledem k tomu, Ze lignin chrani
polysacharidy buftnych s&n pred mikrobialni degradaci¢imz p@inasi odolnost proti
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rozkladu, je také jednim z ndj@zitéjSich omezujicich faktdr pti zpracovani rostlinné
biomasy. Odstrami ligninu z rostlinné biomasy je nakladny procasproto je kladeno
vysoké Usili na vyér rostlin, které bd’ ukladaji méa ligninu, nebo produkuiji ligniny, které
jsou vice pistupné chemické degradaci (Weng a kol., 2008).

HO_ 0O HO_ O HO. .0
é C4H i PAL E :NHz
- -

p-coumaric acid cinnamic acid phenylalanine

4CL
5 o]
Cor” : 0: : Cor” : CCoA°°‘°‘ [

p- coumaroyl -CoA p-coumaroyl caﬁeoyl caffeoyt CoA feruloyl CoA
CCR shikimic acid/ shikimic acid/
quinic acid quinic acid
R=shikimic acndfqumlc amd

CCR
: COMT
OMe HO

p- mumara[dehyde smapaldehyde 5- hydroxy comferaldehyde
coniferaldehyde
CAD CAD ' d CAD
OH OH OH
5’ Mw’éom OMe
OH OH OH
p-coumaryl alcohol sinapyl alcohol coniferyl alcohol
H lignin S lignin G lignin

Obrazek 5 Hlavni biosyntetické drahy k monolignal PAL, fenylalanin amonia-lyaza;
C4H, cinamat 4-hydroxylaza; 4CL, 4-kumarat:CoA ligaC3H, p-kumarét 3- hydroxylaza;
HCT, p hydroxycinnamyl-CoA:chinat/Sikimat p- hydroxnamyltransferaza; CCoAOMT,
caffeoyl CoA methyltransferaza; CCR, cinnamyl-Ceduktaza; F5H, ferulat 5- hydroxylaza;
COMT, caffeate O-methyltransferaza; CAD, cinnantiyblol dehydrogenaza (Boerjan a

kol., 2003).

Hlavnimi stavebnimi jednotkami ligninu jsou hydrakynamylalkoholy (nebo
monolignoly), konkrétad koniferylalkohol a sinapylalkohol, s typicky malymnoZstvimi
p-kumarylalkoholu (Obrazek 5). Monolignoly jsou sstizovany z fenylalaninuips obecné
fenylpropanoidové a monolignolové specifické drapycemz fenylalanin je syntetizovan v
Sikimatové biosyntetické draze, ktera probiha vstudech (Rippert a kol., 2009). &tie
enzymy ligninové biosyntetické drahy, jmen@vit enzymy cytochromu P450
cinnamat-4-hydroxylaza (C4H), p-kumarat-3-hydrox@a(C3H), a ferulat-5-hydroxylaza
(F5H), jsou membranové proteiny, o kterych gedpoklada, Ze jsou aktivni na cytosolické
strart¢ endoplazmatického retikulu (Chapple, 1998). Jddnotznikajici z monolignai,
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pokud jsou ¥lenény do ligninového polymeru, se nazyvaji guaiacyl),(Syringyl (S) a
p-hydroxyfenyl (H) jednotky (Vanholme a kol., 2010)

AZ na rekteré vyjimky jsou ligniny z nahosemennych rossinZzeny pouze z G-jednotek
(s mensim mnoZstvim H-jednotek) (Uzal a kol., 20@8jimco ligniny dvougloZnych rostlin
jsou slozeny z jednotek G a S. H-jednotky jsou y&v mie obsazeny v ékkych devech a
travach (Boerjan a kol., 2003).

2.3.1.2 Celuloza

Celuléza je hlavni slozkouiglva a je dlezitou sloZzkou primarnich a sekundarnich
burg¢nych sén. Obsah celuldzy se liSi wanych druzich fkva v rozmezi 40-50 %. Celul6za
je homopolymer sestavajici z D-glukopyran6zovyctingek -1,4-glykosidickou vazbou.
Jednotky glukézy jsou spojeny dohromady do dlouhkhearnihoietzce, kde je kazda
jednotka obracena o 180 ° vzhledem k sousedni jeen@akladni jednotka celuldzy je
celobiéza, viz Obrazek 6. Kazda glukézova jednotkesahuje it hydroxylové skupiny
umisgné na uhlicich C2, C3 a C6, které jsou vSechny muh@odstoupit typické reakce
primarnich a sekundarnich alkotiolNahrazeni primarni polohy v poloze C6 je vice
termodynamicky stabilni nez u sekundéarnich polohaG23. Nejmé# favorizovanou reakci
pro hydroxyskupinu je reakce u C3 vzhledem ke atérnu zvyhod#éni C2 (Dumitriu, 2005).

Vodikové vazby se twd mezi hydroxylovymi skupinami a atomy kysliku \vméi jednoho
rettzce glukozy (intramolekula#h i mezi sousedniniietzci (intermolekulars). Spolu s van
der Waalsovymi silami vodikové vazby agreguji ghtkéeettzce dohromady vedle sebe a
podporuji paralelni stohovani celulézovych mikrédd do krystalické celulozy (Brett,
2000).

Celul6za | je celul6za, ktera existuje kirpdé a je tvdena Bhem fotosyntézy. Tento typ
celulézy ma dv faze, které koexistuji — celul6za & celulézafd. Rozdil mezi celulézowi a
celulézou B je krystalicka struktura. Celulézar Imize byt modelovana monoklinickym
prostorem, zatimco séqupoklada, Zze celul6zf ma triklinické usptadani.

Celuldza Il se vznikd maceraci celulézy nebo regmriez roztoku. V celuléze | jsou
rettzce paralelni, a jsou proto s n#fi prav@podobnosti spojeny van der Waalsovymi
silami. Celulosa Il je antiparalelni a tim zvySp@et vodikovych vazeb mezi molekularnimi
vrstvami. Vzhledem k tomu, Ze vodikovéisiky jsou silgjSi neZz van der Waalsovy sily,
celuloza Il je z hlediska termodynamicky vice dtaibé tim i vyhodgjSi nez celul6za I, proto
se celuléza Il neiiZe regenerovat 2pna celuldézu | (Brown, 2004).

OH

OH

. O HO o+

HO O o)
OH

: OH 1.

Obrazek 6 Struktura celulozy
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Sttna z celulézovych viaken sestava zkalika vrstev, pedstavovanych mikro- a
makrofibrily. Ve vlaknité struktte burgéné stény je zahrnuta gedni lamela, primarni &ta a
sekundarni gha. Primarni $ha je prvni vrstva butné stny a je velmi tenkd a sklada se
z volné agregace mikrofibrilu. Sekundarrninst secasto sklada zeitvrstev (S1, S2, S3). S1
je Uuzk& vrstva a také vrstva vytema nejblize k primarni 8. Stedni vrstva a obe¢n
nejsilngjSi ¢ast je S2 a posledni vrstva sekundargnytS3 funguje jako rozhrani mezi
celulézou a cytoplazmou v Zivé iee nebo buwného lumenu v mrtvych likach. Vrstva,
ktera nejvice fispiva k fyzickym a mechanickym vlastnostem, jetwasS2. Celulézova
vlakna maji eiznou délku, ale obeémmekké d'evo ma dlouha vidkna a tvrdéedto ma kratSi
vlakna (Dumitriu, 2005).

2.3.13 Hemicelul6za

Hemiceluldzy jsou polysacharidy veisach rostlinnych bugk, které majiB-(1—4) vazané
skelety s ekvatorialni konfiguraci. Mezi hemicelydati xyloglukany, xylany, mannany a
glukomannany §-(1—3,1—4) glukany. Tyto typy hemicelul6z jsodifpmny v bugénych
sttnach témsi vSech suchozemskych rostlin. Podrobna struktunsidedul6z a jejich hojnost
hemicelul6z je jejich Pinos ke zpewni buré¢né stny interakci s celulézou a wkterych
sttnach s ligninem. Tyto rysy jsou diskutovany ve tetek obect uznavanym modém
primarni sény. Hemicellulozy jsou syntetizovany glykosyltragsfzami umishymi
v membranach Golgiho aparatu (Scheller a Ulvsk6¢02.

2.4  Preduprava a hydrolyza lignocelul6zovych
materiala

Rozhodujicim krokem ip zpracovani lignocelul6zové biomasy jgegdlUprava, ktera
umozZiuje solubilizaci nebo separaci hlavnich slozek [@eyw ¢imz  umozni
fermentovatelnost lignocelul6zového materiali. Wlb¢ predudpravy by mla byt zvazena
celkova kompatibilita vychozich surovin, enzyra organism, které maji byt aplikovany.
Tento krok neni nakladny jen sam o &oble zvySuje naklady prakticky vSech ostatnich
biologickych proces zpracovani, #etre téch, které pedchazeji fedkéZnému zpracovani, tj.
manipulaci s vyslednym hydrolyzatem, zpracovani ngde odpadu z ipdapravy a
detoxifikace potencialnich vedlejSich produktd. (Menon a Rao, 2012).

Zakladnim pedpokladem je roz&beni polysacharid celulézy a hemiceluldzy, na
fermentovatelné cukry (Wyman a kol., 2004). Kompegivoreny celuldzou, hemicelul6zou
a ligninem je vSak zodpedny za pozoruhodnou odolnost proti hydrolyze a eratickému
napadeni (Peters, 2006). Proto je cilefadgpravy alespo cast&né odstragni ligninu a
hemicelul6z (delignifikace), snizeni krystalinity elgléozy a zvySeni porozity
lignocelul6zového materi@al(Obrwa a kol., 2015).

Predupravy lignocelul6zové biomasy zahrnuji biologicknechanické, chemické metody a
jejich rizné kombinace. Vyr optimalniho postupuipduipravy zavisi na surovinach a jejich
ekonomickém posouzeni, ale také na vlivu na Zivotostedi. Tabulka 5 znaztwje vybrané
metody pediprav, které Ize kom&w vyuzit. (Einna geduprava je charakterizovana
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nékolika kritérii: zachovanim hemicelulézovych frakcbmezenim tvorby inhibitdr

v dasledku tvorby degradaich produki, minimalizaci néklail a energetické sp@tby.

Krome téchto kritérii je teba vzit v Gvahu id&kolik dalSich faktoli, v¢etré izolace a vyuZziti
druhotnych produkit s vysokou fidanou hodnotou (ndpligninu a proteid), preddprava a
recyklace katalyzatéra zpracovani odpadu (Banerjee a kol., 2010).

Tabulka 5 Nejslib&jSi metody pedupravy (Menon a Rao, 2012).

Vytézek Tvorba Tvorba
Metoda y . ... . VvedlejSich Vyhody Nevyhody
cukri inhibitor @ o
produkt @
Mechanicka Nizky Zadna Zadna Snizeni krystalinity Vysokéa poteba energie
celulézy
Mineralni . . . Hydrolyzuje celul6zu a L
kyseliny Vysoky Vysoka Vysokéa hemicelulézu Korozivni &inky
Odstragni ligninu a
Zasady Vysoky Nizka Vysoka hemicelulézy, zvySuje Dlouha doba &inku
piistupnou plochu
Odstragni hemicelul6zy,  Dlouh& doba &inku,
Horka voda Vysoky Vysoka Nizka cozgini enzymy mére odstragného
piistupné celuléze ligninu
Organicka . . . Hydrolyza ligninu a Narana regenerace
rozpoustdla Vysoky Vysoka Vysoka hemicelul6z rozpoustdel
. . iz . SniZuje obsah ligninu, Vyzaduje se velké
Ozonolyza Vysoky Nizka Vysoka Zzadné toxickeé zbytky mnoZstvi ozonu
Odstrarni hemicelulozy,
CO; exploze  Vysoky Nizka Nizka dekrystalizace celul6zy, Nepisobi na lignin
nakladow efektivni
. . . ; NeUplné naruSeni
Parni Vysoky Vysoka Nizka Odstvrarém hemme!ulqzy komplexni struktury
exploze a zmeéna struktury ligninu ; .
lignocelulézy
. P Nelinna pro biomasu
Amoniakalni Vysoky Nizka Nizka Odstra@nl I|g[1|nu a s vysokym obsahem
exploze hemicelul6zy liani
igninu
lontové Rozpustni celuldzy,
K . Stredni Nizka Nizka zvysena schopnost Vysoka cena
apaliny .
celuldzy
2.4.1 Fyzikalni piedupravy

VétSina lignocelulozové biomasy vyzadujekteré mechanické

procesy pro snizeni

velikosti castic. Nekolik metod gedupravy, jako je mleti, ofavani nebo extruze, se&ine

pouzivaji k zefektivéni enzymatické hydrolyzy lignocelulézovych materidKe zlepSeni
vysledii hydrolyzy dochézi v ikledku snizeni krystalinity a zlepSenfeposu hmoty.
Energeticka narmost fyzikalnich peduprav zavisi na poZzadované velik@sistic (Menon a

Rao, 2012).
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24.1.1 Ultrazvuk

Sonikace je relativhnova technika pouzivana praéepupravu lignocelulézové biomasy.
Studie v laborat®o vSak ukazaly, Ze ultrazvuk ma slibny potencialirdzvukové viny
produkuji jak fyzikalni, tak chemick&inky, které néni morfologii lignocelulézové biomasy.
Ultrazvukova peduprava vede ke tvarlmalych kaviténich bublin, které zisobuji praskani
a frakcionaci celulézy a hemiceluléz§imz se zvySuje fiistupnost enzyifh degradujicich
celul6zu (Kumar a Sharma, 2017). Kréaoby pisobeni sonikace jeiteZitym faktorem jeji
frekvence, kteraiimo urkuje silu sonikace. &Sina wdci pro proces fedupravy pouziva
ultrazvukovy kmit@et 10-100 kHz, ktery je zcela dostaig pro rozbiti busk a degradaci
polymeit (Gogate a kol., 2011). Sonikace alkalickégem osSéené pSertné slamy po dobu
15-35 minut zvysSila delignifikaci o 7,6-8,4 % veognani s kontrolou (Sun a Tomkinson,
2002).

2.4.2 Chemické predupravy

Chemické pedupravy byly pvodre vyvinuty a byly zn&né¢ pouzivany v papirenském
pramyslu pro delignifikaci celulézovych materiapro vyrobu vysoce kvalitnich papirovych
vyrobki. O tyto techniky byl zvySeny zajeniigoevSim diky efektivita nizkym néklatim na
proces rozvlakovani. Dosavadni chemickégalUpravy mily primarni cil zlepSit biologickou
rozlozitelnost celulézy odstranim ligninu a/nebo hemicelulézy a v menSiienke snizeni
stupré polymerace a krystalinity celul6zové slozky. Tytqieddpravy jsou
nejprostudovagjSimi technikami peduprav a zahrnuji Ggobeni kyselinami, zdsadami a
iontovymi kapalinami (Menon a Rao, 2012).

2.4.2.1 Kysela hydrolyza

Kysel& hydrolyza pouziti koncentrovanych, &ésgji ziedtnych kyselin k naruseni tuhé
struktury lignocelulézového materialu. Neggji pouzivanou kyselinou jefedéna kyselina
sirova, kterd je pouzivana pro Sirokou Skaluitppomasy — proso (Digman a kol., 2010),
kukuricné klasky (Du a kol., 2010) nebo smrkoviewb (Kucera a kol., 2017).i@kné
kyselina sirova se trathi¢ pouziva k vyrob furfuralu hydrolyzou hemicelulézy na
jednoduché sacharidy, jako je xyl6za, ktera se oéld na furfural. RoviZ byly studovany
jiné kyseliny, jako je kyselina chlorovodikova (Wgm@ kol., 2010), kyselina fosfanea
(Zhang a kol., 2007) a kyselina dirsh (Himmel a kol., 1997).

2.4.2.2 Zasadita hydrolyza

Alkalicka preduprava lignocelulézy zahrnuje pouziti zasad, jiau hydroxid sodny,
draselny, vapenaty a amonnyisBbeni hydroxid zpisobuje degradaci esterovych a
glykosidickych vedlejSichiettzci, coz vede ke strukturalni zZme ligninu, casténe
rozpuséni hemicelul6zy, napieni celuldzy, jejicast&nou dekrystalizaci (Cheng a kol.,
2010). Hydroxid sodny méa schopnost naruSovat sirukligninu, ¢imz zvySuje dostupnost
enzymi k celuléze a hemiceluléze. Sun a jeho tym studdrainost fiznych alkalickych
roztoki analyzou miry delignifikace a rozp&st hemicelul6zy u slamy. NejlepSich vyslédk
bylo dosazeno pouzitim 1,5 % hydroxidu sodného g@mudl44 hodin 20 °C s vysledkem
60 % rozlozeného ligninu a 80 % rozlozené hemidell(Sun a kol., 1995). Podminky
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alkalické gedupravy jsou obvykle ménstriktni nez jiné. Nize se provait za okolnich
podminek, pak vSak vyZaduje delSi dobtinku nez pi zvySené teplat teplotach. Red
enzymatickou hydrolyzou je nutny neutratimakrok pro odstragni ligninu a inhibitoé (soli,
fenolovych kyselin, furfuralu a aldeh§d(Menon a Rao, 2012).

2.4.2.3 Zelenarozpouskdla (iontové kapaliny)

Neni tomu mnoho let, kdy vznikla novéida rozpou&del ozn&ovana jako zelena
rozpoustdla. Tato rozpoustla jsoucasto tekuta § pokojové teplat a sestavaji vyhradn
z ionti. Termodynamika a kinetika reakci progagich v iontovych kapalinach jsou odliSné
od reakci v konvamich molekularnich rozpougtlech. Obec# se iontové kapaliny skladaji
ze soli, kde jeden nebo oba ionty jsou velké aokatna nizkou miru symetrie (Earle a
Seddon, 2002). Tyto faktory maji tendenci sniZzawgizovou energii krystalické formy soli, a
tim sniZovat teplotu tani.

Nekolik nedavnych studii prokazalo, Ze iontové kapaisou &inné @i rozpoustni rady
lignocelul6zovych materidl jako je celul6za,igvo nebo pSedina a kukii¢cna slama (Cao a
kol., 2010; Yoo a kol., 2017). Dadi a kolektiv (Dadkol., 2006) pouZzil jako krokipdupravy
celulézy 1-n-butyl-3-methylimidazolium chlorid (BMICI). Predupravena celulézatip
nasledné enzymatické hydrolyze dosahovala vySgiilgkénzymi a vygzka glukdzy. Kuo a
Lee (Kuo a Lee, 2009) zaznamenali, Ze cukrotina predupravena kapalinou 1,3-N-
methylmorfolin-N-oxid (NMMO) ma ve srovnani s neapenou dvojnasokinvyssi vytzek
enzymové hydrolyzy.

Vyznamnou nevyhodou iontovych kapalin je velkérpbhé mnoZstvi a vysoka cendi P
spravném zachazeni je vSak mozné recyklovatitéli0 % rozpoustdla (Heinze a kol.,
2005). DalSim negativem je inhdoii (€inek iontovych kapalin na celulolytické enzymy
pouzivaneé v nasledujicim kroku. Proto je &ddi iontové kapaliny odipdupravené celulozy
diulezitym krokem za ¢&elem zachovani celulazové aktivity a zvySeni &k
fermentovatelnych cukr (Capolupo a Faraco, 2016). Navzdogmto nevyhoddm tato
pieduprava vykazuje velky potencial, protoZze je povaha za Set#si k Zivotnimu
prostedi nez jiné metody chemickéeggUpravy za srovnatelnych ¥gka fermentovatelnych
sacharid (Hayes, 2009).

2.4.3 Fyzikalné-chemické metody

Predupravy, které kombinuji chemické i fyzikalni pesg, jsou oznmvany jako
fyzikalné-chemické. NejdlezitéjSimi procesy v této skupin jsou: parni exploze,
katalyzovana exploze Sebo CQ, exploze amoniaku (AFEX), horka voda, mikrovinna-

chemicka pedaprava.

2.4.3.1 Parni exploze

Pri parni explozi se biomasa zpracovava nasycenoaupza vysokého tlaku,iigemz
dojde k nahlému snizeni tlaku, coz ma za nasledek,material prochazi vybuSnou
dekompresi. Vybuch pary se zpravidla zahajudjegplot 160-260 °C (odpovidajici tlak 0,69
az 4,83 MPa) po dobuckolika sekund az gkolika minut ged vystavenim materialu
atmosférickému tlaku. S¥a biomasy a pary se udrzuje paitou dobu, aby se podfita
hydrolyza hemicelulézy, a proces je uken vybusnou dekompresi (Varga a kol., 2004).
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2.4.3.2  Amoniakalni exploze (AFEX — ammonia fiber explosioh

Pribéh amoniakalni exploze je té@midenticky jako u parni exploze. Davkovani hydraxid
amonného je 1-2 kg na 1 kg biomasy, teplota je @lafl °C a doba dinku je 30 minut.
Preduprava AFEX vede k dekrystalizaci celulozgst&né depolymeraci hemiceluldzy,
odstragni acetylovych skupin ipvazr na hemiceluloze, &pveni komplexu lignin-
sacharidového komplexu,épeni C-O-C vazby ligninu, zvySeni dostupnosti pburaiky
naruSeni struktury a ke zvySené gimasti zpracované biomasy (Gollapalli a kol., 2002)
Uginnost AFEX je vysoka u lignocelul6zy s nizkym dsen ligninu (5-15 %), ale u biomasy
s relativrié vysokym obsahem ligninu, jako jéedo nebo #echové skiapky, neni pedlprava
AFEX prilis efektivni (Taherzadeh a Karimi, 2008).

2.4.3.3  Superkriticka exploze CO

Superkriticka exploze C{e metoda fedupravy pouzivajici superkritickou tekutinu, ktera
existuje pi teplot a tlaku nad jeho kritickym bodem, kde plynna adtap faze nejsou
rozliSeny. Energetické naroky naivedeni CQ do jeho superkritického bodu je nizSi nez u
jinych rozpoustdel, diky nizké kritické teplét (31 °) a tlaku (7,38 MPa). Nahrazovani
s ohledem na vyvoj technologii s nizkym dopadenvinatni prostedi (Morais a Bogel-
Lukasik, 2013). Superkritické tekutiny mohou bytupity k narusSeni krystalické struktury
lignocelul6zy a dinné odstraiuji lignin, coz zvySuje stravitelnost celulézy (Matdly a
Sawan, 1998).

Zheng a kol. (1995) jako prvni pouZili GQako metodu fedupravy pro komeéni
celulézovy material (Avicel) a pozjl tuto metodu opt pouzili na odpad z cukrovétiny.
Vykazali az 75 % zvySeni Wiku glukdzy v porovnani s neupravenou biomasou righe
kol., 1998).

Molekuly CQG jsou schopny proniknout do pidtignocelulozovych materié) podobr
jako vodni para nebo amoniak. Proto exploze; v podstat stejna jako pedupravy
v piedchozich dvou podkapitolach. Na rozdil od vodmypéxploze CQ vykazuje nizSi
vytézky redukujicich cukr, ale za to neZjsobuje jejich naslednou degradacivskédku nizsi
teploty. Ve srovnani s AFEX je pak nénakladné a netoxickauwi Zivotnimu prostedi
(Zheng a kol. 1995).

2.4.3.4 Biologicka pireduprava

Biologicka pgeduprava vyuziva mikroorganismy, které degradigivd, zejménatizné
druhy mikroskopickych hub a bakterii, které modifikchemické sloZzeni a/nebo strukturu
lignocelul6zové biomasy. Vysledkem je modifikovamdomasa, ktera je rfstuprgjsi
k celulolytyckym enzym. PrestoZze doposuditahuje malou pozornost klr mnoha vilastnim
omezenim, biologicka rpduprava ma mnoho vyhod. Biologickdeg@uprava se zda byt
slibnou technikou a ma velmi zjevné vyhody, hageni teba pouzit dalsi chemikalie, nizka
spoteba energie, mirné podminek pitedi a pracovni Zsob Setrny k zZivotnimu prdasdi
(Sindhu a kol., 2016). Nicmémevyhody jsou stefnziejmé jako jeho vyhody. Biologicka
pieduprava je velmi pomald, vyZaduje striktni podrginistu a velké mnoZstvi prostoru pro
apravu. Navic #tSina lignolytickych mikroorganistn degraduje nejen lignin, ale takeé
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hemicelul6zu a celulézu. Proto tato Upr&ed techno-ekonomickym vyzvam a v porovnani s
chemickymi Upravami je draha (Eggeman a Eland€y5R0

2.5  Produkty degradace lignocel6zy

Lignocelul6zové materialy se hydrolyzotep¥nuji na fermentovatelné cukry. Ty mohou
nasleds byt vyuZzity k produkcitady produkii (Chandel a kol., 2011). Celulézaife byt
hydrolyzovana za vzniku molekul glukézy nebo cebalyij zatimco hemicelul6zy mohou byt
Sttpena za vzniku molekul, jako jsou arabinbza, man@hik6za, galaktdza, xylé6za nebo
uronové kyseliny (Gibson, 2012; Wyman a kol., 20@Pa tyto latky jsou pozadovanymi
produkty hydrolyzy a jejich mnoZstvi je &tivé @ hodnoceni vyuZitelnosti ziskaného
hydrolyzatu.

Chemicka i enzymatickd hydrolyza lignocelulézovéhaterialu vSak vede i k uvaini
fady rozkladnych produkt které se prokazaly jako Skodlivé pro mikrobiatlafmentaci.
Kysela hydrolyza lignocelulézovych matefialnagiklad produkuje #kolik slouenin
s inhibinimi &inky, které ovlivauji specifické rychlostitrstu a tim vyraz& snizuji vygznost
biotechnologického procesu. Obrazek 7 zobrazijog nefasgji vznikajicich inhib&nich
latek (Putro a kol., 2016).

HO OH
o)
O}\U/&o
glukéza @\ FDCA
—)"’ HMOH&HOWO [rH] M/
HMF [H] kysellna levulovd
celuléza [dly %‘\Q/
|_» mandza

: DMF
|_» galaktéza

kyselina mravené&i

|_—» kyselina octova

Lignocelulézovy
materidl Jmﬁ/ OH[ 1] 0
HO oH [dH
D ) L))
hemiceluléza arabinéza furfural MF

[dP]

lignin —————— fenolické Idtky

Obrazek 7 Pehled reakci fi degradaci lignoceluldzy. HI: hydrolyza, dH: dehgthce,
rH: rehydratace, O: oxidace, H: hydrogenace, Hgdlggenolyza, dP: depolymerizace
(Putro a kol., 2016).
Produkty degradace lignocelulozy s inkifdmi (€inky byvaji nefasgji rozdélovany do ti
zakladnich skupin — alifatické kyseliny, aromatidiké&y a furanové slaieniny (Jénsson a
kol., 2013).
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2.5.1 Aromatické latky

Velké mnozstvi ttznych fenolickych slotenin je tvdeno z ligninu Bhem kysele
katalyzované hydrolyzy nebagudupravy lignocelulozy. Karboxylové kyseliny vznjika pii
predupravach fspivaji k tvorkt kyselého prosedi. Fenolické slaieniny a dalSi aromatické
latky se uvahuji béhem geduprav bez ohledu na to, zda byla vyuzita kysatalyza (Martin
a kol., 2002). Nkteré extrahovatelné latky jsou navic také fendipovahy (Rowell, 2013).
Tvorba fenolickych slotenin ze sacharidje dalSi moznosti, iipsto, Ze vyznam této drahy je
stale pedmétem mnoha studii (Popoff a kol., 1976).

Ucginky fenolickych slodenin, které inhibuji ist a tim i vy#zek produktu, jsou velmi
variabilni a mohou byt spojovany se specifickymmkenimi skupinami (Ando a kol., 1986).
V mnoha pipadech nebyl doposud mechanismus toxicity okjasdeden z moznych
mechanism spaiva v tom, Ze fenoly interferuji s bé&mou membranou, a tim oviivji jeji
funkci a méni s\ij poner protein a lipida (Keweloh a kol., 1990). Fenolické st@aniny jsou
také zkoumany s ohledem na inhibici enzymatickédilydy celul6zy. Experimenty s fenoly
nazn&uji, Ze jednim ze Zrsohy, jak ovliviwji aktivitu proteirii proteiny, je Ze vyvolavaji
jejich srédzeni (Kim a kol., 2011).

2.5.2 Alifatické kyseliny

Hydrolyzaty lignocelulézy obsahuiji alifatické kyssl, jako jsou kyselina octova, kyselina
mravergi a kyselina levulova. Kyselina octova se vytvwdrimarreé hydrolyzou acetylskupin
hemicelulozy, zatimco kyselina mravéra kyselina levulova vznikaji jako produkty kysele
katalyzované termochemické degradace polysadhari€yselina mraveti je produkt
degradace furfuralu a HMF (5-hydroxymethylfurfufalmatimco kyselina levulova je tkena
degradaci HMF (Ulbricht a kol., 1984).

Nedisociované kyseliny vstupuji do itky difuzi pres bugcnou membranu a poté se
disociuji kwali neutralnimu cytosolickému pH. Disociace kyselinyede ke snizeni
intracelularniho pH, coz @ize vést k smrti butk (Pampulha a Loureiro-Dias, 1989).

2.5.3 Furanové sloweniny

Furfural a HMF pafi mezi nejgzneji se vyskytujici furanové aldehydy
v lignocelulézovych hydrolyzatech. Furfural pochazi dehydratace pentéz a HMF
dehydrataci hexézovych cuki(Reginatto a Anténio, 2015). Tyto furanové aldehysiou
stres, indukuji poSkozovani DNA a inhibugdu enzym glykolyzy (Ask a kol., 2013).
Pozornost j&astji vénovana furfuralu, protoZe jefippredupra¥ vznika vice nez HMF a je
vice toxicky pro pkmyslovou katalyzu (Flores a kol., 2017).

2.5.4 Metody pouzivané i identifikaci produkt & hydrolyzy

Jako rychla a jednoducha metoda stanoveni otieifita mnozstvi primarnich produikt
hydrolyzy byvaji nejasgji zafazeny spektrofotometrické metody pro stanovenikegicich

viv s

redukce midnatého kationtu na oxid ddny, ktery naslednreaguje s arsenomolybdatovym
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komplexem za vzniku molybdenové niodalSi pouzivanou je metoda vyuzivajici redukce
3,5-dinitrosalicylové kyseliny v zdsaditém piesti na 3-amino-5-nitrosalicylovou kyselinu.

Pro identifikaci a pesnou kvantifikaci jednotlivych monosachdridliisacharid, piipadré
oligosacharid je jiz zapotebi instrumentélni analyza. Negtji se nizeme setkat metodou
vysoko &inné kapalinové chromatografie s refraktometricletekci (Glyad, 2002).

2.5.4.1  Stanoveni aromatickych slodenin

Vzhledem k tomu, Ze degradaci ligninu vznikaji z&jm latky fenolické povahy, tak
spektrofotometrickd metoda Folin-Ciocalteu byasto vyuzivana, pro stanoveni celkovych
fenolickych latek. Mlo by se také poznamenat, Ze analyza fesopouzitiméinidla Folin-
Ciocalteu ma podobny re&ki mechanismus s metodou Lowryho pro stanoveniouélko
obsahu bilkovin, a Ze je proto citliva na potentialozky média, jako jsou hydrolytické
enzymy, bua¢né extrakty a hydrolyzovany protein (Lowry a kdl951). Larsson a jeho tym
(Larsson a kol., 1999) vSak pouzili ke stanovenkamaeho mnozstvi fenél v hydrolyzatu
smrkového tkva alternativni spektrofotometrickou metodu s WorzPrussian Blue a zjistili,
Ze tato metoda poskytuje spolelisi vysledky, pokud jde o analyzu fenolickych sienin
v hydrolyzatu. Déle je mozné pro stanoveni polyféngyuzit i HPLC instrumentaci
(Nilvebrant a kol., 2001).

K identifikaci specifickych aromatickych sléenin v hydrolyzatech ztenych druli
lignocelul6zovych surovin byvaji pouzivangzné analytické techniky,fedevsim plynova
chromatografie s hmotnostni detekci (GC-MS) a kapa& chromatografie s hmotnostni
detekci (LC-MS). Studie se wrepstji zabyvaji analyzou kyselych hydrolysatiady
lignocelul6zovych materil— nag. kukui¢na slama (Fenske a kol., 1998), smrk (Larsson a
kol., 1999). Kromd toho byly zkoumany i aromatické degraéda produkty alkalické
hydrolyzy (Klinke a kol., 2002).

2.6  Strategie omezuijici efekt inhibice

Tabulka 6 shrnujeizné strategie pouzivané k vyt@ani neboreSeni problérin s inhibici
biokatalyzatol po gredupra¥ lignocelulézy.
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Tabulka 6 Pehled vybranych strategii kgkonani probléms rozpustnymi inhibitory
pochazejicimi z lignocelul6zy vzniklyrghem geduprav (Jénsson a Martin, 2016).

Strategie Postup F;g\?;ﬁﬂgl Reference
Pouzivani mén . .
odolnych surovin a (Chiaramonti a kol., 2012)
Vyber' surovin, které ghem V.‘]e zadvou'm pouzit (Larsen a kol., 2012)
surovin Sirokou Skalu surovin

piedUpravy generuji
meére inhibitora

Chemické aditiva,
nag. Alkalicka uprava,
redukeni ¢inidla,
polymery

Detoxifikace

Adaptivni vyvoj

(Studer a kol., 2011)

DalSi chemikalie
(cenow narane);
dalSi procesni krok

Viz Tabulka 7

Pricina potizi s
inhibici se lisi v

Cvonen! pomicr)lﬂilfi?grgf:ky(;h zavislosti na (Almario a kol., 2013)
nzenyrstt lignocelulézovych surovinach, (Koppram a kol., 2012)
hydrolyzafi podminkach
predupravy
2.6.1  Vybér surovin

Snahy o komercializaci biokonverze lignocelul6zdvysurovin se mohou potencidln
soustedit na suroviny s relati¥nnizkou odolnosti, coZz by umiiio provadt predapravu za
mirnych podminek. iftklady zahrnuji hydrotermickout@dlpravu bez nutnostifidavku
kyselych katalyzatdir pro biokonverzi travy ozdobnice (Chiaramonti a.kaD12) a pSetiné
slamy (Larsen a kol., 2012). Tyto podminky vedlyikké koncentraci furanovych aldeliyd
fenoli, avSak koncentrace kyseliny octové doséhly 17 gfia ozdobnici a 5,1 g/kg pro
pSenénou slamu. Nkteré druhy strorin jako Populus trichocarpae mohou také tadit mezi
druhy surovin vhodnych pro biokonverzi na fermeateiné cukry. Kkem je vykr odridy,
ktera projevuje nizkou vzdorovitost kgulUpra¥ (Studer a kol., 2011). Selekce je zdema
predevsim na obsah a strukturu kompotiesychozi suroviny, jako je lignin, hemicelul6za a
pektin. Vyker rostlin s nizkym obsahem acdtymize potencialéd minimalizovat riziko
tvorby inhibinich koncentraci kyseliny octové. Tyto strategieujszajimavé, zejména
s ohledem na rychle-rostouci plodinygemé k vyuziti v biorafineriich (Jonsson a Martin,
2016).

2.6.2 Detoxifikace

Detoxifikace lignocelulézovych hydrolyzaa kafi je jednim z nejéinngjSich zgisohi, jak
potlait problémy s inhibici (Jonsson a kol., 2013). Tatmtegie zahrnuje techniky, jako je
pouziti chemickych aditiv, napalkalii, reduknich ¢inidel a polymet. DalSimi moznostmi
jsou pouziti enzymatické Upravy, Zakani a odp#ovani, extrakce kapalina-kapalina a
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extrakce kapalina-pevna latka. Extrakce kapalinaxpezahrnuje techniky, jako je vyma
ionti a adsorpce aktivnim uhlim (Jénsson a Martin, 2016)

Tabulka 7 Pehled technik detoxifikace lignocelul6zovych hygrét: a kaki (Jonsson a
kol., 2013)

Technika Procedura Riklad

Zasady (Ca(OH) NaOH, NHOH) (Alriksson a kol., 2005)

Chemicka aditiva Redukni ginidla (dithionit,

dithiothreitol, sulfite) (Cannella a kol., 2014)

Piasobeni enzyiin Lakaza, Peroxidaza (Jonsson a kol., 1998)
Zahivani a Odpaovani (Larsson a kol., 1999)
odpgovani Pisobeni tepla (Ranatunga a kol., 2000)

Ethyl acetat (Fenske a kol., 1998)
Extrakce

kapalina-kapalina Superkriticka fluidni extrakce (G (Persson a kol., 2002)

Trialkylamin (Zhu a kol., 2011)
Extrakce Aktivni uhli (Pan a kol., 2012)
kapalina-pevna
latka lontomenice (Pan a kol., 2012)

Nevyhodou metody detoxikace je nutnostaze&ni samostatného kroku procesu, coZz ma
neblahy vliv na technicko-ekonomicky aspekt. Zatregistuje mnoho Zfsohi, jak provadt
detoxikaci, jen malo z nich byloigdmétem technicko-ekonomickych hodnoceni, které se
zabyvaji napiklad procesnimi vstupy, energetickymi naroky, stmim vybavenim,
acinnosti a pispivkem na naklady technologie.¢které detoxifikéni metody maji vyhody,
které @i technicko-ekonomickém hodnoceni nemohou byt opuwrtye nap. pridani
redukénich cinidel nebo adsorpce inhibitiborna PEI polymer je kompatibilni s kroky
biokatalytické konverze. DalSi vyhodowkterych reduknich ¢inidel, jako jsou siranové
oxyaniony, sulfit a dithionit, je to, Ze zlepSujakj fermentovatelnost a enzymatické
sacharifikaci celulézy (Cannella a kol., 2014).

2.7  Vyuziti odpadu ze zpracovani
potravinaiskych surovin a lesnického
pramyslu k produkci PHA

Mikroorganismy jsou schopné produkovat PHAGznych zdroj uhliku a lignocelul6za
nepati mezi vyjimky. Jak jiz bylaeceno, lignocelul6zaiedstavuje vysoce bohatou, ale také
pongrné univerzalni skupinu materiél Vlastnosti a udrzitelnost¢hto material, s ohledem
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na jejich vyuziti pro biotechnologickou produkci RHstejre jako jeho hydrolyza a dalSi
zpracovani by rly byt vzdy provadny s ohledem na konkrétni druh biomasy a proces
fermentace (Obwta a kol., 2015).

Kromé volby a gipravy substratu je obvykle kbvy vybér PHA produkujiciho
bakterialniho kmene. Obegtrbylo mnoho bakterii testovano za@&elem produkce PHA,
nicméré jen malo z nich bylo povazovano za vhodné kangidé produkci ve velkém
meiitku. Vhodnost bakterie pro produkci PHA z taktoriexnich a narmych substréit
zavisi na mnohatenych faktorech, i@devsSim: schopnost vyuZzivat fermentovatelné cukry
piitomné v hydrolyzatech ¢etné pentdz), schopnost tolerovat nebo dokonce elinghov
potencialni mikrobialni inhibitory, stabilita a mekovost organismu, iistové rychlosti a
schopnost akumulace vysokého obsahu PHA vikéch. Dale pakcasto opomijena
extrahovatelnost a molekulové hmotnosti naakumuiélia PHA (Kessler a Wilholt, 1999).

2.7.1 Vyuziti dievni biomasy

Lignocelulézova biomasa z lesnického amyslu @Fedstavuje enormni zasobu
obnovitelného zdroje uhliku. Celagevé se kazdoréné vyprodukuje piblizné 80 miliard tun
direvéné biomasy, ficemz celkova hmotnost ¢¢ vyprodukovanych rostlin se odhaduje
zhruba na 180 miliard tun. Zatimcast§ina celulézové slozky je efektiwnvyuzivana
pramyslem papiru/butiiny, frakce hemiceluldzy a ligninu nejsou t&nvibec vyuZity, i pes
jejich biotechnologicky atraktivni sloZzeni. Jedromnoha moznosti e byt pra¥ vyuziti
pro produkci PHA (Keenan a kol., 2006).

Pan a kol. zvolili javorovy hemicelulosovy hydro@izjako obnovitelnou surovinu pro
vyrobu PHA s pouzitinBurkholderia cepacigako produkniho kmene (Pan a kol., 2012).
Pro zvySeni fermentovatelnosti hydrolyzatiewh, ziskaného hydrolyzou pomodedné
kyseliny, bylo testovanogkolik metod detoxikace. Over-liming v kombinaci &koteplotni
sterilizaci ¢l za nasledekiftomnost nejnizsi koncentraci celkovych inkitich fenolickych
latek. Fed batch kultivace vykazovala maximalnidotaci P3HB (po 96 h — biomasa 8,72 g/l
a 51,4 % P3HB v suché biomase).

Bowers a kol. se také z&fli na vyuziti deevni biomasy pro vyrobu PHA. Ve své studii
pouzili drevni Stpky Pinus radiata které fyzikalg-chemicky pedupravili explozi oxidu
sificitého ged enzymatickou hydrolyzou za vzniku odpovidajicigtdrolyzati. Na €chto
hydrolyzatech byly gstovany dva kmeny bakterii produkujici P3H¥Bovosphingobium
nitrogenifigens a Sphingobium scionenseNejvyssi vygzky P3HB (koncentrace suché
biomasy 1,23 g/l, obsah P3HB v biomase 32 % &2eit P3HB 0,4 g/l) byly pozorovany u
Sphingobium scionengBowers a kol., 2014).

2.7.2 Vyuziti lignocelul6zovych odpadi Z
agropotravinaiskeho pmimyslu
Krome dievni biomasy existujgada dalSich zdradjmaterial zaloZenych na lignocelul6ze,
které Ize pouzit jako zdroj pro vyrobu PHA — odpadsggropotravingkého pimyslu. Tyto
materialy se vyr&j)i v obrovskych mnoZstvich fp zpracovani zewuélskych rostlin.

Navzdory tomu, Zedkteré z échto odpad a vedlejSi produkty mohou byt pouzitykznym
Gcelam, jako je krmeni zvat nebo hnojeni, vyroba PHArqustavuje velmi zajimavou a
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slibnou strategii pro jejich valorizaci, comasi vysoce hodnotny produkt. Existuje tédgia
studii zabyvajicich sefemenou €chto odpad na PHA (Obrda a kol., 2015b).

Velmi slibnym odpadnim substratem pro vyrobu PHAk@sovéa sedlina. V roce 2010
celoswtova rani produkce kavovych zrrrgkratila 8 miliona tun. BEhem gipravy kdvového
napoje nebo i vyrob¢ instantni kavy vznika pevny podil znamy jako k& medlina. Ta
obsahuje pblizné¢ 15 % oleje, ktery lze jednoduSe extrahovat a sziiyn bakterialniho
kmeneCupriavidus necatokonvertovat na P3HB (Cruz a kol., 2014; Qfara kol., 2015a).
Po extrakci oleje vznika zbytek s vyznamnym obsatmmicelul6z a celuldézy. Kyselou
hydrolyzou Ize tyto firodni polymery pevést na fermentovatelné sacharidy, které mohou byt
pievedeny na PHA s pouzitim kmeBarkholderia cepacigObruca a kol., 2014).

DalSim slibnym materialem mohou byt pSew otruby. Van-Thuoc s kolegy hydrolyzoval
otruby mixem enzytiin z Aspergillus oryzae NM1 za vzniku redukujicicletsarici sloZzenych
zejména z glukdzy, mandzy, xylézy a arabindzy. Kdoikci P3HB byl naslednpouzit
bakterialni kmerHalomonas boliviensjricemz ziskana koncentrace P3HB dosahovala 4 g/l
a obsah P3HB v suché biomase hyblzné 50 % (Van-Thuoc a kol., 2007).

Také hydrolyzat ryzoveé slamy ziskany chemickou bljdiou s pouzitimizdiné kyseliny
byl vyuzit k produkci na PHA kmenerBacillus firmus Kysele pedupravené hydrolyzaty
obsahovaly cukry, ale také jejich rozkladné progiufdko jsou kyselina mraveén kyselina
octov4, furfural a HMF. Bakterie rostly v hydrolyaaém médiu bez jakékoliv detoxikace za
vzniku biomasy 1,8 g/l s 1,7 g/l akumulovaného P3iBbsah P3HB v hikachinil 89 %
(Sindhu a kol., 2013).

VI&knita hmota, kteratstava po vysusenit&vy z cukroveé itiny nebodiroku, je dalsi
atraktivni surovinou. Zejména diky tomu, Ze se gednhoji dostupny odpadni material.
Proto se utilizaci tohoto materiadlu zabykeda studii, pcemz rékteré z nich zahrnuji i
pokusy vyrabt PHA. Silva a kol. k tomuto z&fru vyuzili bakterialni kmenyBurkholderia
cepacia a Burkholderia sacchari Pro zlepSeni fermentovatelnosti hydrolyzatu bglzt
tiistumovy detoxik&ni proces (zakoncentrovani ve vodni lazni, oveidgna sorpce
aktivnim uhlim). Po detoxifikaci byly nejvyssi ¥yky pozorovany B. saccharja to 4,4 g/l
biomasy a 2,7 g/l PHA (Silva a kol., 2004).
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3  CILE DIZERTA CNi PRACE

V prabéhu prace bylyeSeny nasledujici dil ukoly:

1. Vyvoj technik pro kvantifikaci PHA v bakterialnidhunkach.

2. Charakterizace affprava hydrolyzat utilizovatelnych pro biotechnologickou produkci
— Hydrolyza vybranych material
— Charakterizace hydrolyzavhodnymi analytickymi metodami
— Aplikace detoxifik&nich metod zadelem sniZzeni koncentrace inhibich latek

3. Produkce polyhydroxyalkanaaha hydrolyzatech odpadnich produkibtravindskéeho
pramyslu

— Screening a vy vhodnych prozenych mikrobialnich kmeén schopnych
utilizovat hydrolyzaty lignocelulozy

— Aplikace evolgniho inZenyrstvi zadelem zvySeni produkce PHA
— Studium vlivu stresovych faktdma schopnost akumulovat PHA
4. Studium produkce terpolymeru P(3HB-3HV-co-4HB)
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4 DISKUZE

Tato kapitala je zamySlena jako detailni diskuagydledkim, které jiz byly v piibéhu
doktorského studia publikovany. VSechny publikaceanuskripty jsou saasti této prace
jako milohy (seznam floh je v kapitole 8 aiflohy samotné jsou obsazeny v kapitole 9) a
v pribéhu diskuze jsou jednotlivéripohy odkazovany. Samégimou souasti giloZzenych
publikaci a manuskrijtje také detailni popis pouzitych metod a vystedk

PredloZzenda prace se zéimje na strategie vedouci ke sniZzeni naklada
biotechnologickou produkci polyhydroxyalkandatPrvni ¢ast (kapitola 4.1) se zabyva
moznosti vyuZiti modernich techniki pstanoveni obsah PHA v produkované biomase,
piicemz nahrazeni standardni¢hso¥ naranich kvantivnich metod umoznuje vyrazné
zefektivreni monitoringu pitbéhu produkce. Dal&iasti se pak zabyvajiiino produkci PHA.
Nejzasad¥Si pro snizeni nakladje pouziti levného zdroje, jako jsou tigad odpady
z potravindéskych vyrob (kapitola 4.2). To vSak s seb&asto neseadu nevyhod, které
mohou byt do ufité miry eliminovany pouzitim vhodného kmene. Takahodny kmen je
mozné ziskat pomoci evahiho inZenyrstvi, kterému sé€nuje kapitola 4.3. Tato cesta vSak
byva ¢aso¥ velmi nar@na s nejasnym vysledkem, proto je zde také altemiastrategie
zalozend na vyuziti extrémofilniho bakterialniho dma (kapitola 4.4). Extrémofilni
mikroorganismycasto dokazouiptavit uskali biologického procesu ve strategickgbodu.
Kapitola 4.5 se pak zabyva produkci terpolymeru Pdf#¥eného z monomeBHB, 3HV a
4HB.

4.1  Zefektivnéni procesu kvantifikace PHA

Nezbytnost identifikovat a kvantifikovat PHA se téhcelym vyvojem biotechnologického
procesu od izolace prodékiho kmene aZz po &eni cistoty ve vysledném produktu.
Dostupnych metod pro screening bakterii produkehid®HA, kvanitifikaci a charakterizaci
PHA existuje celafada, ktera zahrnuje barveni pomoci vécemére selektivnich barviv
kultur, spektrofotometrické analyzy, inéervenou spektroskopii, vysoce ¢idnou
kapalinovou chromatografii, itokovou cytometrii, plynovou chromatografii a dalKbller a
Rodriguez-Contreras, 2015).

Mezi tradeni metody detekcerftomnosti PHA granuli ve strukitel bakterii pat barveni
burék pomoci barviv Sudansk&m nebo Nilska moil (Smibert a Krieg, 1979).iBdnosti
téchnto metod je f@devSim jejich rychlost. S moznosti obarvni kolgaimo na agarovych
plotnach Bhem fistu @iSel Spierkermann P. a kol. (1999), kdy byl floumoNilska cervei
(NR) piidam gimo do agaru. NR vSak neposkytuje pozitivni fluoessni reakci pouze
s molekulami PHA, ale i ostatnimi zasobnimi latkaraibazi lipid.

Pro identifikaci PHA v bakterialnich kkach je mozné aplikovat inftarvenou
spektroskopii, kde vyuzivame faktu, Ze molekuly insjny absaini pik @i 1728 cmt
v infracerveném spektru vyvolany karbonylovou skupinouk&iame spolehlivou metodu
identifikace potenciélnich producénJuttner a kol., 1975). Dokonce navic Ize ze ekt
infracervené spektroskopie s Fourierovou transformacilRFTurcit, o ktery typ PHA
z hlediska délkyetézce se jedna. V praci Honga K. a koletivu (1999)KeL-monomery
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jako jsou hydroxyoctanoat (HO) a hydroxydodecaribitl) se vyzn&ovaly pikem pi 1740
cmt a kopolymer obsahujici SCL i MCL pikenii 1732 cm. Dale je pomoci infrigervené
spektroskopie mozné stanovit, je-li material amiorfin krystalicky. Nicmég hlavni
nevyhodou je, Zeipinfracervené spektroskopii vyznamimterferuje voda, kterd ma Siroky
absorkeni pik zakryvajici velkowast spektra. Proto je principi&linutné vodu ze vzotkpied
samotnou analyzou bgk pomoci infréervené spektroskopie odstranit (Sedlacek a kol.,
2019).

Kdyz se vSak fesuneme ke kvantifikaci PHA, kterd je nutn& pnonitoringu
biotechnologického procesu produkce PHA, objevi néen zasadni problém éasove
naranosti jednotlivych metod. V minulosti byla kvankifice provagha pimou
gravimetrickou analyzou PHA izolovaného po extrakaiozpou&dlem nebo
spektrofotometrickou metodou. Tato medoda vyuZivalegradace P(3HB) pomoci
koncentrované kyseliny sirové za zvySené teplotiysalinu krotonovou, ktera se absorbuje
UV zé&eni svinovou délkou 235 nm (Law a Slepecky, 196d9méré ok metody jsou
casow velice naroné.

V souasné dob se k analyze PHA vyuZzivagrevsim plynova chromatografie (GC). Jako
prvni stanoveni publikoval G. Braunegg (1978), k@wuzil mirnou kyselinu nebo zasadu
k metanolyze P3HB ffmo bez pedchozi extrakce P3HB z btkn Nasled® vznikla fada
alternativnich postupzaloZenych na etanolyzéipadré propanolyze PHA v biomase. V této
praci byla ke kvantifikaci PHA pouzivana metoda lpoBrandla a kolektivu (1988), kdy
lyofilizované nebo vysusené tky byly zpracovavany ve stai chloroformu a 15% kysekin
sirové v methanolu po dobu 3 hodii feplo€ 94 °C. Vysledné metylestery hydroxykyselin
byly analyzovany pomoci GC s plamegoonizatnim detektorem (FID).

S ostatnimi metodami ma tato metoda k¥ofiného spolénou pFedevsSim ¢asovou
naranost. V naSemijipact je to @iblizné asi 8 hodin od odiou vzorku po ziskani vysledk
coz je doba, ktera by se dala vyraznizit vyuzitim spektralnich metod. Proto jsme se
rozhodli owiit moZnosti kvantifikace pomoci Ramanovské spekopge a patokové
cytometrie. Pro experimenty byl zvolen km€upriavidus necatotH16 jakozZto modelovy
bakterialni kmen pro produkci P3HB.

V prvni fad jsme se za#fili na vyuZziti piitokové cytometrie, fx¢emz jako fluorofor
interaguijici s intracelularnimi granulemi P3HB bplauzita Nilsk&ervei. Kultura, u niz byl
obsah P3HB paraleinstanoven pomoci plynové chromatografie, byla padi a aplikaci
nilské ¢ervené mérena na pitokovém cytometru. fe¢devsim jsme se za&hovali na korelaci
jednotlivych parametr vici obsahu P3HB. Nejsliigimi parametry se zdaly {mérna
intenzita fluorescencefimy rozptyl a béni rozptyl s korel&nimi koeficienty 0,961; 0,800 a
0,785. Tyto vysledky byly prezentovany na 4. memdai chemicko technologické
konferenci a plny text naSehdigpvku je vPFiloze | (Kucera a kol., 2016). Nicmérje na
mist poznamenat, Ze nami ziskané korelace nebyly myazre preswdcivé. Tyo a kol.
(2006) stanovovali P3HB v bakteriickscherichia colia Synechocystissp. prakticky
identickym postupem. Vijpadré E. coli dosahovali koeficientu determinace 0,96 a u
Synechocystisp. 0,98. Ziskané korelace proto také mohou paglqouze k rychlému
a orientgnimu stanoveni obsah | Alvez a kol. (2017) postupovali velice podébn
v piipadre  stejného stanoveni u bakterkierbaspirillum seropedicaea Azospirillum
brasilense Pro praci vSak vyuZili modegj$i vybaveni v podabpritokového cytometru BD
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Accuri C5® a v praci dali &Si diraz na optimalizaci permeabilizacgs vystaveni Nilské
cerveni a jeji koncentraci. U optimalizovaného ppstupak dosahovali koeficientu
determinace vyssiho nez 0,99. Z vyskedk zda, Ze optimalni koncentrace NR sgemmezi
jednotlivymi druhy [iSit, a proto je nastaveni kentrace podle druhkritickym krokem pro
optimalizaci.

Protoze je vyuziti gitokové cytometrie za d@lem kvantifikace PHA problematické a
podle naSich zkuSenostai je zatizeno celadou experimentalnich artefékd vykazuje
relativre nizkou opakovatelnost, zabyvali jsme se dale ymZzZRamanovské spektroskopie.
Podobi jako s infr&ervenou spektroskopii ) je tato technika zaloZena na interakci
elektromagnetickych vin s fonony. Ramanova spekope zavisi na zmé
polarizovatelnosti molekuly, zatimc@ kpektroskopie zavisi na 2n¢ dipélového momentu.
Ramanova spektroskopie¢th relativni frekvence, i kterych vzorek rozptyluje zani, na
rozdil od C spektroskopie, kterd i absolutni frekvence,tpkterych vzorek absorbuje
z&eni. FTIR spektroskopie je citliva na vibrace heteuklearnich funénich skupin a polarni
vazby, zejména OH. To zasa&domezuje pouziti této techniky jen na vzorky, kteogu
neobsahuji. U Ramanovy spektroskopie toto omezepliati a s oblibou je v séasné dob
pouzivana pro analyzu biologickych vzarkV nasem fpact jsme s touto technikou od
pocatku dosahovali daleko vySSi miry korelace. Pretog se na tuto techniku p@gdvice
zan®fili a vysledkem mohla byt publikace v impaktovanéasopisu Sensors a je gasti
této prace Priloze Il (Samek a kol., SENSORS, 2016, vol. 16, no. 11; 7).

Na paatku bylo zapdebi identifikovat Ramanova spektra P3HBCupriavidus necator
H16. Pro ziskani spekter té samé bakterie, al@k@mnulovaného PHA jsme pouZili mutantni
kmen Cupriavidus necatorH16/PHB* neschopny akumulace PHA. Obrazek 8 ukazuje
typické Ramanovo spektrum kmer@upriavidus necatorH16 kultivovaného fimo na
Petriho misce. Jgdba zdraznit, Ze v zajmu jednoduchosti Ize vzorky analadaké pimo
na Petriho miskach, na nichz byly bakteréstpvany.
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Obrazek 8 Ramanova spektra Cupriavidus necator N¥Brané emisni linie pouzité
v nasi studii jsou zvyrazny. Piky 1, 5 a 6 byly pouzity pro analyzu P3HBaaku bakterii
(Samek a kol., 2016).

Abychom ziskali jednotlivé body kalibrace, bylo p#pbi ziskat bakterialni kky
s tiznym obsahem P3HB. Toho jsme dosahli aplikainych kultiva&nich strategii
vyuzivajicich pedpokladu, Ze nejvyssSiho obsahu P3HB v biomasehdes® za podminek
vysokého poréru C/N. Pro dosazeni nizkych hodnot P3HB jsme naqpauzili kulturu
rostouci na komplexnim mediu po dobu pouze 24ithstBZze vySe uvedené spektrum je
ziskano analyzouipmou z Petriho misky, jednotlivé body kalibrace ybyliskany kultivaci
v tekutych médiich, aby bylo mozné ziskané kultanadno analyzovat pomoci plynové
chromatografie, a aby bylo mozné jée¢p Ramanovou analyzou promyt pro dosazené
presrgjSich hodnot. Samotnatiprava vzork na analyzu probihala v nasledujicich krocich.
1 ml kultury byl centrifugovan (10 000 rpm, 2 menpromyt 50% ethanolemiiBlizn¢ 20 pl
suspenze byloipvedeno na CaF s&ko a po usuSeni na vzduchu byla zaschla suspenze
analyzovana Ramanovym spektrometrem.

DalSim feSnym problémem byl vy¢pb vhodného interniho standardu. V prvotnich
experimentech, ve kterych jsme zjistili, Ze se sk 3-karotenu nefekryva s pikem P3HB
(pik ¢. 6 v Obrazku 8), jsme se rozhodlitadit krok gidani konstantniho mnoZzstvi
B-karotenu k bu&né suspenzi led fixatni fazi @i piipraw vzorku. Ri analyze &chto
vzorka se vSak ukazalo, Ze plocha piBdkarotenu, a tedy jeho koncentrace v duke
suspenzi je vice émé nahodna. Lzeiedpokladat, Ze lepSich vyslgédkychom dosahli, pokud
bychom ped analyzou riadili kulturu tak, aby byl obsah biomasy ve vSeebreich stejny.

To by vSak analyzu vyragrkomplikovalo a jeji pesnost by poklesla.

44



Prisli jsme vSak s fedpokladem, Ze intracelularni koncentrace prétennukleovych
kyselin je do velké miry konstantni s prémlivou koncentraci intracelularnino P3HB. Proto
byly piky odpovidajici DNA (787 crha proteiim, konkrétg Amid | (1662 cm') navrzeny
jako vnitni standardy pro kalibéai zavislost. Vysledkem byly dv kalibratni kiivky
znazorgné na Obrazek 9.
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Obrazek 9 Kalibrani kfivky pro P3HB u bakterie Cupriavidus necator v kamtcachim
rozmezi P3HB 12 % - 90 %. U horni kalibré kiivky (cervenéctvere’ky) byla jako vnini
standard pouzita emisni linie na 787 EGNA) a u dolni kalibrani kivky byla
zkonstruovana s pouzitim linigi 1662 cmt (Amid 1) jako vniéniho standarduCarkované
krivky ukazuji 95% pasmo spolehlivosti linearnikizpisobeni. Parametry popisujici

kalibracni kiivky jsou uvedeny na obrazkif. jB koeficient determinace a S jéesini
kvadraticka chyba (Samek a kol., 2016).

Vyuzitim Ramanovy spektroskopie pro kvalitativniagizu PHA se zabyva celéada
publikaci. Ramanovo spektrum u P3HB bylo stanowemmtterpretovano De Gelderem a kol.
(2008) uC. necatorDSM 428. Intenzita reprezentativniho Ramanova pésotem 1734 cm
se ukazala byt vhodna pro sledovani syntézy P3HBjiaspoteby v biomase. A dale
prokazali, Ze intenzity piku jsou line&namerné koncentraci P3HB. Auitio navrhli
Ramanovu spektroskopii jako rychlou neinvazivnhteku pro monitorovani intracelularniho
obsahu P3HB v biomase. V porovnani s naSi prack vigpracovali s koncepci vyuZiti
interniho standardu.
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Zasadni vyhodou Ramanovy spektroskopie oproti mistatechnikam, fedevsim GC, je
vyznamna uspordasu. Technika ma potencialni vyuziti i pnesitu real-time analyzuifmo
ve fermentoru. Zarove ji vSak Ize uplatnit i fi hledani novych potencialnich PHA
produceni a v kombinaci s Ramanovskou pinzetou je moznéggtencialni kmeny izolovat
na urovni jedné hiky. Nevyhodou této technikyripvyuZziti pro kvantitativni analyzu PHA je
fakt, Ze je nezbytné provést kalibraci pro kazdknotialni kmen, protoZze obsahy DNA a
proteini se mohou zrwne liSit.

4.2  Vyuziti odpada z potravinaiskych vyrob k
produkci polyhydroxyalkanoati

NasSe dalSi experimenty se z#ovaly na moznosti utilizace lignocelulézovych maitkr
k biotechnologické produkci PHA. Celkada odpail z agropotravin&gkého komplexu méa
lignocelul6zovy zaklad, ktery ke slouzit jako substratiipprodukci PHA. Ostath timto
tématem se zabyva kapitola 2.7. V naSich experiaobnsme se zatfili na zapojeni
gramnegativnich bakterii rodBurkholderig a to gedevsim z @éivodu bohatych zkuSenosti
s utilizaci lignocelulézy pomoci kmerigurkholderia cepacianabitych pi vypracovavani
diplomové prace (K&era, 2015).

DalSi vydanylanek gipojeny jakoPriloha 11l (Kucera a kol., Bioengineering, 2017, vol.
4, no. 2, p. 1-9.), se zabyva porovnanim detoxifikeh metod aplikovanych nared/ni
hydrolyzaty, které byly pouzity pro produkci PHArdfn¢ béznych metod snizujicich obsah
inhibi¢né pasobicich latek, jako jsou overliming nebo sorpcevakm uhlim, byla testovana
aplikace lignitu jakoZto ekonomicky zajimavého sortu, ktery nize byt vyuZzit k odstraimi
mikrobialnich inhibitoéi z hydrolyzah lignocelul6zovych materiél

Prace poukazuje na nezbytnost detoxifiliao kroku pi snaze utilizovat hydrolyzaty
ziskané z lignocelulozovych matetialP¥i hydrolyze vznikaji inhibini latky jako kyselina
octov4, furfural, 5-hydroxymetylfurfural, kyselinavulova a dalsi, jejichz vznik je popséan
v kapitole 2.5. Na s#s mekkého deva jsme aplikovali hydrolyzuiednou kyselinou.
Cetnost vyskytu této metody v literdééu swdéi o tom, Ze je to nejobvyklejsi &pob
zpracovani lignoceluldozovych materialu za&el@m jejich nasledné valorizace pomoci
mikrobialnich biotechnologii. Inhibni latky vzniklé @i této metodk jsou vzdy obdobné a bez
ohledu na to, zda je pouZitdeo z borovice (Silva a kol., 2014), odpad z vyrdifryového
cukru (Yu a Stahl, 2008) nebdedné Stépky z javoru (Pan a kol., 2012). Téim vSak
materialy zasadn liSi mnozstvi ziskaného utilizovatelného uhlikatérdroje. V pipads
borovicového teva obsahoval hydrolyzat celkokoncentraci cukr 112,5 g/l (Silva a kol.,
2014). Yu a Stahl pouzili bakterialni kmerBrevundimonas vesicularia Sphingopyxis
macrogoltabidapro produkci terpolymeru poly(3-hydroxypropiora-3-hydroxybutyrateo-
3-hydroxyvalerat) z odpadni cukrovéinty. Jejich hydrolyzat celkav obsahoval 27,6 g/l
cukmi v poneru 70 % xyldzy, 6 % glukézy a 6 % arabindzyieled vyuzitelnych
lignocelulésovych materialpro produkci PHA je fehledré zpracovan v Tabulce Tabulka 8.
Obradzek 12 pak ukazuje jednotlivé biochemické drakychazejici z monosachaitid
vznikajicich hydrolyzou lignocelul6zového materigdid po Zadany produkt PHA.
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V naSem pipact byl celkovy vygZek cukfi pri hydrolyze 14,9 g/l v pokru 70 % xylozy a
30 % glukdézy. B pouziti dewvenych pilin v koncentraci 50 g/l bylo tedy dosazéémet 30%
konverze na fermentovatelné cukry. Pro produkci Piidy pouzity kmenyBurkholderia
cepaciaa Burkholderia sacchariale @i ptimém gimém pouZziti hydrolyzét bez snahy
eliminovat inhibéni latky, byl zaznamenan velmi nizky far biomasy (1,0 — 1,5 g/l) a st&jn
tak byl nizky i vytzek P3HB (0,1 g/l). Analyzy hydrolyzabdhalily predevsim znény obsah
fenolickych latek, jejich negativni dopad je popsarkapitole 2.5.1. Pro eliminaci
mikrobialnich inhibitoét byly zvoleny a porovnany dvtradicni metody — overliming,
adsorpce na aktivni uhli. Obrazek 10 porovnava mubst eliminovat fitomost polyfenal
v médiu.

1000

N -

Nedetoxifikovano Aktivni uhli Over-liming

polyfenoly [mg/l]

o

Obrazek 10 Porovnani tra¢hich detoxifikénich metod

V dalSich experimentech byla navic testovana netéxifikacni metoda, a to adsorpce na
lignit. Lignit je nejmladSi a nejménkarbonizované hfdé uhli. Zn&nou vyhodou oproti
aktivnimu uhli je pedevSim vyrazhnizSi cena. Nejvyssi efektivitu detoxifikace dosadio
aktivni uhli, které sniZilo obsah polyfefiad 90 % a produkci P3HB navysilo 8 — 12kréat. U
lignitu i presto, Ze jeho detoxifikai innost zdaleka nedosahovala takovych hodnot, tak
hydrolyzat oSé¢en touto metodou, byl bakteriemi vyr&zfépe utilizovan, coz #o za
nasledek nejvyssi dosazeny usdr biomasy (4 g/l) a produkce P3HBfifgizne 2 g/l).
Vysledky jsou shrnuty na Obrazek 11.

5 - mBiomasa ®P3HB

B. cepacia B. sacchari

Biomasa, P3HB [g/l]
N
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vano
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aktivni uhli
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Obrazek 11 Vysledky kultivace na detoxifikovanyardiyzatech éevni biomasy
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Tabulka 8 VyuZzitelné lignocelul6zové materialy é&dukci PHA (pevzato z Obréa a kol., 2015 a aktualizovano)

Biomasa PHA PHA

Produktivita

Produkéni kmen Zdroj uhliku typ PHA Kultivace 9/ [%] [/ Yeis [g | h-1] Zdroj
Burholderia cepacia xyl6za PHB baka, batch 2,6 60 16 0,11 n.a. Ramsay a kol. (1995)
Pseudomonas strains rostlinna biomasa mcl-PHA Bka, batch 0,9 33 0,3 n.a. n.a. Davis a kol. (2013)
Azotobacter beijerinickii kokosové vylisky PHB kigka, batch 5,0 48 2,4 n.a. n.a. Prabu(gol\ilg)r ugesan
. . e o 2 fermentor, :

Burholderia sacchari hydrolyzat pSeriné slamy PHB fed-batch 145,8 72 105,0 0,22 1,6 Cesario a kol. (2014)
recombinantnE.coli xylan z bukovéhoigva a xyléza P(LAc0-3HB) baika, batch 8,9 40 3,6 n.a. n.a. Salarllw;n?géclti)rdona a
Burholderia cepacia hydrolyzat deva PHB baka, batch n.a. n.a. n.a. n.a. n.a. Pan a kol. {2012
Ralstonia eutropha lignocelul6zovy hydrolyzat PHB h&a, batch 11,1 57 6,3 n.a. n.a. Yu a Stahl (2008)
Bacillus firmus hydrolyzat ryzové slamy PHB blka, batch 1,9 89 1,7 n.a. n.a. Sindhu a kol. (2013)
Burholderia cepacia hydrolyzat deva P(3HBeo-3HV)  baika, batch n.a. 40 2,0 n.a. n.a. Keenan a kol. (2006
Recombinant E.coli hydrolyzat celulézy + propionat P(3H&-3HV)  baika, batch 4,2 50 2,1 n.a. n.a. Nduko a kol. (2012)
Bacillus megaterium odpad ze zpracovani palmového oleje PHB nikbabatch 24,2 52 12,5 0,23 0,26 Zhang a kol. 3201
Burholderia cepacia hydrolyzat deva PHB fggfgﬁg{,’ 16,9 51 8,7 0,19 0,091 Pan a kol. (2012)
Sacharophagus degradans lignocelul6zovy odpad z Agave PHA e, batch n.a. n.a. n.a. n.a. n.a. Munoz a kolLgp0
Burholderia cepacia lignocelul6zovy hydrolyzat PHB lhé&a, batch 4,4 53 23 0,29 0,09 Silva a kol. (2004)
Brevundimonas vesicularis borovice montereyska piliny P(3HP¢o-3HB-  baika, batch 0,25 64 0,16 n.a. n.a. Silva a kol. (2007
Sphingopyxis macrogoltabida borovice montereyska piliny co-3HV) blka, batch 0,32 72 0,23 n.a. n.a. Silva a kol. (2007
Burholderia sacchari lignocelul6zovy hydrolyzat PHB h&a, batch 4.4 62 2,7 0,39 0,11 Silva a kol. (2004)
Halomonas boliviensis pSenéné otruby PHB bika, batch 8 50 4,0 0,2 n.a. Van-Thuoc a kol. (2008)

. . . . fermentor, Radhika a Murugesan
Ralstonia eutropha hydrolyzat vodniho hyacintu PHB batch 12 58 70 0,13 0,24 (2012)
Burholderia sacchari xyl6za PHB baka, batch 5,5 58 3,2 0,26 0,07 Lopes a kol. (2009)
Mutant Burholderia sacchari xyl6za PHB baka, batch 53 50 2,7 0,17 0,07 Lopes a kol. (2011)
Ralstonia eutropha enzymaticky hydrolyzovana buima PHB baka, batch 8,78 32 2,8 n.a. n.a. Zhang a kol. (2004)
Sphingobium scionense enzym. hydrolyzované &kké devo PHB b#ka, batch 1,23 32 0,4 0,22 n.a. Bowers a kol. (2014
Burholderia cepacia hydrolyzovana kavova sedlina P(3HB-3HV)  baika, batch 5,5 56 3,1 024 n.a. Obruca a kol. (2014)
Bacillus thuringiensis lignocelul6zovy hydrolyzat PHB lhé&a, batch 10,6 40 4,2 n.a. n.a. Gowda(gosl%vakumar
Bacillus spp. odpad z cukrové&tiny P(3HB-c0o-3HV)  baika, batch 2,89 8 0,2 0 n.a. Moorkoth a kol. (2016)
rekomb.Bacillus subtilis pomeratiové slupky PHB bika, batch 3,10 40 1,2 0,02 n.a. Sukan a kol. (2014)
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Obrazek 12 Rehled hlavnich katabolickych drabigmenujici lignocelul6zové cukry na
P3HB. EMP: Embden-Meyerhof-Parnas, ED: Entner-Daofip PPS: Pentose Phosphate

Shunt (Dietrich a kol., 2019)

4.2.1 Vyuziti odpadnich produktu jako zdroje dusiku

Lignocelulézovy material fize celkem snadno poslouzit jako zdroj uhliku (Obkaz2),
ovSem z hlediska obsahu dalSich makrogenich upry&ou produkty hydrolyzy zcela
nevhodné a jef¢ba tyto prvky dodavat v poddlanorganickych soli,ffpadré komplexnich
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kultivacnich komponent, ktera jsou ale obvykle pro prodikKdA @iliS draha. Proto jsme se
v dalSi préci zawfili na vyuZziti hydrolyzatu z kieciho pé, které pro naSecely slouZzilo
jako ceno¥ dostupny komplexni zdroj dusiku. Celanek je vP¥iloze IV (BeneSova a kol.,
Letters In Applied Microbiology, 2017, ¥065,¢. 2, s. 182-188.).
Celos¢tovy dribezi pimysl rainé vygeneruje fblizné 7,7 x 16 kg pei, jehoz
pievazujici slozkou (e@s 90 %) jsou bilkoviny, ipdevsSim keratin. | figs nizké naklady a
snadnou dostupnost jetonyslové pouZiti pié omezeno a Keci péi je obvykle povazovano
za odpad (Taskin a kol., 2012). V naSi praci jsna podrobili alkalické hydrolyze
v kombinaci s mikrovinnym dlevem. Nasledh byla testovana moznost vyuzit hydrolyzat
z pei jako komplexni zdroj dusikurpbiotechnologické produkci P3HB pomoci bakterimi
kmene Cupriavidus necatoH16 (CCM 3726) s vyuzitim odpadniho fritovaciho jel¢gako
jediného zdroje uhliku. Optimalizovana byla zejmékancentrace siranu amonného
v mineralnim médiu v kombinaci s 10 % hydrolyzatti | déle pak byla optimalizovana
koncentrace e pii ptipraw hydrolyzatu. Vysledky kultivénich experimerit jsou ukazany
v Tabulka 9. Obech pritomnost hydrolyzatu gé zvySila vy€znost biomasy a PHA.
NejvysSich vyzka PHA bylo dosazeno ip piidavku 10 % hydrolyzatu pe ktery byl
pripraven hydrolyzou 60 g pe na 1 | alkalického hoztoku, k mineralnimu médiu
obsahujicimu 1 g/1 (NPLSQs. V tomto gipacdt byly vytézky PHA zvySeny fiblizné o 40 %
ve srovnani s kontrolni kultivaci. Kramtoho byly také pozorovany vysoké obsahy PHA
v biomase, kdyz byl (NH.SQs zcela nahrazen hydrolyzatem. Zejména pokud byl jeimy
zdroj dusiku pouzit pouze hydrolyzat z 60 g/kipdyly vytzky PHA o 17% vySSi nez

v kontrolni kultivaci.

Tabulka 9 VyteZky biomasy a PHA jpouZziti rizného obsahu hydrolyzatu/pe
v kombinaci s@#znym obsahem siranu amonného v mineralnim mediu

Hydrolyzat peii  Biomasa PHA PHA
(9/l) (9/l) (%) (9/)
20 104+10 86,2+3,3 8,9+0,2
30 119+1,3 84,4+06 10,1%+0,1
40 10,4+09 80,1+59 8,3+04
(NH4)2S0s - 1 g/l 50 125+1,5 80,3+2,0 10,3+0,2
60 128+09 851+0,3 10,6+0,1
0 85+0,9 90,7+09 7,8+0,1
20 59+0,3 834+6,2 49+0,3
30 6,4+08 922+15 59+0,1
(NH4)2SQs - 0 g/l 40 8,3+0,6 88,003 7,3+x0,1
50 70+£06 940+54 6,6+£0,3
60 95+1,3 86,3+09 8,2+0,1
(NH4)2SQy - 3 g/l 0 (kontrola) 96+09 718+23 6,920,

Snaha nahradit dusikaty zdroj v prodmin médiu neni nic neobvyklého a Heka je
volen odpadni material bohaty na proteiny. Z tohbtedika se népstji setkavame se
snahou o vyuziti syrovatky, coz je odpad z vyrofyisbohaty na laktozu a také na proteiny

50



(Oliveira a kol., 2018). Alternativni levné zdrojeomplexniho dusiku Ize také hledat
v zenmtdélstvi. Tym Martina Kollera (2005)tmaval silazni 8avu a $avu ze zelené travy do
kultivatniho média s cilem prozkoumat jeji dopad na akuoni&lA kmenemCupriavidus
necator Vliv byl srovnavan s mediem suplementovanym drag&ditivy jako jsou ,corn
steep liquor” a casamino kyseliny.

DalSim potencialnim zdrojem komplexniho dusiku tmptalného v biotechnologické
produkci nize byt odpad z jatek a zpracovani Zigoaych produki (Titz a kol., 2012).
AvSak ekonomicka hodnoceni ukazuji, Ze cesta viyazipadi poskytuje komplexni zdroj
dusiku, ktery je podstatrdrazsi nez zdroje mineralniho dusiku, ale jed@imez srovnatelné
jiné zdroje komplexniho dusiku. PouZitichto materidl je proto omezeno na poskytnuti
nezbytnych komplexnich zdifoj dusiku pro fermentaci. Vzhledem k mikrobialnim
poZzadavkm je pouZziti anorganického dusiku stale nepostehuat Aplikace hydrolyzét
z odpadnich zdr@jma na mikrobialni kultivaci pozitivni efekt, ktesg projevuje zkracenim
lag faze, ale vSak za vyrazaysSi naklady.

4.3  Aplikace evolueniho inzenyrstvi

Pro biosyntézu kopolymeru P(3HB-co-3HV) vyzadugSina bakterialnich producent
PHA suplementaci vhodného prekurzoru, ktery umazmuprbu propionyl-CoA. Neépstejsi
to jsou soli kyseliny propionove, propanol nebo élys valerova a jeji soli. Nicmén
vzhledem ktomu, Ze cenachto prekurzatr je vysoka, tak jejich aplikace sniZzuje
ekonomickou kompetitivitu produkce PHA. Proto viaikiada publikaci zabyvajici se
vyuzitim kyseliny levulova (4-oxopentanové) jakovného alternativniho prekurzoru pro
produkci P(3HB-co-3HV) z odpadnich subsirafAshby, 2012; Keenan, 2004). Podle
piredpokladaného metabolismu (Obrazek 13) kyselinyltax vznika propionyl-CoA, jehoz
vstupem do biosyntetické drahy PHA vznika 3HV.

o) o OH OPO,H,
on ATP,CoA s NAD(P)H s ATP s
_— x — ~ —_— ~
)K/\r( LvaE /u\/\y( CoA  “1vap )\/W CoA  "Lvans /I\/\r( CoA
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I

Obrazek 13PRedpokladany metabolismus kyseliny levulové u Pseadas putida (Rand a
kol., 2017)
Jak jiz bylo zmigno v kapitole 4.2, tak kyselina levulova vznik&qatkezadouci vedlejsi
produkt @i termické hydrolyze lignoceluldézy zatippmnosti silnych kyselin a spdies
s kyselinou octovou, felnolickymi sléeninami a furfuraly je povazovana za mikrobialni
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inhibitor pritomny v médiich ziskanych z lignocelul6zy. Dikyiggu snadnému vzniku vSak
muze byt efektivé produkovana s vysokymi vytezky peavdehydrataci biomasy nebo
sacharid pomoci kyselin a je proto také povazovana za zré&sadtencialni ,bio-based”
chemikalii (Morone a kol., 2015).

Pouziti kyseliny levulové jako prekurzoru 3HV jeakSvelmi problematicé Kili toxicité,
ktera vyznamaé sniZzuje produktivitu celého procesu. Po zohledn&eich moznych vztéh
jsme se rozhodli vyuzit fistupu EI, abychom odhalili mechanismus adaptacesniem
Cupriavidus necatorH16 ke kyselis levulové. Vysledky vlivu kyseliny levulové jako
stresoveho faktoru byly prezentovany formou postaukonferenci European Congress on
Biotechnology a abstrakt naSehtispivku je dodan jakdPriloha V (Kucera a kol., New
Biotech. 2018. s. 93). Poznatky byly rap$iany o testy, zda vybrand&igtupy mohou byt
vyuzity k ziskani kmerin adaptovanych na kyselinu levulovou, coZ b§lanvelky vyznam
pro produkci PHA s jejim vyuzitim jako prekurzorebo pro produkci PHA ze substiat
odvozenych od lignocelul6z¥. necatorbyl pro tyto experimenty zvolen nejen proto, Ze je
povazovan za modelovy bakterialni kmen v souvislgsinetabolismem PHA, ale takeé
s ohledem na to, Ze se jedna o slibnéhimgslového producenta PHA. Vysledky byly
publikovany véasopisu &lanek je filozen jakoPFiloha VI (Nov&kova a kol., Biochemical
Engineering Journal 2019).

Aplikaci El pristupit na kmenC. necatorjsme ziskali celkem 8 evolvovanych knien
oznaenych jako ALAOL - ALAOS8, které byly dale testovang své schopnosti produkovat
PHA v piitomnosti 3,5 g/l levulové kyseliny ve srovnanits@dnim kmenem. Kmeng.
necatorALAOL, ALAO2 a ALAO3 byly klasifikovany jako prvngenerace vyvinutych kmén
kmenC. necatorALAO4 piedstavuje druhou generaci vyvinutych kraerC. necatorALAO6
byl ziskan za fispéni chemického mutagenu MMS. Z 8 euvalich kmeri 3 kmeny (ALAO5,
ALAO7 a ALAO8) pri submerznim kultivaci v mineralnim médiu vykazovgn velmi slaby
rast a nebyly schopné akumulace PHA. Tyto bakteri&imtury byly proto vylodeny
z dalSich experimefita metabolické charakterizace. Naopak, jak ieelgpkladalo, adaptace
kmeni podstats zlepSila fistové vlastnosti v fitomnosti kyseliny levulové ve &sing
zbyvajicich kultur. Zejména zejména kmeny ALAOL IaA82 dosahly piblizné o 25% vySSi
koncentrace buik nez kontrolni kultura divokého typu.

El je dilezitym nastrojem pro biotechnologie, jeho hlavplikaci je zlepSeni tolerance
organismu ke konkrétni sledované slewniné, ale také lze pouzit i ke studiu dynamiky
antibiotické rezistence, ktera jaildzita pro klinicky vyzkum (Jansen a kol., 2013).EV
existuji dva hlavni fistupy, vsadkové a kontinualni (chemostatove).i¢kdt prongénna jecas
trvani experimentu, ktery jéasto velmi dlouhy, wadu tydm nebo ndsiai. Frikladem je
dlouhodoby evoléni experiment (LTEE), ktery 2Zal v roce 1988 a pok¥aje az do
souwasnosti a ktery zahrnuje vice nez 60 000 genegddebi. Experiment pouziva minimal
salt médium s 2qug/ml glukdézy a kazdy den se populacevedena daerstvého média
(Lenski 2016).

Toxické slodeniny v hydrolyzatu lignoceluldzy mohou byt elimiud@my detoxifik&nimi
metodami, nafiklad over-limingem. Tento proces vSak vyZadujekeaisili, vytvdi odpad a
muze snizit koncentraci cukru. Vyvinuti mikroorganismezistentnich &i furanu by
umoznilo tento proces vynechat. Vyvoj kmene tolarémo k furfuralu a 5-HMF je obtizny,
pokud se pouzivaji ipmé genetické inZenyrské&igtupy kuili nedostaténému pochopeni
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jejich toxickych molekularnich mechanifel tedy gedstavuje uskutaitelnou strategii pro
generovani tolerantnich kmin protoZze tato metoda umiafe vybsr neintuitivnich
pozitivnich mutaci, které se mohou vyskytovat &kalika niznych genech (Dragosits a
Mattanovich, 2013).

4.4  Extrémofilni bakterie produkujici PHA

DalSim navazujicim logickym postupem bylo, Z#inse na pirozené producenty PHA,
které vSak dokaZzou snaSet takové extrémni jmaist které byva navozeno pouZitim
odpadnich materiéljako zdroje zivin. Slibnou cestoutire byt implementace robustnich
produceni, ktei jsou bul’ péstovany vyhradé v ekologické nice charakterizované extrémni
salinitou, teplotou, koncentraci substratu nebonbtali pH prosedi nebo dokazou takova
extrémni progedi tolerovat bez vaznych ztrat schopnastiu. Procesy zaloZzené na takovych
mikrobialnich producentech pak nevyzaduji zasaleggkeho nebo evotmiho inZenyrstvi a
¢asto vykazuji minimalni naroky na sterilitu systé(Koller, 2015).

Vzhledem k faktu, Ze hydrolyzaty lignocellulézy agovaly, kwvili aplikaci minerélni
kyseliny a nasledné nezbytné neutralizaci vysolkantovou silu, tak jsme se mimo jiné
zametili predevsim na halofilni kmeny. VyuZzitim PHA mikrobi#édh producenit, schopnych
rust v prostedi s extrémnim obsahem chloridu sodného, se eguish letech zZala zabyvat
celarada vyzkumnych pracovi$o celém sité. Z tohoto hlediska byva ngjsgji sklonovana
archeaHaloferax mediterraneiktera doazedst az v koncentracich vyssich nez 200 g/l NaCl.
Diky schopnosti utilizace celi@dy sacharitl véetné galaktdézy a glukdzy, nachazi upl&bin
pii produkci PHA z hydrolyzatu syrovatky. Kranuz takto vynikajicich vlastnosti je tato
archae schopna syntetizovat kopolymer P(3i9BHV) bez nutnosti fidavku prekurzar
(Pais a kol., 2016).

Po zkuSenostech s timto mikroorganismem, ktery jerimo jiné pouZzivali k i produkci
extracelularnich polysachatid(Chytilova, 2017), jsme se rozhodli vyzkouSet Fldo
bakterialni kmeny, zejména jsme se 2#nna rod Halomonas Zastupci tohoto rodu jsou
Gram negativni rovné nebo zalené tyinkovité buiky, obvykle 0,6-0,8 x 1,6—1,9 um. Jsou
halotolerantni (také oztavané jako lehce azietre halofilni), schopnéist v koncentracich
NaCl v rozmezi 0,1-32,5 % (Whitman a kol., 2015)nddterych zastupic tohoto rodu byla
schopnost produkce PHA jiz popsanagtaré druhy jsou povaZzovany za slibné producenty
PHA (Martinez-Gutiérrez a kol.,, 2018). Otestovaimp potencialiady zastupt rodu
Halomonasa napiklad kmenyHalomonas organivoran€CM 7142T aHalomonas salina
CCM 4361 se jevi byt velice zajimavymi producenity®(Vodicka 2018; Kurzova 2018)

Porovnanimdchto kmeri jeS€ s kmenemHalomonas halophilarznikla publikace, jeZ je
soutasti Prilohy VII (Pernicova a kol., Materials Science Forum, 20@8, 955, s. 74-79).
V této praci jsme mimo jiné vyuZili multiplex PCRomoci které jsme zjistili, Ze vSechriy t
testované kmeny Halomonadglomonas halophilaHalomonas organivorana Halomonas
saling) obsahuji gephaC zodpowdny za polymeraci (R)-3-hydroxybutyryl-CoA za vzaik
P3HB. Tim jsme si u kmdnowiili schopnost produkovat PHA. Nasledrpisme pak
porovnavali schopnost utilizovat zakladni monosddlyaa zarové akumulovat PHA. Déle
jsme zkoumali vliv koncentrace NaCl v kult§rdch médiich na produktivitu PHA, jakoZ i na
molekulovou hmotnost a materidlové vlastnosti akiovaného polymeru. Obrazek 14
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shrnuje vysledkyH. organivoransnebyl schopenistu a biosyntézy P3HB v médiu s nizkou
osmolaritou (20 g/l NaCl), ale rostl di@bv pgitomnosti 40-100 g/l NaCl. Lze konstatovat, Ze
¢im vysSi osmolarita, tim vyssi obsah PHB v biontagaelosazen; nicmé&mnejvyssi vygzky
PHB byly ziskany v koncentraci NaCl odpovidajici ¢ dalSi zvySeni osmolarity mirn
inhibovalo Gst bakteriélni kultury.
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Obrézek 14 Vliv salinity pro&di na schopnostistu kmene Halomonas organivorans

Rodriguez-Contreras a kol. (2016) mjaila studii zabyvajici se vlivem salinity na
produkci PHA halofilni grampozitivni bakterBacillus megateriunuyuni S29. Pouzitim
tohoto kmene byl ziskan nejvyssi &gk PHA (2,22 g/l), stefhjako procentualni obsah PHA
v biomase fi koncentraci NaCl 45 g/l, zatimcdimizsi a vySSi koncentraci soli (5 a 100 g/l)
byla produktivita PHA dramaticky nizsi. KoncentradaCl je proto kikovym parametrem
ovliviujicim produktivitu PHA g pouziti halofilnich bakterii a musi byt optimaizana pro
kazdy novy produéni kmen PHA.

Z porovnani Wriloze VIl vychazel kmemdalomonas halophilavelmi slibrg, a proto jsme
se rozhodli ¥novat se tomutu tématu komplejin Vysledky pak byly publikovany a jsou
souwéstiPrilohy VIII (Kucera a kol., Bioresource Technology, 201&. 1256,¢. 1, s. 552-
556). Vyhodnou vlastnostiH. halophila jako potencialniho producenta PHA je, Ze tato
bakterie roste v levném mineralnim médiu, aniz pyadovala nakladné, komplexni zdroje
dusiku.Rada slibnych halofilnich producénPHA totiz vyzaduje komplexni zdroje dusiku
(Koller 2015).

Halomonas halophiladrive Deleya halophila je gramnegativni, strikthaerobni sedre
halofilni bakterie. Bvodré byla izolovana pobliZz Alicante v jihovychodnim $piaku
(Quesada a kol., 1984). Schopnost produkovat PHA byH. halophilanebyla az do naSi
publikace nikde publikovana. Cilem této prace pioitm prozkoumat biosyntézu PHA u této
zajimavé halofilni bakterie a zhodnotit jeji potéhgro biotechnologickou produkci PHA
z riznych levnych substréat

Podobr jako v gredchozi publikaci, byl i u kmen. halophila zkouman vliv salinity
prostedi na produkci PHA (Tabulka 10). V tomtdigact jsme se vSak zaifili i na
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molekulovou vahu (Mw) polymeru a jeho distribucéi #zké koncentraci NaCl se vytkio
PHB s nizSi hmotnosti, ale velmi Uzkou distribucivMse zvySenym osmotickym tlakem
v kultivatnim meédiu se zvySuje také Mw, ale také PDI. Pra® dalinitu definovat jako
parametr mechanické vlastnosti polymeru produkovarkinenentH. halophila

Tabulka 10 Vliv salinity prosédi na schopnostistu kmene Halomonas halophila
NaCl biomasa PHB PHB Mw PDI
(9/l) (g/l) (hm.%) (9/l) (kDa) ()

20 4,27+0,01 4757+2,76 2,03+0,1273+26 1,02

40 516+0,11 5196+3,00 2,68+0,1722+56 1,10
60 5,11+0,11 72,01+2,78 3,68+0,1693+27 1,29
80 4,66+0,12 58,34+6,58 2,72+0,3¥97+25 1,82
100 3,25+0,36 4543+050 1,48+0,1810+20 2,87

Krom¢ jiného jsme se \lanku zamndfili na schopnostH. halophila premenit razné
sacharidy na P3HB. S vyjimkou laktdézy byla bakteii&ultura schopna vyuzit vSechny
testované sacharidy. iékvapiv nejvyssi vygzky P3HB byly ziskany na rhamnose,
nasledované sachar6zou a glukozou, ale baktekalhira byla také schopna akumulovat
PHA na jinych sacharidech, jako je cellobiosa, xgldomandza nebo galaktéza (viz Obrazek
15). Zzjis€ni, Ze H. halophila je schopna utilizovat Siroké spektrum sacharje dilezite,
protoze to ukazuje, Ze kmenige byt pouzit pro produkci PHAiady levnych substrat jako
jsou lignoceluléza nebo melasa, potenaidle schopna utilizace i odpadnich substratu
bohatych na lakt6zu (napsyrovatka), nicméhlaktéza musi byt i@d samotnou kultivaci
enzymaticky nebo chemicky ro#pena na galakt6zu a glukozu.
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Obrazek 15 Koncentrace biomasy a P3HB produkovart#atéphila na fiznychcistych
sacharidech po 72 h kultivaci v Erlenmeyerovychkaah.
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S ohledem nadglné spektrum sachatidryuzitelnychH. halophilg byl kmen testovan na
produkci PHA na &kolika vybranych odpadnich substratech (Tabulka Zpptatku byla
kultivace provadna na syrové syrovatce. Vzhledem k torkl, halophila nebyl schopen
piimo utilizovat laktozu, ale jen jeji monomery glakba galakt6za tak byla provedena
hydrolyza pomoci HCI. DalSim testovanym zdrojemahylelasa, v tomtoffpads nebyla ped
kultivaci nutna Zadna hydrolyza, protoZze testovaakterialni kmen je schopnytimého
vyuziti sachardzy jako hlavni slozky melasly.halophilabyl také testovan na hydrolyzatech
lignocellulozovych materiél a to kavové sedliny (SCGH), pilin z¢kkého deva (SWDH),
kukuti¢nych stonk (CSH).

Tabulka 11 Koncentrace biomasy a P3HB produkovanatbphila na fiznych levnych
odpadnich substratech po 72 h kultivaci v Erlenmayech baikach.

Levné odpadni

substraty Biomasa [g/l] P3HB [hm. %] P3HB [g/1]
Hydrolyzat syrovatky 8.50 £0.17 38.32+221 3£26.27
Melasa 4.05 £ 0.06 64.06 +£1.13 2.57+0.14
SCGH 3.51+£0.15 61.95+1.34 2.17 £0.05
SCGH, 2x tecno 1.80+0.13 15.27 + 0.90 0.27 £0.02
SWDH 2.14 +0.19 46.85 + 4.29 1.00 £0.13
SWDH, 2x Ze&no 1.35+0.04 11.27 £ 0.23 0.15+0.01
CSH nedetekovano nedetekovano nedetekovano
CSH, 2x zec&no 2.12+0.1 38.67 £0.65 0.82 £0.01

H. halophila se jevi jako robustni bakterialni kmen s pozitwnhivyhlidkami pro
potencialni pimyslovou aplikaci. Prawghodobr v disledku pitomnosti podstatnéasti
pentézovych cukKr, jejichZz gemegna na PHA je metabolicky problematicka a métinna ve
srovnani s hexézami (Lopes a kol. 2009), jso¢Zkyt PHA ziskané na SWDH a CSH nizSi
nez vytzky ziskané u hydrolyzatu kavové sedliny, kterp@hatSi na hexosy. Koncentrace
sacharid stanovené metodou HPLC u jednotlivych hydrolyzated (pa&.) zaatkem a po
skorteni (kon.) kultivace jsou zobrazeny v Tabulka 12.

Tabulka 12 Stanovené koncentrace sachieaidghhibitori u hydrolyzat lignocelulozy.

glukéza xyl6za[g/l] arabin6za galakt6za + mandza
[9/1] [9/1] [o/1]
po¢. kon. poé. kon. poc. kon. poc. kon.
SCGH 1,48 0,98 O 0O 1,70 0,60 15,98 8,78
SCGH, 2x #edkno 0,74 0,69 O 0O 085 O 7,99 2,08
SWDH 1,74 1,736,61 1,78 0,88 O 0 0
SWDH, 2x Zedéno 0,86 0 3,30 0 044 O 0 0
CSH, 2x #edéno 323 0 522 0 072 O 0 0

Publikace byla také rozg&na o snimky ziskané pomoci transmisni elektronové
mikroskopie (TEM) a fluorescence-lifetime imagingknoskopie (FLIM) (Obrazek 16). Gb
tyto techniky umoznili vizualizovat granule PHA wuitkadch. Kultura kultivovana v médiu
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bohatém na dusik obsahovala &wamensi granule PHA oproti kulie pEstované v prosedi
s omezenym mnozstvim dusiku.
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Obrazek 16 Mikrofotografie H. halophila kultivovang komplexnim nutfihe bohatém
médiu (A, B — TEM, C — FLIM) a mineralnim médiinstovanym obsahem dusiku (D, E —
TEM, F - FLIM). Na obrazcich FLIM odpovida zelergr\a granulim PHB obarvenym
BODIPY 493/503 a modra ukazuje zelenou autofluemsczbytku bakterialnich bk

Z davodu slibnych vysledk na SCGH v fedchozi publikaci, jsme naS dalsi zjem
smetovali na valorizaci kavové sedliny (SCG) a vysledkbyla dalSi publikace, ktera je
souastiPrilohy IX (Kovakik a kol., Journal of Environmental Chemical Engirieg, 2018,
ro¢. 6,¢. 2, s. 3495-3501).

Vtéto praci byla SCG fpdupravena #@d samotnou kyselou hydrolyzouwiznymi
metodami. Cilem bylo porovnat vliwadhto metod na sloZeni ziskanych hydolizata
produktivitu PHA a jeho materialové vlastnosti. @vkvé sedliny byl fed aplikaci hydrolyzy
odstrarn tuk extrakci podle Soxhleta za pouzitiésshm-hexanu a isopropyl alkoholu (50:50).
DalSi aplikovanou metodou byla préigravu gredupraveného SCG bylo odstéanlipida a
nasledg extrakce polyfendl pomoci ethanolu v Soxhletowextraktoru. VSechny ziskané
hydrolyzaty byly podrobeny HPLC analyze a vysledkpu znazorény v Tabulce 13.
Zarown postup kyselé hydrolyzy se zm& odliSoval od postupu Rriloze VIII a proto
nemohou byt vysledkyipmo srovnavany sipdchozi publikaci.
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kavové sedliny. Extrakce oleje z SCG zvysila obsalkového cukru v SCGHiibplizné o
20 %. V poslednim SCGH s extrahovanym olejem a Ifenbyl srovnatelny s
negedupravenym. Dvodem pro snizeni obsahu cukru mohlo kgst&né odstraéni
hemiceluloz Bhem extrakce fendl Fenomén existence kompiexignin-sacharidy ve
direveénych a rostlinnych tkanich byl jiZide popsan (Koshijima a Watanabe, 2013).

Tabulka 13 Zalkadni sloZeni ziskanach hydrolyZ&€CGH#1 je needupravené, SCGH#2
je z odtdneného SCG a SCGH#3 je z oftteného SCG po extrakci ferol
SCGH#1 SCGH#2 SCGH#3

Celkové cukry [g/1] 64.415 77.8:1.1 65.8:1.2

Kyselina octova [g/l] 0.420.03 0.50:0.03 0.32£0.02
5-Hydroxymethyl furfural [g/I] 0.120.003 0.1A#0.002 0.120.002
Furfural [g/1] 0.02£0.001 0.0%:0.001 0.06:0.001
Celkové fenolické latky [g/l] 2.260.13 2.8%0.2 1.30:0.04

Koncentrace inhildnich latek vzniklich degradaci sachérid(kyselina octova,
5-hydroxymethyl furfural a furfural) jsou uvedenyTabulka 13. Stanovené hodnoty se [iSi
podle pouzité metodiky produkce SCGH a korelujasistem obsahu celkovych cukiNizké
stanovené koncentrace furfuralu a 5-hydroxymetinfdfalu ukazuji, Ze podminky hydrolyzy
byly nastaveny spra¥n coz zabranilo nezadouci ztfatukmi a tvorl® téchto toxickych
slowenin.

Za elem produkovat PHA kmenem. halophila byly vSechny hydrolyzatyredny na
koncentraci 20 g/l celkovych cukrNicméré, SCG hydrolyzaty byly #iliS toxické a zcela
inhibovaly ist H. halophila Proto byly vSechny SCG hydrolyzaty detoxikovadgapci na
nepolarnich pryskycich na bazi styren-divinylbenzenu (Amberlite XAD&ytéZky P3HB
jsou v Tabulce 14. NejvySSi produkce biomasy a P3iB ziskana pouzitim SCGH#2.
Z hlediska koncepce biorafinérie vSak metoda zisKs@GH#2 i SCGH#3 zajimava pro
dosazeni ekonomické efektivnosti a udrzitelnéhoziwani kavové sedliny. Olej ziskany
z SCG ped hydrolyzou lze pouzit v mnoha aplikacich s vgspokyidanou hodnotou.
Napriklad Ize pouzit jako zdroj pro vyrobu bionafty ("danov a kol. 2013), substratu pro
biotechnologickou vyrobu PHA (Obruca a kol., 20I#Bbo niize byt pouZzit v kosmetice jako
acinna latka v nové kosmetické formulaci se zlepSerkminim mazem a hydratai
vlastnosti (Ribeiro a kol., 2013).

Tabulka 14 Produkce P3HB a molekulova hmotnostydtodaného P3HB

Biomasa [g/l] P3HB [hm. %] P3HB[g/l] Mw (kDa) PDI (-)

SCGH #1 2.140.1 13.3t0.5 0.28+0.08 825+ 8 1.26+0.12
SCGH #2 3.520.3 27.0+1.2 0.95:0.09 81512 1.09+0.02
SCGH #3 2.180.1 15.9£0.5 0.35:0.07 440t 2 1.44+0.03
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4.5 Biotechnologicka produkce terpolymeru
poly(3-hydroxybutyrat- co-4-
hydroxybutyrat- co-3-hydroxyvalerat)

Déle jsme ufeli pozornost na moznost ovlivnit slozeni vysledng@olymeru, tak aby se
svymi materialovymi vlastnostmi liSil od P3HB, kéema vysokou krystalinitu a nizké
délkové prodlouZenitpprotazeni, coz limituje jeho aplikai potencial. DalSim néfnivym
parametrem je pak vysoka teplota tani, coz kommikasledné zpracovani polymeru. &ra
monomerniho sloZzeni v PHA, ndédad inkorporaci 3HV nebo 4HB, ma na tyto parametr
zasadni vliv. Proto jsme se rozhodli, Zze zkusinwelshnologicky produkovat terpolymer
poly(3-hydroxybutyraio-4-hydroxybutyrateo-3-hydroxyvalerat) (P(3HRB:0-4HB-co-
3HV)). Z bakteridlnich kmeah které jsou schopny akumulovat PHA s obsahem 4HB
monometi a které jsou dostupné ve sbirkach mikroorgafjshbyl vybran Cupriavidus
malaysiensi©DSMZ 19379, ktery je v literate ¢asto zmiovan (Ramachandran a kol, 2011).
Vysledky této prace jsou obsazeny v manuskripterykje sodasti této prace jakBiiloha X
(Kucera a kol., Bioengineering, 2019¢r®, s. 74).

Cupriavidus malaysiensiBSM 19379 @i rustu v gitomnosti gama-butyrolaktonu (GBL),
e-kaprolaktonu, 1,4-butandiolu a 1,6-hexandiolu dak&yntetizovat polymer sestavajiciho
z monomei 3HB a 4HB. Pro z#deréni 3HV podjednotky do struktury polymeru byly
pouzity jednostufové a dvoustugpve strategie vyroby terpolymeru. V jednostapem
kultivatnim rezimu slouzil GBL nebo 1,4-butandiol jako péimi substrat a zaroke
prekurzor 4HB a kyselina propionova a valerova jpkekurzor 3HV.

Pro zvySeni produktivity PHA jsme provedli dalSipekment, ve kterém byla kultivace
provedena ve dvou krocich. V prvnim kroku jsme ae¥#ili na kultivaci s maximalnim
vytéZkem biomasy za pouziti glycerolu (20 g/l) jakornéfo zdroje uhliku. Podle naSich
vysledii glycerol stimuluje #ist bakterie, ale népvadi se na P(3HB), coz by se dalo
povazovat za vyhodu, protoZe produkce terpolymemiz&ou frakci 3HB by mohla byt
dosaZzena ve druhém kroku. Kréoho byl glycerol (12 g/l) také smichan s 1,4-bdialem
(8 g/l) v paralelni sérii kultivaci. Druha faze Aaylprovadna v kultiva&nim médiu
s 1,4-butandiolem, kyselinou valerovou a limitovenyobsahem dusiku. 1,4-butandiol a
kyselina valerova byly pouzity jako prekurzory 4lB3HV. Kyselina valerova byla vybrana
jako prekurzor 3HV, protoZe byla identifikovanagakejlepsi prekurzor 3HV pro zkoumanou
kulturu. VSechny vysledky jsou uvedeny v Tabulcédlka 15.

Z nize uvedenych vysledkohoto experimentu je patrné, Ze bakterialni kmoestl nejlépe,
kdyZ byl v prvnim kroku pouzit glycerol v kombinasi 1,4-butandiolem a ve druhém
1,4-butandiol s valerovou kyselinou. Zisk biomasy 5,94 g/l. Naopak nejmensiigt byl
dosazen kultivaci za pouZziti glycerolu a nastedm-butandiolu, kde bylo ziskano pouze
1,60 g/l biomasy.
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Tabulka 15 Dvoustujova produkce terpolymeru - 48 hodin v glycerolumglycerolu a
1,4 butandiolu, poté/evedena na médium s limitovanym obsahem dusilekamorem

3HV.

Primarni  Sekundarni  Biomasa PHA PHA 3HB 4HB 3HV
substrat prekursor (a/h (a/m (hm%) (mol%) (mol%) (mol%)

1,4-BD 1.60+£0.03 0.84+0.02 52.3+0.80.9+0.7 18.1+0.3 1.1+04
Glycerol LA-BD 31058 1.42+025 521+18°0 0% 168409 295403

+ k. valerova 0.6

1,4-BD 3.26+0.11 2.09+0.01 64.1+2379+05 21.6+05 05+0.1
Glycerol 14°BD
+1,4-BD ' 594+0.14 4.14+005 69.6+0.B5.7+1.0 165+1.3 17.9+0.3

+ k. valerova

Z vysledki vyplyva, ZeCupriavidus malaysiensiBSM 19379 niZze (&inné syntetizovat
pozadovany terpolymer P(3H&»3HV-co-4HB). Hi vyuZziti dvoustupiové Kkultivani
strategie byl obsah PHA v bakteridlnichikéch podstathvyssi. NejvySSi hmotnostni frakce,
69,64 hm%, jakoz i nejvyssiho zisku PHA 4,14 glflobdosazeno, i pouziti glycerolu
spoleéné s 1,4-butandiolem v prvnim kroku a 1,4-butandiklselinou valerovou ve druhém.
Pokud jde o slozeni polymeru, dobrych vyskedkylo dosazeno, kdyz byl 1,4-butandiol
pouzit v kombinaci s kyselinou valerovou ve druhiéwku. Kdyz byl v prvnim kroku pouzit
pouze glycerol, ziskali jsme terpolymer slozenyz/8 mol% 3HB, 16,76 mol% 4HB a 29,46
mol% 3HV. Za pouziti glycerolu spaie¢ s 1,4-butandiolem v prvnim kroku byl naslédn
ziskan terpolymer slozeny z 3HB 65,68 mol%, 4HBA&GNol%, 3HV 17,86 mol%. Zda se,
Ze kombinace glycerolu a 1,4-butandiolu v prvninokkr kultivace a 1,4-butandiolu a
kyseliny valerové ve druhém stupni kultivace jenwietlibna strategie, kterd vede k vysokému
obsahu PHA v hitk&ch a také k vysokym podih 4HB a 3HV v terpolymerni struktel.

Vybrané ziskané polymery byly izolovany a charakterany z hlediska materialovych
vlastnosti. Ke studiu tepelnych vlastnosti polyinéyly vybrany techniky diferencialni
skenovaci kalorimetrie a termogravimetrie; Kcéemi molekulové hmotnosti a indexu
polydisperzity polymet pak byla pouzita vykovaci chromatografie. Vysledky jsou uvedeny
v Tabulce Tabulka 16. Vzorek. 1 je kontrolni polymer obsahujici témvyhradre
monomerni jednotky 3HB. Vzorek 2 byl odebran kultivaci za pouZziti kombinace 1,4-
butandiolu a kyseliny valerovéfipemz podil 3-hydroxyvaleratu v tomto vzorku byl 14,7
mol%. Vzorek¢. 3 byl ziskan kultivaci za pouziti 1,4-butandi@upropionatu sodného a
koncentrace 3HV byla 8,3 mol%. Posledni vzorek mdlovan z buicéné suspenze
kultivované za &elem produkce terpolymeru, za pouziti glyceroluaaledr 1,4-butandiolu
spole&n¢é s kyselinou valerovou. V tomto vzorku byl molapomer 3HV vibec nejvyssi,
konkrétre 29,4 mol%. Vysledky jsou uvedeny v tabulce 4.

Z termogrami zaznamenanych diferémi skenovaci kalorimetrii jsme stanovili teplotu
skelného pechodu (Tg) a teplotu tani (Tm). Celkové teplo fidé bylo také stanoveno
integraci endotermy tani. Pomoci termogravimetyla stanovena teplota g@tku degradace
(Tdonse) a teplota, kterd odpovida maximalni rychlostiktedu vzorku (Tehay).
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Tabulka 16 Vlastnosti vybranych polynaer
3HB 4HB 3HV Mw  PDI Tg Tm AH  Tdonset Tdmax

VZorek  1molgs) (molk) (mol%e) (kDa) () (°C) (°C) (g) (°C) _ (°C)
155,8 4.7
99,3 0,7 0 156,0 1,04 - 1687 64,9 271,9 287,9

60,6 24,7 147 258,7 10248 161,3 2,8 2715 2935
63,8 27,9 8,3 3146 1,0126,2 161,7 3,0 2752 300,8
53,8 16,8 29,4 137,9 1,17290 1646 12,7 2714 2955

A WN

Porovnéani termograinDSC ¢ty izolovanych polymet je zndzortno na Obrazek 17. Ve
vzorku¢. 1 je endoterma s ostrou teplotou tani, kterdogevaje i asi 170 °C, coz je typické
pro P3HB. Plocha piku odpovida teplu usmiédmu v tomto procesu. Velka oblast endotermy
tani naznéuje, Ze jde o polymer s vysokym stdpm krystalinity. Vzorek je dale
charakterizovan dvojitym vrcholem v bodu tani, aazuje, Ze polymerni krystaly jsou
piitomny ve dvou formach sé&etelnou tepelnou stabilitou. Na druhou stranu chdeorka
terpolymeru (vzorky 2—4) je na prvni pohled &idZze na kivkach je vidt mnohem méh
intenzivni pik tani. Zdanlivy skelnyipchod a studena krystalizace polymernfel¥zci
dohromady zn&né nazn&uji vyznamré sniZzenou tendenci ke spontanni krystalizaci. Jinym
slovy, zapojeni dalsiho monomeru do kopolymernilkstiry vedlo k amorfni strukte.
Zaclenéni 3HV do polymerni struktury také agobilo snizeni teploty tani natilplizné
161 °C.
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Obrazek 17 Vysledky DSC analyzy izolovanych polyjegchz materialové viastnosti
jsou zobrazeny v Tabulce 16. Vzotel je kontrolni polymer obsahuijici téfvyhradr®
monomerni jednotky 3HB. Vzorky 2-4 jsou terpolynsariznymi pomery monome(Kucera
a kol., 2019).

Heat Flow (W/g)
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ZAV ER

PredloZen& dizertani prace se zabyvérgrevsSim vyuzitim lignocelul6zovych matedidl
k produkci polyhydroxyalkanoét ale zabr prace ma daleko SirSi rozsah. Kekomoznosti
kvantifikace PHA se prace zabyva i studiem aplikeeluiniho inZenyrstvi zadelem ziskat
nové kmeny se schopnosti lépe odolavatiimeprym vlivim vzniklych g hydrolyze
lignocelul6zy. DalSicast prace pak bylaémovana pirozenym kmefim, které jsou schopny
rastu pouze v extrémnim prosti a zaroén jsou schopny produkce PHA. Vysledky jsou
prezentovany formou diskuze 10 publikovanych preiré jsou v filoze (Kapitola 9).

Pritokovou cytometrii 1ze vyuzit nejenom kéeni gFitomnosti PHA ve strukiie
bakterialnich buk, ale také pro kvantifikaci. Metoda sppeajici ve fixaci busk a
nasledném obarveni nilskoterveni vSak nedosahovala vysoké korelace a je
vhodrgjSi pro orientani posouzeni obsahu PHA. V porovnani s Ramanovskou
spektroskopii viek tato metoda umoznuje analyzwlbura urovni jedné hiky,

coz umoznuj studovat distribuci PHA v jednotlivych populacich.

Ramanova spektroskopie se ukazala jako snadno osmptddna technika

umozniujici kvalitativni a kvantitativni analyzu RHMetoda vyuZivajici pik DNA

(787 cm!) nebo pik Amid | (1662 cr jako vnitni standard dosahovala u
bakteridlniho kmen€upriavidus necatoH16 vysoké korelace. Tato technika je
aplikovatelnd pran-situ monitoring P3HB produkce v redlnédase. Ramanova
spektroskopie iedstavujefadu benefii oproti sodasré vyuzivanym metodam

kvantifikace, jako je plynova chromatografiefegevsim diky rychlosti a

neinvazit.

Hydrolyzat smisi mekkého deva ziskany kyselou hydrolyzou neni mozno vyuzit
pro produkci PHA bez fiedchazejiji aplikace detoxifikai metody, protoze ip
hydrolyze vznika znmé mnozsti inhikiinich latek jako jsou kyselina octova, HMF,
furfural nebo polyfenoly.

Detoxifikace hydrolyzatu igva aktivnim uhlim a metodou ,overliming* vedla
k odstragni zna&né casti polyfenolickych latek. Vyrazn lepSich vysledk
dosahovala metoda vyuzivajici aktivni Ghli, ktetami@ovala vice nez 90 %
polyfenoli. Detoxifikované hydrolyzaty byly pouzity pro prddu P3HB

s vyuzitim bakteridlnich kmé@nBurkholderia cepaciaa B. saccharia i z tohoto
hlediska hydrolyzat po aplikaci aktivniho ahli dosaal nejvyssi vysledky. Proto
jeho &innost byla porovnana s lignitem.

Lignit Ize pouZzit jako sorbent k detoxifikaci hytypatu deva a jeho &nnost je

srovnatelna s dZn¢ pouzivanym aktivnim uhlim. Tato detoxdéka metoda byla
hodnocena iimo @i pouZziti hydrolyzai dieva pro produkci PHA pomoci
bakterialnich kmein Burkholderia cepaciaa B. sacchari Vysledky ukazaly, Ze
pouziti hrgdého uhli vyrazé zlepSilo fermentovatelnost hydrolydatdieva a

zvysilo vykzky PHA.
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Alkalicky hydrolyzované kieci péi bylo testovano pro produkci PHA pomoci
kmeneC. necatorjako komplexni zdroj dusiku. Jako substrat byl Zsoodpadni
fritovaci olej. Kombinaci 1 g/l siranu amonnéhaisigvkem 10 obj. % hydrolyzatu
pei doslo k nejvysSimu v§Eku biomasy a PHA. Déle byl zkouman vlivipea
inkorporaci monomeru 3HV do PHA. Jako prekurzor 3bya pouzita kyselina
valerova, propanol a propionat sodny. Vliv hydrélgz byl pozitivni, a to
piedevSim v fipadt propionatu.

Metodou evoldniho inZenyrstvi bylo zijvodniho divokého kmen€. necatorH16
ziskano pt kmerm adaptovanych na kyselinu levulovou. VSechny ziékameny
vykazovaly lepSi st v pitomnosti inhibitoru LA, neZ bylo pozorovano u
puvodniho kmene, coZ byl jeden z hlavnich parafngtotvrzujicich Usgsny
adapténi proces. Analyza PHA v biomase navic ukazala ivgiisah PHA
v biomase a pro gkteré kmeny také vyssi obsah 3HV v kopolymeru P(3i6B
3HV). KmenC. necatorALA04 opakovag uvadl nejvyssi hodnotu PHA a take
obsah 3HV s vice nez 20 mol. %.

U vSech ti testovanych halofilnich kmén konkrétd Halomonas halophila
Halomonas organivoransa Halomonas salina bylo pomoci multiplex PCR
zjisténo, Ze obsahuji gephaC zodpowdny za polymeraci (R)-3-hydroxybutyryl-
CoOA za vzniku P3HB.

Halomonas halophiladlokaze utilizovat Sirokou paletu sachéridoZz dava kmeni
vysoky potencial v utilizaci odpadnich agro-indidtrich substrdit To také bylo
testovano na hydrolyzované syrovatce, melase a olymdteh vybranych
lignocelukovych odpad — kavova sedlina,idwvené piliny, kukdi¢na slama. Kmen
nedokazal z jednoduchych sacharidgtilizovat laktozu, ale i f@sto bylo mozné
produkovat PHA ze syrovatky, tim Ze jsmiradili krok kyselé hydrolyzy. Poté
syrovétka vychézela ze v3ch testovanych odpagjlépe, zatimco s hydrolyzéaty
lignocelulézy n&l kmen problémy. K nejlepsi utilizaci dochazelofipact kdvove
sedliny.

H. halophila v zavislosti na salindt prostedi vykazovala zrmé rozdilnou
produktivitu PHA a také mechanické a termalni viasti produkovaného PHA se
liSily. Produktivita PHA dosahovala maximalnich nod v prostedi o koncentraci
60 g/l NaCl, pi které byl i nejvysSi procentualni obsah PHA vrbase.
Molekulovd hmotnost ziskaného polymeru rostla asistajici salinitou prosedi
az do koncentrace 60 g/kigemz @i hodnotach 80 a 100 g/l se zasadelisla, ale
doSlo k néiistu polydisperzity. NejvysSi termalni stabilita dytaznamenana u
PHA produkovaného ve 20 g/l NaCl. Teplota tani pwyu byla u vSech
koncentraci stanovena okolo 180 °C.

Daéle byl testovan vliv fedupravy kavové sedliny na produkci PHA kmenidm
halophila Kavova sedlina po vyextrahovani dlepyla po hydrolyze Iépe
utilizovatelna a bylo dosazeno nejvysSichéilti biomasy a PHA. Zazeni dalsi
piedupravy v podabextrakce polyfenal ethanolem r&o pouze nepatrny pozitivni
vliv, avSak z pohledu biorafinerietrhe mit tento krok pozitivni ekonomicky vliv.



* Vyvinuli jsme dvoustupovou kultiva&ni strategii, ktera je zaloZzena na aplikaci
glycerolu a 1,4-butandiolu jako uhlikovych substratprvni fazi kultivace, a poté
se buiky prenesou do kultivaniho média s limitovanym obsahem dusiku a
1,4-butandiol s kyselinou valerovou slouzi jako dtdt. Tato kultivani strategie
poskytuje vysoky vytzek PHA a obsah PHA v bakterialnichinkach, coz je velmi
pozitivni. Krome toho se ziska terpolymer P(3HB-3HV-co-4HB) s nizkou frakci
3HB a vysokym obsahem 3HV a 4HB s velmi zajimavymateridlovymi
vlastnostmi.
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6 BUDOUCI PERSPEKTIVA

Vysledky a zkuSenosti, které jsme ziskali v expeniech prezentovanych v této praci,
piinesly nové otazky a cile, které bychom v budou@di vys\tlili a kterych bychom cldi
v budoucnu doséhnout.

Zde je jejich kratky vyet:
* Vyvinout postupy vyuZivajici Ramanovu spektroskobiselekci potencialnich
produceni PHA.
» Vyvinout setrrjSi postupy hydrolyzy lignoceluldzy.

* Aplikovat evoli&ni inZenyrstvi na dalSi mikroorganismy schopné pkoe PHA a
otestovat, zda naSe postupy vedou k jednerau vzniku evolvovanych kmén
piizpusobenych konkrétnim stresovym fakitor

* Vyuzit technik genového inzenyrstvi k ziskani kihekteré budou odokjSi vici
inhibitoram vznikajici g zpracovani lignocelulozy.

* Lépe porozurt procesm a biochemickym draham u extrémofilnich bakterii a
vyuZzit tyto znalosti pro zvyseni produktivity PHA

» Otestovat dalSi substraty pfoeupriavidus malaysiensikteré maji potencial byt
inkorporovany do struktury PHA za vzniku terpolymer

» Prevést tento proces do laboratornich bioredktaby se vyhodnotila jeho
vhodnost pro prmyslovou vyrobu PHA.
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Dan Kuera vypracoval komplexni koncepci experimentalniacpr v rdmci
experimentalni prace senoval kultivacim a analyze mikrobialnich npomoci
plynové chromatografie a {tokové cytometrie. Spolupodilel se také ndpraw
vzorka pro dalSi analyzy. V ramciiipravy publikace fipravil véstSinu textu. Podle
sytému Apollo mu v autorskem kolektiviigiusi autorsky podil 35 %.

Dan Kuera se podilel na navrhu experimentalnich strategiimci experimentalni
prace se &noval kultivacim a analyze mikrobialnich tkn pomoci plynové
chromatografie a spolupodilel se ndppaw vztorki pro dalSi analyzy. Na publikaci
se podilel popisem matebah metod, a také na diskuzi a interpretaci vysieéodle
sytému Apollo mu v autorském kolektivisiglusi autorsky podil 24 %.

Dan Kwera se podilel na navrhu experimemt experimentélnich strategii, v ramci
experimentalni prace seénoval gipraw meédii zalozenych na lignocelul6zovych
hydrolyzatech a jejich detoxifikaci a naslednym am ke kultivacim. Analyzoval
mikrobialni buiky pomoci plynové chromatografie a ziskané hydratyzpomoci
vysoce @inné kapalinové chromatografie. V ramciigravy publikace fipravil
veéstSinu textu a zajistil komunikaci s recenzentyribphu recenznihdizeni. Podle
sytému Apollo mu v autorském kolektivisiglusi autorsky podil 30 %.

Dan Kuera se podilel na navrhu experimegnt ramci experimentalni prace se
vénoval ipraw hydrolyzah pet, které vyuzil ke kultivacim. Déle s€nwoval analyze
mikrobialnich bugk pomoci plynové chromatografie a spolupodilel sepfipraw
vzorka pro dalsi analyzy. V ramcitipravy publikace se podilel naipraw vysledki

a jejich dizkuzi. Podle sytému Apollo mu v autonskéolektivu islusi autorsky
podil 30 %.

Dan Kuera se podilel na navrhu experimeiat experimentalnich strategii, v ramci
experimentalni prace s&noval gipraw evolvovanych kultur a jejich kultivaci. Dale
pak analyze mikrobialnich bgk pomoci plynové chromatografie a spolupodilel ae n
piiprav vzorki pro dalSi analyzy. Abstraktipravil sdm a néasledrjej prezentoval na
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zahrantni konferenci. Podle sytému Apollo mu v autorskémlektivu pislusi
autorsky podil 25 %.

Prace z velké&asti navazuje narpdchozi abstrakt {Roha V). Dan Kéera se podilel
na navrhu experimeinta experimentalnich strategii, v ramci experimetgalace se
vénoval pgipaw evolvovanych kultur a jejich kultivaci. Dale paknadyze
mikrobialnich bugk pomoci plynové chromatografie a spolupodilel sepfipraw
vztorka pro dalSi analyzy. V ramcitipravy publikace se podilel zpracovani sekce
.,materialy a metody”, naffpraw vysledki a jejich dizkuzi. Podle sytému Apollo mu
v autorském kolektivuifslusi autorsky podil 15 %.

Dan Kuera se vramci experimentélni prace smowval kultivacim a analyze
mikrobialnich bugk pomoci plynové chromatografie a spolupodilel sepfpraw
vzorki pro dalSi analyzy. V ramcifipravy publikace se podilel zpracovatésti
.-materialy a metody”, naifpraw vysledki a jejich dizkuzi. Podle sytému Apollo mu

v autorském kolektivuifslusi autorsky podil 25 %.

Dan Kuera vypracoval komplexni koncepci experimentalniacpr v ramci
experimentalni prace seinoval kultivacim a analyze mikrobialnich knpomoci
plynové chromatografie a spolupodilel se n@pnaw vzorki pro dalSi analyzy.
V ramci @ipravy publikace byl koordinatorem, ktery zajistévaznost jednotlivych
kapitol vzhledem k Sirokému autorskému tymuigonavil vétSinu sekce ,materialy a
metody”, podilel se na interpretaci a dizkuzi vi&le Podilel se na korespondenci
v ramci recenznihdizeni. Podle sytému Apollo mu v autorském kolektpiislusi
autorsky podil 20 %.

Dan Kwera se podilel na vypracovani navrhu koncepce @eéze, v ramci
experimentalni prace senoval kultivacim, které zahrnovalyrgedevsim fipravu a
detoxifikaci médii, a analyze mikrobialnich npomoci plynové chromatografie a
spolupodilel se naftfpraw vztorki pro dalSi analyzy. V ramcitipravy publikace
pripravil vétSi ¢ast vysledik a podilel se jejich dizkuzi. Podle sytému Apolla m
v autorském kolektivuifslusi autorsky podil 15 %.

Dan Kwera se podilel na navrhu experimemt experimentélnich strategii, v ramci
experimentalni prace seinoval kultivacim, analyze mikrobialnich btkn pomoci
plynové chromatografie a izolaci ziskaného polymddale se spolupodilel se na
piipraw vzorki pro dalSi analyzy. V ramcifipravy publikace ppravil véstSinu textu

a zajistil komunikaci s recenzenty vipghu recenznihdizeni. Podle sytému Apollo
mu v autorském kolektivuifslusi autorsky podil 35 %.
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Abstract

Polyhydroxyalkanoates (PHAs) are bacterial polyesters which are considered as biodegradable and
environmentally-friendly alternative to petrochemical plastics. Biotechnological production of PHAs is
complicated by the lack of fast and reliable analytical tool enabling rapid and sensitive determination of PHAs
in bacterial cells during the biotechnological process. The most commonly employed method for quantitative
analysis of PHAs is gas chromatography, nevertheless, labour intensity and time demands of this methods
prevents its application for routine analysis of PHAs during biotechnological process. The aim of this work was
to compare two analytical methods which could be used for determination of intracellular content in time-
frame of 20 minutes - Flow cytometry and Raman spectroscopy.

Introduction

PHAs are polyesters of natural origin accumulated as carbon and energy storage materials in a form of
intracellular granules by a wide variety of bacterial strains including Gram-negative and Gram-positive species
(i.e. autotrophic, heterotrophic and phototrophic microorganisms, aerobes and anaerobes) as well as for some
Archae strains. Due to their mechanical properties resembling synthetic polymers and their fully biodegradable
and biocompatible nature, PHAs are considered being ecologically-friendly alternative for petrochemical
plastics.

Biotechnological production of PHAs is complicated by the lack of fast and reliable analytical tool enabling rapid
and sensitive determination of PHAs in bacterial cells during the biotechnological process. The most commonly
employed method for quantitative analysis of PHAs is gas chromatography, nevertheless, labour intensity and
time demands of this methods prevents its application for routine analysis of PHAs during biotechnological
process. Apart from gas chromatography, there are other techniques (such as gravimetric and turbidimetric
analysis, UV spectroscopy, optical fluorescence or electron microscopy etc.) which can be used for
determination of PHAs in bacterial cells !, nevertheless most of them are time consuming and/or do not
provide sufficient reliability or sensitivity to be used in PHAs production process control.

The surface analysis technique of Raman spectroscopy is slowly becoming a well-recognized analytical
technique because of the identification of its competitive position amongst other techniques. Raman
spectroscopy has an extremely competitive position if in-situ, fast analysis is required, for instance, at process
bioproduction line. The sample does not have to be prepared for analysis using solvents, the technique is label
free and with minimal interference from water.

Flow cytometry is another feasible method to measure PHB content in cells by measuring the change in the
cellular light scattering properties caused by the formation of PHB granules. A more sensitive method utilizing
of staining the cellular PHB with Nile red. These optical methods allow for almost real-time online
measurement of PHB for bioreactor monitoring, control and optimization. Furthermore, flow cytometric
methods provide information on the single cell distribution of PHB content, which cannot be obtained in
conventional physiological studies. However background staining of intraceliular lipids reduces the sensitivity of
the method .

Materials and methods

Microorganisms and their cultivation

Cupriavidus necator H16 (CCM 3726) was obtained from the Czech Collection of Microorganisms, Brno, Czech
Republic.

To obtain cells with various intraceliular content of PHB, culture of C. necator H16 was cultivated in Erlenmeyer
flasks (volume 250 mL) containing 100 mL of Mineral Salt (MS) medium described elsewhere * containing

4" International Conference on Chemical Technology | ICCT 2016
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various concentrations of fructose (5-20 g/l) as a sole carbon source and (NH4):504 (1-5 g/l) as a sole nitrogen
source. The flasks were inoculated by 5 mL of the overnight culture of a cells grown in Nutrient Broth medium
(NB medium, 10 g peptone, 10 g beef extract, 5 g NaCl in 1 L of distilled water). The samples were taken at
various cultivation times, the cells were harvested (centrifugation, 8000xg, 5 min) and PHB content was
analysed by gas chromatography, Raman Spectroctroscopy and Flow cytometry.

Before PHB analysis by gas chromatography, the cells washed with 5% (vol/vol) Triton X (10 ml) and distilled
water, respectively and dried overnight at 105°C. After that the PHB content of dried cells was analysed by gas
chromatography (Trace GC Ultra, Thermo Scientific, USA) as reported by Brandl et al. *. Commercially available
PHB (Sigma Aldrich, Germany) was used as a standard; benzoic acid (LachNer, Czech Republic) was used as an
internal standard.

Flow cytometry

Bacterial suspension was diluted by PBS to concentration 10° cells in 1 mi. The cells were washed with PBS,
fixed by 20% ethanol 10 minutes in 4 "C and resuspended in PBS. 5 um of solution of Nile Red (Sigma Aldrich,
Germany, 1mg/ml DMSO) was added. Flow cytometer Apogee ASO (Apogee Flow Systems Ltd., UK) with a laser
with a wavelength of 488 nm was utilized to measure the single cell fluorescence intensity after staining. Nile
red fluorescence was measured using a 590 £+ 35 nm band pass filter. Mean fluorescence intensity, small-angle
scattering (SALS) and large-angle scattering (LALS) were used for calibration curves.

Raman spectroscopy

To prepare samples for Raman analysis, aliquots of washed cells were dried on CaF glass at room temperature.
Dried cells were analysed using a Renishaw Invia system (Renishaw inVia Raman Spectrometer, Renishaw pic.,
Wotton-under-Edge, UK), with 785 nm single-mode diode laser as the excitation source. A laser beam was
focused onto a sample by the microscope objective (Leica, Wetzlar, Germany, 50x, NA (Numerical aperture)
0.5) with the laser spot diameter of approximately 2 uym x 10 um (note that such laser spot shape is
characteristic for the Renishaw inVia instrument), with full axial depth of the excitation region at 8 um. The
laser was focused onto a surface of the sample. Overview spectra were acquired in the range of 700-1800
cm™*, Each spectrum used for calibration was measured for 15 s from different parts of a dried sample in a total
of 3 measurements for one sample and averaged.

Bacterial samples were first transferred from the culture media, centrifuged and washed. Then, small drop of
sample was placed on CaF microscopic slide and dried at room temperature.

Raman dato processing

The Raman spectra were treated with the Savitzky-Golay coupled advanced rolling filter background removal
routine (see *), normalized to Amide | (1656 cm™®) and DNA (878 cm™) and subsequently emission line
intensities of interest were estimated for construction of calibration curves using the program written in-house
using MatLab software (MathWorks, Natick, MA, USA). As already mentioned, obtained spectra were
normalized to the peak assigned to the DNA and Amide |. Both Raman features are present in all of the tested
microorganisms and were used for internal standardization following numerous tests to use this peak intensity.

Results and discussion

Calibration of PHB concentration by Flow cytometry

The measured fluorescence intensity, LALS and SALS was compared with the cellular PHB content obtained
from gas chromatography, and a linear regression was performed to quantify the relationship (Fig.1).
Approached linearity of dependence PHB content on mean LALS and SALS is lower than on FL3 channel. The
method not seems to be sufficiently accurate and has considerable drawbacks in the range of values between 0
and 30% PHB. Possibility to increase the accuracy of quantification PHAs by flow cytometry could be achieved
by using another fluorophores such as BODIPY 439/503. Use of Nile Red for this purpose is insufficient. On the
contrary, Flow cytometry providing analysis of bacterial cells at singlecelllevel can be used to study
distribution of PHA among bacterial population under investigation.
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Figure 1. Calibration plot for PHB in C. necator over a PHB concentration. Approached linearity of dependence

PHB content on large and small angle light scattering is lower than on FL3 channel. Coefficient of determination
reached 0.96.

Raman micro-spectroscopic experiments with PHB producing bacteria were carried out using Renishaw Invia
system. Fig. 2 shows a typical Raman spectrum, here for Cupriavidus necator H16 cultured directly on a Petri
dish. It should be pointed out that for the sake of simplicity the samples can be analysed directly on the Petri
dishes on which the bacteria were cultivated.

The whole cell Raman spectrum revealed some characteristic emission lines which can be attributed to
common cell components such as DNA (786 cm™), phenylalanine (1005 cm™) or proteins and lipids (so called
Amide | at 1662 cm™*). PHB provides several Raman peaks (837, 1455, 1736 cm') which can be theoretically
used for PHB identification and further analysis. Among them, the emission lines at 1736 c¢cm™* can be

considered being the most useful because no other biomolecule, present in bacterial cells, interferes at this
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Figure 2. (a) Raman spectra of Cupriovidus necator H16 cultivated on Petri dish. (b) list of selected emission
lines. Note that peaks 1, 5 and 6 were used for calibration of PHB in the bacteria sample - No.: 6 for PHB, No.: 5
internal standard (Amide 1), and No.: 1 internal standard (DNA).
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For the calibration. reference samples of various PHB contents were prepared and the exact amounts of PHB in
these samples were determined using an established method of gas chromatography (GC). The reference
samples with PHB concentrations in the range from 12 to 90 % (w/w) were used. Since it can be expected that
intracellular concentration of proteins and nucleic acid is more or less constant in the samples, lines at
787 cm™* (DNA) and at 1662 ¢cm™* (Amide 1) were proposed as internal standards for reliable calibration
procedure. Consequently, the average PHB/DNA and PHB/Amide ratio value for each sample was plotted vs. its
reference value. The resuiting calibration curves are shown in Fig. 3.

12

y*0.1183x-0.9908
R = 09964

Internal standard at 787 cm*!

PHB/internal standard

yo00387s- 04474

o 10 0 30 &0 0 L] 0 82 %© 100

PHB concentration

Figure 3. Calibration plot for PHB in C. necotor over a PHB concentration range 12-90 % (by mass). For upper
calibration curve (squares) emission line at 787 cm™ (DNA) was used as an internal standard. The bottom
calibration curve was constructed using line at 1662 cm™ (Amide 1) as an internal standard. Error bars do not
exceed the size of the symbols. Coefficient of determination reached 0.99.

In summary, we have shown that it is possible to perform fast quantitative Raman spectroscopy analysis to
monitor PHB concentrations in Cupriavidus necator H16. The data from bacterial samples fitted well the
straight line of calibration curve with coefficient of determination of 0.99. Raman spectroscopy excels in the
speed of the identification/quantification process over the most commonly used existing routine chemical
techniques such as Gas Chromatography.

Entire procedure of sample preparation and analysis for Raman spectroscopy and Flow cytometry takes about
17 minutes. Determination of PHA by GC takes more than 8 hours.

Conclusion

In general, both techniques can be used for fast determination of intracellular PHA content, nevertheless,
Raman spectroscopy seems to be more suitable and reliable technique for purpose of PHA production process
monitoring. Based on our experience, its performance can be compared to GC-FID. On the contrary, Flow
cytometry providing analysis of bacterial cells at single-cell-level can be used to study distribution of PHA
among bacterial population under investigation.
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Abstract: We report herein on the spplicstion of Raman spectroscopy to the rapid quantitstive anslysis of
polyhydroxyslksnoates (PHAs), biodegradsble polyesters sccumulated by various bacteria. This theme was exemplified
for quantitative detection of the most common member of PHAs, poly(3-hydroxybutyrate) (PHB) in Cupniavidus necafor
H18. We have identified the relevant spectral region (200-1800 em™") incorporating the Raman emission lines exploited
for the calibration of PHB (PHB line at 1738 cm™") and for the selection of the two internal standards (DNA st 788 em™!
and Amide | at 1882 cm™7). In order to obtsin quantitative data for calibration of intraceliular content of PHB in bacterial
cells reference samples containing PHB amounts—determined by gas chromatography—from 12% to 20% (w/w) were
used. Consequently, analytical results based on this calibration can be used for fast and reliable determination of
intraceliular PHE content during biotechnological production of PHB since the whole procedure—from bacteris
sampling, centrifugation, and sample preparation to Raman analysis—can take about 12 min. In contrast, gas
chromatography analysis takes approximately S h.

Keywords: Raman spectroscopy: Cuprisvidus necsfor H18: polyhydroxyslksnostes

1. Introduction

PHAs are polyesters of natural origin accumulsted as carbon and energy storage materials in & form of intracellular
granules by & wide variety of bacterial strains including Gram-negative and Gram-positive species (i.e., autotrophic,
heterctrophic, and phototrophic microorganisms, serobes and anaerobes) as well as for some Archae strains. Due to their
mechanical properties resembling synthetic polymers and their fully biodegradable and biocompstible nature, PHAs are
considered being ecologicslly friendly slternstive for petrochemical plastics [1.2]. Nevertheless, there sre several aspects
that prevent PHAs from massively entering the market. The cost of PHAs is significantly higher than thst of synthetic
polymers. Since about 45% of the totsl costs of PHA production are ascribed to carbon sources, such as refined glucose or
sucrose. Therefore, cheap wastes or side products of agriculture and food industry, are used as inexpensive carbon
substrates, improving thus the economic feasibility of the PHA production [2.3]. Further, the biotechnological production of
PHAs is also complicated by the lack of fast and reliable analytical tools enabling the rapid and sensitive determination of
PHAs in bacterial celis during the biotechnological process. The most commonly employed method for quantitative analysis
of PHAs is gas chromatography. nevertheless, the labor intensity and time demands of this method prevents its application
for routine analysis of PHAs during the biotechnological process. Apart from gas chromatography. there sre other
techniques (such as gravimetry, turbidimetry. UV spectroscopy. optical fluorescence. and electron microscopy) that can be
used for the determination of PHAs in bacterial celis [4], but most of them are time consuming or do not provide sufficient
reliability or sensitivity to be used in the PHA production process control.

Therefore, the main sim of our study was to utilize Raman spectroscopy for the quantitstive determination of the most
common member of PHAs family. poly(3-hydroxybutyrate) (PHB). For this purpose, cells with various contents of PHB are
referenced to selected internal standards using dedicated Raman spectrs of bacterisl strain Cupriavidus necator H16, which
is considered a mode! microorganism for PHA metabolism and a valid candidate for the industrial production of PHAs.

The technique of Raman spectroscopy is siowly becoming a well recognized analytical technique becsuse of the
identification of its competitive position amongst other techniques [5.5.7]. Raman spectroscopy has an extremely
competitive position if in situ, contsctiess, noninvasive, and fast analysis is required, say, on-line in biotechnological
processes. The sample does not have to be prepared for analysis using solvents: the technique is label free with minimal
interference from water [2.0.10.11,12,12,14,15.18,17.18.18].
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For the anaiysis of PHB-producing bacteria, experiments have recently been performed in which PHB spectra were
recognized [10.20]. Additionally, studies using the IR-Raman technique were performed on different polymers [21.22].

However, studies [18.20] do not provide relisble quantitstive snalysis over the entire range of PHE concentrations
required by biotechnological production. In [18]. the suthors used Raman band intensities plotted against PHB content
determined by HPLC. The highest concentration of PHE was about 0.2 g/L (note that industrial applications require
concentrations of about tens of g/L). Cupniavidus necator H16 has been used recently to monitor the PHB fermentation
process [23] using the intensities of the Raman bands.

In contrast, our work presents Raman intensity ratios that. rather than simply use the spectral intensity, were recorded and
used to construct s calibration curve. This process is often referred to as internal standardizstion and eliminstes different
experimentsl factors such ss laser power and instruments! effects. Recently, internal standardization employing Raman
spectroscopy was used for the rapid determination of the quality of turmeric roots [24].

Thus, our study presents full calibration curves based on internal standards covering s large range of PHB concentrations
—up to ©0% (w/w). To the best of our knowledge. such data has not been published previously. Our results are convincing.
and we believe that our study will be of significant assistance to research groups being involved in the biotechnological
production of PHB.

2. Materials and Methods

2.1. Microorganisms and Their Cultivation

Cupnavidus necator H18 (CCM 3728) was obtained from the Czech Collection of Microorganisms (Masaryk University,
Facuity of Science, Bmo. Czech Republic).

To obtain cells with various amounts of intracellular content of PHB. a culture of Cupriavidus necator H18 was cultivated in
Erlenmeyer flasks (volume 250 mL) containing 100 mL of a mineral salt (MS) medium described eisewhere [25] containing
various concentrations of fructose (5-20 g/L) ss a sole carbon source and (NH:)2S04 (1-5 g/L) as a sole nitrogen source.
The flasks were inoculated by § mL of an overnight culture of cells grown in a nutrient broth (NS) medium (NS medium: 10 g
of peptone, 10 g of beef extract. and 5 g of NaCl in 1 L of distilled water). The samples were taken st various cultivation
times, the cells were harvested (centrifugation. 8000x g. 5§ min). and PHB content was analyzed via gas chromatography
and Raman spectroscopy.

Before PHB snalysis via gas chromatography. the cells washed with 5% (vol/vol) Triton X (10 mL) and distilled water and
dried overnight at 105 *C. Consequently, the PHB content of dried cells was analyzed via gas chromatography (Trace GC
Ultra, Thermo Scientific, Waltham, MA, USA). Commercislly svsilable PHB (Sigma Aldrich, Germany) was used ss a
standard; benzoic acid (LachNer, Neratovice, Czech Republic) was used as an internal standard.

2.2. Bscterial Sampie Preparation and Estimated Time Frame for Analysis
To prepare samples for Raman snalysis, the following steps were sddressed:
(3a) ©One milliliter of bacterial culture was transferred into & 1.5 mL tube, and the cells were centrifuged (10,000 rpm, 2
min), washed with 50% ethanol, and centrifuged again (total 5 min).

(b) Inthe next step. the supernatant was aspirated. and spprox. 20 pL of cell pellets formed via centrifugation was
pipetted onto a CaF (Raman grade) microscope slide (1 min).

(c) The cell suspensions were air-dried (spprox. § min) at laborstory temperature and analyzed using & Raman
instrument (1 min).

Thus, the entire procedure of sample preparstion and snalysis takes about 12 min. while that of GC technique analysis
takes approximately S h. Note that the air drying step can be skipped 50 that only the pipetted sample can be measured. We
found that focusing on the dried sample is easier, so that is why this step was also included in the above procedure.

2.3 Raman Spectroscopy

Cells were analyzed using a Renishaw Invia system (Renishaw inVia Raman Spectrometer, Renishaw plc., Wotton under
Edge. UK), with a 7285 nm single-mode diode laser as the excitation source. A laser beam was focused onto a sample by the
microscope objective (50x, NA 0.5, Leica, Wetzlar, Germany) with a laser spot diameter of approximately 2 ym x 10 ym,
which is 8 characteristic feature for this type of Raman spectroscopy instrument supplied by Renishaw. Overview spectra
were acquired in the range of 700-1800 cm™!. Esch spectrum used for calibration was measured for 15 s in s totsl of 3
messurements for one sample.

2.4 Data Analysizis

The Raman spectra were treated with the Savitzky—Golay procedure coupled with an advanced rolling filter background
removal routine (see [12]), normalized to Amide | (1858 cm™1) or DNA (878 em™"): subsequently, emission line intensities of
interest were estimated and averaged for the construction of the calibration plot. The program written in-house using MatLab
software (MathWorks, Natick, MA, USA) was used. Both Raman features used for normalization are present in the tested



microorganisms and were used for internal standardization after following numerous tests exploring the reliability of these
internsl standards.

3. Results and Discussion

Figure 1 shows a typical Rsman spectrum. here for Cupriavidus necator H18 cultured directly on s Petri dish. It should be
pointed out thst, for the sake of simplicity. the samples can be also analyzed directly on the Petri dishes on which the
bacteria were cultivated.
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Figure 1. Raman spectra of Cupriavidus necafor H18. Selected emission lines used in our study sre highlighted.
Note that pesks 1, 5, and 8 can be used for analysis of PHE in the bacteris sample—pesk € represents the PHE
band used in this study, pesk 5 is an internsl standard (Amide |), and pesk 1 is s second internal standsrd (DNA).

As can be seen from Figure 1, the whole cell Raman spectrum revesaled some characteristic emission lines which can be
attributed to common cell components such as DNA (phosphodiester bond st 788 em™1), proteins (phenylalsnine at 1005
em™1), Amide | (1862 em™1). and lipids (C-H vibrations st 1448 ecm™! or 1301 cm™1). PHB provides seversl Raman peaks
(837, 1455, and 1736 cm™1) that can be used for PHB identification and further analysis. Among them, the emission lines st
1738 em™1 were selected snd can be considered to be the most useful candidate becsuse the vibrations of the other
components of bacterial cells do not interfere with this emission line.

For the calibration, reference samples of various PHB contents were prepared and the exact amounts of PHB in these
samples were determined using an established method of gas chromatography (GC). Reference samples with PHB
concentrations in the range from 12% to ©0% (w/w) were used, as detsiled in Table 1. Since it can be expected that
intracellular concentration of proteins and nucleic acid is more or less constant with varying intraceliular PHB concentration,
line intensities at 787 cm™1 (DNA) snd at 1662 em™? (Amide |) were proposed as internal standards for a relisble calibration
procedure (Figure 1). Thus, the acquired Raman spectra of the PHB line were normalized to one of these values (see Table
1). Consequently, the two resulting calibration curves are shown in Figure 2.
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Figure 2. Calibration plot for PHB in Cupriavidus necafor over a PHB concentration range of 12%-00% (by mass).
The upper calibration curve (red squsres) emission line at 727 cm™" (DNA) was used ss an interns! standard. The
bottom calibration curve was constructed using a line st 1882 cm™ (Amide I) as an internal standard. The dashed
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curves show a 85% confidence band of linear fit. Parameters describing the calibration curves are shown in the
figure (including ©5% error interval). R? is the coefficient of determinstion. S is the mesn squsre error. The
calibration curve provides an excellent fit to the data over the region of interest Normalized intensities of emission
lines used for calibration and cuitivstion conditions and media used for growing bactens are listed in Table 1.

Table 1. Dsta used for the construction of calibration curves shown in Figure 2. PHB reference values were
estimated using the GC technique. Cultivation conditions for esch reference sample are siso provided.

PHB Intensity of PHB Line at 1736 cm™! Intensity of PHB Line at 1736 cm™!

Cultivation Conditions % (Normalized on Amide | at 1662 em™1) (Normalized on DNA at 785 cm™1)

Cupriavigus necalor H16

MS madium, § g/L fructose, 1g/L (NHa)250s. 127 0.17 o=
from Petrl gign, 72 h of culsvation

Cupriavidus necator H16

MS medium, § g/L fructose, 3 g/L (NH4)2S0s, 251 0ss 20
72 h of cultivation

Cupriavidus necator =16

NB medium, 24 h of cultivation

Cupriavigus necator H1€

MS medum, 20 gL fructose, 1 gL (NHy)2S0s, 521 18 58
24 n of cultivation

Cupriavious necator H16

MS medium, 20 g/L fructose, 3 g/l (NiHg)2S0s, 65.4 20 7.0
24 h of cultivation

Cupriavigus necalor H16

MS medium, 20 gL fructoee, 3 g1 (NH4)2S0s, 77 2z T2
24 h of cultivation

Cupriavigus necalor H16

MS medium, 20 giL fructose, 3 gL (NHy)2S0s, 592 22 73
72 h of cultivation

Cupriavidus necalor H16

MS madium, 20 gL fructose, 3 giL (NHs)zS0s, 900 32 84
72 h of cultivation

In our experiments, we focused on bacteria (Cupriavidus necator H18) that are a model producer of PHB. Ideally, more
reference samples should be used to construct a calibration curve. During this work, however, only eight referenced
samples covering concentrations of interest for biotechnological production (with PHB determined by gas chromatography)
were availsble.

The calibration curves clearly show an excellent inear fit to the data over the region of interest. It can be seen that all
measured data points can be found close to the center of the 85% confidence bounds. In order to validate or justify our
calibration set and curves, we performed s cross-vslidstion based on the “leave-one-out” cross-validstion method. The
slopes of lines fitted to the training sets comresponded with the presented experimental results for the full dats sets.
Moreover, the root mean square error taken from all validation points was significantly smaller than the width of the
presented 25% confidence band. This demonstrates the statisticsl significance of the data. Therefore, we believe that the
presented results sre based on solid dsts, and the calibration curve can be readily used in different biotechnological
applications, exploiting PHB amounts in Cupniavidus necator H18 during the cultivation process.

It should be noted that the calibration curves are limited only for the amorphous state of the polymer found inside the cells.
We noticed that only in a few cases (most likely depending on incorrect treatment of cells before analysis) could the
amorphous state be changed such that crystallizstion appesrs as a grest enhancement of intensity or shift of PHBE-
corresponding Raman peaks [28]. This can be favorably solved—the gualitative difference between crystalline and
amorphous polymer states can be evsluated by simply monitoring the position of the PHE line of interest (pesk 8 in Figure
1) within the spectrs. In the case of crystsllization, this bend may vary up to 15 em™1 (from 1728 em™1 to sbout 1721 em™1)
in the Raman spectra of bacteria, which is a clear sign that the crystallizstion will occur and can be readily controlied by the
naked eye.

We used s univariste spproach because it is simple to use. Indeed, we have tried multivariste spprosches, however, we
have not obtsined any reasonable improvement of our results. Note that, for other PHB-producing bsactenal strains, we
considered that the amount of proteins and DNA (which we used as internal standards) is different for different species
producing PHB. Thus, our calibration curve should not be used as s generic tool for the quantification of PHB in different
PHB-producing strains.
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4. Conclusions

In summary. we have herein demonstrated an easy-to-spply Raman spectroscopy technique for the quaslitative and
quantitative determination of the amount of poly(2-hydroxybutyrate) (PHB) in bacteria Cupnavidus necafor H16. The
technique is applicable to near real-time and in-situ monitoring at the process control of PHB bio production. Here, Raman
spectroscopy demonstrates clear benefits over existing chemical means of identification, such as gas chromatography in the
speed and noninvasivity of the quantification process.
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Abstract: Polyhydroxyalkanoates (PHAs) are bacterial polyesters which are considered biodegradable
alternatives to petrochemical plastics. PHAs have a wide range of potential applications, however,
the production cost of this bioplastic is several times higher. A major percentage of the final cost
is represented by the price of the carbon source used in the fermentation. Burkholderia cepacia
and Burkholderia sacchari are generally considered promising candidates for PHA production from
lignocellulosic hydrolyzates. The wood waste biomass has been subjected to hydrolysis. The resulting
hydrolyzate contained a sufficient amount of fermentable sugars. Growth experiments indicated a
strong inhibition by the wood hydrolyzate. Over-liming and activated carbon as an adsorbent of
inhibitors were employed for detoxification. All methods of detoxification had a positive influence
on the growth of biomass and PHB production. Furthermore, lignite was identified as a promising
alternative sorbent which can be used for detoxification of lignocellulose hydrolyzates. Detoxification
using lignite instead of activated carbon had lower inhibitor removal efficiency, but greater positive
impact on growth of the bacterial culture and overall PHA productivity. Moreover, lignite is a
significantly less expensive adsorbent in comparison with activated charcoal and; moreover, used
lignite can be simply utilized as a fuel to, at least partially, cover heat and energetic demands of
fermentation, which should improve the economic feasibility of the process.

Keywords: polvhydroxyalkanoates; detoxification; lignite; Burkholderia

1. Introduction

Polyhydroxyalkanoates (PHAs) are polyesters which are synthesized by numerous naturally
occurring microorganisms as energy and carbon storage materials. Moreover, due to their mechanical
and technological properties resembling those of some petrochemical plastics, PHAs are generally
considered a biodegradable alternative to petrochemical-based s ic polymers [1]. PHAs have
a wide range of potential applications, however, the production cost of these bioplastics are several
times higher which complicates their production at an industrial scale [2].

A substantial percentage of the final cost is represented by price of carbon substrate [3]. This is the
motivation for seeking alternative sources for PHAs production. Among numerous inexpensive or even
waste substrates, lignocellulose materials—with sn annual generation of 80 billion tons—represent one
of the most promising resources for biotechnological production of (not only) PHAs [4]. Nevertheless,
utilization of lignocellulosic materials is accompanied by numerous obstacles stemming from the
complex nature of these materials. To access fermentable sugars from cellulose and hemicellulose,
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a hydrolytic step is required. The hydrolysis of complex lignocellulose biomass is usually performed in
two steps. Diluted mineral acid is used in the first step to hydrolyze hemicellulose and to disrupt the
complex structure of lignocellulose, which enables subsequent enzymatic hydrolysis of cellulose [5].
Nevertheless, apart from utilizable sugars, also numerous microbial inhibitors such as organic acids
(e-g., acetic, formic or levulinic acid), furfurals, and polyphenols are generated by the hydrolysis
process. These substances usually reduce fermentability of the hydrolyzates and decrease yields of the
biotechnological processes. This problem can be solved by introduction of detoxification. Generally,
the aim of detoxification is to selectively remove or eliminate microbial inhibitors from the hydrolyzate
prior to biotechnological conversion of the hydrolyzate into desired products [6].

Numerous detoxification methods are based on more or less selective removal of inhibitors by
their adsorption on various sorbents. The most commonly used sorbent for this purpose is active
carbon, nevertheless, this detoxification strategy suffers from high cost of the sorbent [6]. On the
contrary, lignite represents a very promising, low-cost, and effective sorbent which has already been
used for the treatment of wastewater to remove various organic and inorganic contaminants [7].

The woodworking industry generates a vaniety of solid waste materials, such as sawdust, shavings,
or bark. It is true that many of these waste materials are already used in various applications. Wood
waste is very often burned and used for heat and electricity generation. On the contrary, it could be a
potentially inexpensive and renewable feedstock for biotechnological production of PHAs. For instance,
Pan et al. employed Burkholderia cepacia for biotechnological production of PHAs from detoxified maple
hemicellulosic hydrolyzate [8]. Further, Bowers et al. studied PHA production wood chips of Pinus
radiata which were subjected to high-temperature mechanical pre-treatment or steam explosion in the
presence of sulphur dioxide before being enzymatically hydrolyzed. Nooosphingobium nitrogenifigens
and Sphingobium scionense were used for PHA production on these hydrolyzates [9]. Brevundimonas
vesicularis and Sphingopyxis macrogoltabida were employed by Silva et al. [10] to produce ter-polymer
consisting of 3-hydroxybutyrate, 3-hydroxyvalerate, and lactic acid (3-hydroxypropionate) from acid
hydrolyzed sawdust. Despite the fact that PHA production capabilities are exhibited by many bacterial
strains, Burkholderia cepacia and Burkholderia sacchari are the most commonly used for PHA production
from hydrolyzates of lignocellulosic materials [8,11,12].

In this study, wood hydrolyzate was utilized as a carbon source for production of
polyhydroxyalkanoates. Moreover, since hydrolyzates contain substantial concentrations microbial
inhibitors, various detoxification methods including the novel application of lignite as a sorbent are
used to improve the fermentability of wood hydrolyzate based media and thus, the PHA yields
obtained on this promising substrate.

2. Materials and Methods

2.1. Wood Hydrolyzate (WH) Preparation

Spruce sawdust was supplied by a wood processing company. The waste material was firstly
dried to constant weight (80 °C for 24 h). Sawdust was then pretreated with diluted acid and thereafter
subjected to enzymatic hydrolysis. To hydrolyze the hemicelluloses of raw material, 20% (w/v)
pre-dried sawdust was treated by 4% H2S0y for 60 min at 121 °C. Enzymatic hydrolysis, as a following
step, was used for digestion of cellulose structure to release further fermentable saccharides. It was
performed by adjusting the pH of the suspension to 5.0 by NaOH and cellulose was treated by 0.5%
of Viscozyme L (Sigma-Aldrich, Deisenhofen, Germany) at 37 “C under permanent shaking for 24 h.
Subsequently, solids were removed by filtration and the permeate, called wood hydrolyzate (WH),
was used in the preparation of the cultivation medium and for PHA production.

2.2. Microorganisms and Cultivation

Burkholderia cepacia (CCM 2656) was purchased from Czech Collection of Microorganisms,
Brno, Czech Republic. Burkholderia sacchari (DSM 17165) was purchased from Leibnitz Institute
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DSMZ-German Collection of Microorganism and Cell Cultures, Braunschweig, Germany. The mineral
salt medium for B. cepacia and B. sacchari cultivation was composed of: 1 g L1 (NH )50, 1.5gL!
KH,PO,, 9.02 g L' Na;HPO,-12H,0, 0.1 g L™ CaCly-2H,0,02 g L~ MgSO,-7H,0, and 1 mL L™
of microelement solution, the composition of which was as follows: 0.1 g L~ ! ZnS0;-7H,0,003 g L !
MnCly-4H;0, 03 g L~} H3BO3, 02 g L™} CoCl, 0.02 g L™ CuSO,-7H,0, 0.02 g L™! NiCl,-6H,0,
0.03 g L' Na;MoQ,-2H;0. The cultivations were performed in Erlenmeyer flasks (volume 100 mL)
containing 50 mL of the cultivation medium. The temperature was set to 30 “C and the agitation to 180
rpm. The cells were harvested after 72 h of cultivation.

2.3. Detoxification of Hydrolyzates

Overliming was carried out as described by Ranatunga et al. [13], whereupon pH of the
hydrolyzate was adjusted to approx. pH 10.0 using solid calcium hydroxide. The samples were
then kept at 50 °C for 30 min, the pH was adjusted back to 7, and the sample was subsequently filtered
through filter paper.

Detoxification with activated charcoal was performed as described by Pan et al. [8]. Charcoal was
added to hydrolyzate in the ratio 1:20 (/) and stirred for 1 h at 60 “C. Solid particles were removed
by filtration. Furthermore, detoxification with lignite was performed similarly, finely milled lignite
power (grain size of under 0.2 mm) from South Moravian Coalfield (the northern part of the Vienna
basin in the Czech Republic) was used.

2.4. Analytical Methods

All analyses of hydrocarbons and furfural were performed with a Thermo Scientific UHPLC
system-UltiMate 3000. REZEX-ROA column (150 x 4.6 mm, 5 um; City, Phenomenex, Torrance,
California, USA) was used for separation. The mobile phase was 5 mN H,S0; at a flow rate of
05 mL per min. Xylose and other saccharides were detected using a refractive index detector
(ERC RefractoMax 520). Acetate, levulinic acid and furfural were detected with a Diode Array Detector
(DAD-3000) at 284 nm.

Total phenolics were determinated as described by Li et al. [14] with the Folin-Ciocalteu reagent
(Sigma-Aldrich). Gallic acid was used for calibration and total phenolics were expressed as milligrams
of gallic acid equivalents per liter of wood hydrolyzate.

2.5. PHA Extraction and Content Analysis

To determine biomass concentration and PHA content in cells, samples (10 mL) were centrifuged
and the cells were washed with distilled water. The biomass concentration expressed as cell dry weight
(CDW) was analyzed as reported previously [15]. PHA content of dried cells was analyzed by gas
chromatography (Trace GC Ultra, Thermo Scientific, Waltham, Massachusetts, USA) as reported by
Brandl et al. [16]. Commercially available P(3HB-co-3HV) (Sigma Aldrich) composed of 88 mol. %
3HB and 12 mol. % 3HV was used as a standard; benzoic acid (LachNer, Neratovice, Czech Republic)
was used as an internal standard.

3. Results and Discussion

The composite formed by cellulose, hemicellulose, and lignin is responsible for the remarkable
resistance against hydrolysis and enzymatic attack [17]. Generally, proper pre-treatment of
lignocellulose prior to its enzymatic hydrolysis by cellulases significantly improves fermentable
sugar yields [18]. The combination of diluted acid hydrolysis (1% H;S0;) and enzymatic digestion
of cellulose was used for hydrolysis of spruce sawdust. This approach yielded liquid hydrolyzate of
wood (WH) and its composition is shown in Table 1.
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Table 1. Compaosition of wood hydrolyzate (50 g of sawdust per 1 L of 4% H,S0y).

Concentration
Glucose 45g/L
Xylose 104 g/L
Ash S26/L
Polyphenols 1205 mg/L
Furfural 520 mg/L
Acetic acid 053g/L
Levulinic acid 9.9mg/L
S-HMF not detected

Glucose is formed by the cleavage of cellulose. Hemicelluloses can be hydrolyzed to yield
molecules such as xylose, arabinose, mannose, galactose, and uronic acid [19]. The total concentration
of sugars in WH was determined to be 14.9 g L-! (by the hydrolysis of 50 g L-! of spruce sawdust).
The only identified saccharides in WH are xylose (10.4 g L ') and glucose (4.5 g L "). Unfortunately,
WH contains high concentrations of inhibiting substances such as polyphenols (1205 mg L), furfural
(52.0 mg L"), acetic acid (0.53 mg L %), and levulinic acid (9.9 mg L'). Polyphenols are likely to
be released from waste wood biomass during the partial degradation of lignin by acid hydrolysis.
Furfural is formed by degradation of reducing sugars at high pressure and low pH. Levulinic acid,
the degradation product of furfural or 5-hydroxymethylfurfural, is formed in the same manner. Acetic
acid is probably formed by deesterification of acetylated wood components. Moreover, the amount
of ash is significant, which is a consequence of the application of sulfuric acid and subsequent
neutralization by NaOH. High concentrations of salts may theoretically cause the inhibition of bacterial
growth due to the induction of osmotic stress. On the contrary, mild csmotic up-shock was reported to
support PHB accumulation in Cupriandius necator H16 [20,21).

The hydrolyzate of waste wood biomass was used as the sole carbon source for PHA production
employing B. cepacia and B. sacchari. Figure 1 demonstrates the negative impact of the presence of
inhibitors on the intended biotechnological processes. In both cases, the WH was twice diluted prior
to culturing and supplemented by mineral medium.

Yields of biomass were relatively low, approximately 1.0-1.5g L', and PHB content in CDW was
about IU%.Toulyieldo!PHBwasammﬂo.lgl..".whichiswuylow.

16 |
Si;
i now
50,8 | uPHE
04
0/ : :

Burholderia cepocia Burkholderia sacchari

Figure 1. Cultivation of B. crpucis and B. sacdueri on WH which composition is d d in Table 1,

WH was twice diluted and suppl ted with mineral salts as described above. Cultivation conditions:
30°C, 72 h, 180 rpm.
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The effect of phenolic and other aromatic compounds, which may inhibit both microbial growth
and product yield, are very variable, and can be related to specific functional groups. One possible
mechanism is that phenolics interfere with the cell membrane by influencing its function and changing
its protein-to-lipid ratio [22]. Undissociated acids enter the cell through diffusion over the cell
membrane and then dissociate due to the neutral cytosolic pH. The dissociation of the acid leads to
a decrease in the intracellular pH, which may cause cell death. This effect is promoted by furfural
and >-HMF which cause higher cell membrane permeation and disturd the proton gradient over the
inner mitochondrial membrane which inhibits regeneration of ATP and eventually can lead to cellular
death [23]. A different mechanism of action of growth inhibitors results in a stronger synergistic effect.

The presence of inhibitors, and especially polyphenols, in the wood hydrolyzate appears to
be crucial for the intended biotechnological process. Therefore, we continued to focus on the
elimination of microbial inhibitors. In the first phase, we compared two common detoxification
procedures—separation by adsorption inhibitors on activated carbon and over-liming. Theoretically,
overliming is effective due to precipitation or chemical destabilization of inhibitors [13] and activated
charcoal could improve the fermentability of hydrolysate by absorbing phenolic compounds and other
inhibitory substances [24].

The effect of various methods of detoxification on the concentration of the most important
inhibitors present in hydrolysates and polyphenols is demonstrated in Figure 2.

1400
1200
E,moo
'_E 800
§ 600
£ a0
200
0
Non-detoxified  Active-carbon  Over-liming
Figure 2. Detoxificaion employing over-liming and active carbon.

It is evident that both detoxification techniques significantly reduce the concentration of
polvphenols in hydrolysates. More effective is the application of activated carbon, which can adsorb
and thereby remove more than 90% of polyphenols. Table 2 demonstrates results of cultivation
experiment with detoxified WH, employing the same PHB producers as in the previous test. Both
methods of detoxification exhibited a positive influence on the growth of biomass, and this effect
was more apparent with B. cepacia. More significantly, the effect of detoxification was reflected in the
content of PHB in biomass. A positive effect on the biosynthesis of PHB occurred primarily in the
strain of B. sacchari. PHB content reached nearly 9%0% of CDW. The yields were 8-12 times higher
compared to the use of non-detoxified hydrolyzate. On the other hand, the detoxification process itself
is lime-consuming and particularly expensive, especially if activated carbon is used for detoxification
of the hydrolyzates [25].
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Table 2 Cultivation on detoxified hydrolyzates.

Detoxification Biomass (g/L) PHB (%) PHB (g/L)
Non-detoxified 087 122 o
Burkholderia sacchari Over-liming 157 887 159
Activated carbon 101 876 059
Non-detoxified 144 98 014
Burkholdersa cepacis Over-liming 286 300 086
Activated carbon 140 747 105

A further aim of our experiments was to find an altemative sorbent, which would be comparable
to activated carbon, but the cost of which would be significantly lower. After several pilot experiments,
we focused on lignite. It is the youngest and the least carbonized brown coal, which consists
of a macromolecular complex polyelectrolyte (e.g., humic acids), polysaccharides, polyaromatics,
and carbon chains with sulfur, nitrogen, and oxygen-containing groups. Its cost is significantly lower
than that of activated carbon. The price of activated carbon is currently around $1/kg [26] compared
to a lignite price of $0.2/kg [26]. Moreover, the recovery of activated charcoal after its application as a
sorbent in detoxification is practically impossible [27,28]. On the other side, lignite can be bumned after
absorbing the inhibitors and the energy released during the combustion process could provide energy
which can at least partially cover energetic demands of the intended process of PHA production from
waste wood biomass.

The adsorption capacity of lignite and its application as a sorbent is often a subject of interest.
It is the price of conventional sorbents that leads to finding low-cost alternatives [29]. Over the last
decade, there has been an increase in publications dealing with low-cost adsorbents for wastewater
treatment [30]. For instance, lignite was used as a sorbent for removal of organic substances such as
phenol [31] or inorganic components, especially heavy metals [32], from contaminated water solutions.
Nevertheless, to our best of our knowledge despite its high sorption capacity and low cost, lignite has
not been used as a sorbent for detoxification of complex lignocellulose hydrolyzates to increase their
fermentability and yield of biotechnological products.

According to our results, lignite has a lower sorption capacity than activated charcoal. On the
other hand, lignite is also able to eliminate a substantial amount of inhibitors, and thus potentially
increase the fermentability of WH. Comparison of lignite and activated charcoal as a sorbent for
microbial inhibitors is displayed in Table 3.

Table 3. Detoxification using active carbon and lignite

Glocose Xylose Polyphenols Furfural Levulinic Acetic Acid
WL WL gl mg/l)  Acid (mgl) (@)

Non-detoxified a4 100 9985 a4 100 05
Lignite ie 103 rep X B7 79 04
Activated carbon 45 10.1 38 38 36 04

The sorption properties of lignite depend on the number of sorption sites or functionalities [33].
Understandably, WH detoxified with lignite were also tested for cultivation. Detoxified hydrolyzates

using lignite and activated carbon were used for the biotechnological production of PHB employing
B. cepacia and B. sacchari. Figure 3 shows the results.
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Figure 3. Cultivation on detoxified hydrol
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It is interesting that the sorption capacity of lignite as detoxification strategy does not provide
as good a removal of monitored inhibitors as in the case of activated carbon. However, lignite
is comparable with activated charcoal, considering the overall yields of PHB. B. Sacchari reached
markedly higher yields. These surprisingly higher yields obtained by replacing active carbon with
lignite should be explained and our further experiments will be focused in this direction. We assume
that, during the detoxification, lignite released substances that had a positive effect on the growth of
soil bacteria. Lignite is a complex material compared to activated carbon which contains only carbon.
Therefore, use of lignite could have an enriching effect on the composition of the production medium.
This interesting and surprising feature could also be used in other biotechnological processes in which
soil originating microorganisms are employed.

4. Conclusions

This article demonstrates the possibilities of utilization of lignite in biotechnology. Lignite can be
used as a sorbent to detoxify wood hydrolyzate and its efficiency was comparable with commonly
used activated carbon. This detoxification method was evaluated directly using the hydrolyzates to
produce PHAs employing Burkholderia cepacia and Burkholderia sacchari. The results showed that the
use of lignite considerably improved fermentability of wood hydrolyzates and enhanced PHA yields.
Therefore, lignite can cope with significantly more expensive activated carbon.
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Abstract
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The chicken feather hydrolysate (FH) has been tested as a potential complex
nitrogen source for the production of polyhydroxyalkanoates by Cupriavidus
necator H16 when waste frying oil was used as a carbon source. The addition of
FH into the mineral salt media with decreased inorganic nitrogen source
concentration improved the yields of biomass and polyhydrohyalkanoates. The
highest yiclds were achieved when 10 vol.% of FH prepared by microwave-assisted
alkaline hydrolysis of 60 g 1" feather was added. In this case, the poly(3-
hydm:ybmynlt} (PHB) yields were improved by more than about 50% as

ed with ¢ | cultivation. A positive impact of FH was also observed for
accumulation of copolymer poly( 3-hydroxybutyrate-co-3-hydroxyvalerate) when
sodium propionate was used as a precursor. The copolymer has superior
processing and mechanical properties in comparison with PHB homopolymer.
The application of FH eliminated the inhibitory effect of propionate and resulted
in altered content of 3-hydroxyvalerate (3HV) in copolymer. Therefore, the
hydrolysed feather can serve as an excellent complex source of nitrogen for the
polyhydroxyalkanoates (PHA) production. M ver, by the combination of two
inexpensive types of waste, such as waste frying oil and feather hydrolysate, it is
possible to produce PHA with substantially improved efficiency and sustainability.
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In this context, lipids are considered being wvery

Introduction

Polyhydroxyalkanoates (PHA) are biodegradable, environ-
mentally friendly and biocompatible biopolymers pro-
duced by a variety of prokaryotic micro-organisms under
unbalanced nutrition conditions as carbon and energy
storage materials. The main obstacle preventing the mar-
ket from their expansion is primarily their cost. In the
economics of PHA production, the cost of carbon sub-
strate accounts for 40%. Therefore, there are efforts to
exploit cheap or even waste carbon sources for PHA pro-
duction (Liu er al 2015).

182

promising substrates for biotechnological production of
PHAs. Apart from noble plant oils, there are also
attempts to utilize waste frying oils for the production of
PHA. These sources provide numerous advantages over
noble oils—they do not compete with the human food
chain, their utilization does not place demands on agri-
cultural land and, morcover, potentially problematic
waste is transformed into the high-value product (Obruca
et al. 2010a). Cupriavidus necator is, due to its ability 1o
utilize triacylgylcerols and high PHA accumulating capac-
ity, considered being the candidate strain for PHA

Lettars In Appied Microbology 68, 182-188 © 2017 The Sccety for Agpled Morctsdiogy
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production using plant oils and other lipids as substrates
(Obruca et al. 2013).

Although the application of complex nitrogen supports
the biomass growth as well as the PHA production (Kol-
ler et al. 2005), low-cost inorganic nitrogen sources, such
as (NH,).50,, NH I, NH,OH or urea, are used almost
exclusively for the PHA production from fauty substrates
employing C. necator (Budde er al 2011; Pradella er al.
2012). Nevertheless, inexpensive alternatives to costly
mﬂanﬁmmhumhmmwiﬂkcw

t hydroly of cheese whey, were also tested
(xonaadmos.zolo;amadmm

Hydrolysates of chicken feather might represent an
alternative promising inexpensive complex nitrogen
source. Poultry-processing industry worldwide generates
approx. 7-7 x 10" kg of feathers annually. Feathers con-
stitute up 1o 100 g kg ' of total chicken weight, and are

of over 900 g protein per kg (Taskin er al.
2011). Nonetheless, despite their low cost and abundant
availability, industrial applications of feathers are limited
and chicken feather is usually treated as waste (Reddy
2015). Nevertheless, classical methods of feather disposal,
such as incineration or landfilling, have already been
restricted or banned in some countries due to the pollu-
tion they create (Stiborova ef al. 2016). Thus, there is an
inevitable need for new technologies that enable ecologi-
cally and economically sensible processing of this waste.
Few studies regarding utilization of chicken feather for
microbial production of valusble metabolites has been
reported so far. Taskin er al (2012) reported a study
dealing with the usage of chicken feather protein hydroly-
sate for biotechnological production of L-lactic acid by
Rhizopus oryzae. Furthermore, chicken feather was abo
used for biotechnogical production of biogas (Patinvoh
et al. 2016), xylanase (Taskin ef al. 2011) or extracellular
polysaccharides (Prakash et al. 2009).

The aim of this study was to evaluate chicken feather
hydrolysate as a possible cheap complex nitrogen source
for the production of PHA by € necator H16 using waste
frying oil as a carbon source.

Results and discussion

Testing feather hydrolysate as a complex nitrogen source
for the PHA production
At first, the effect of the presence of FH in the cultivation
media on C. necator growth and the PHA production on
waste frying oil was studied using various concentrations
dmocpmc nitrogen source (NH,),50, in the cultivation
the Its are sh in Table 1. The presence of
FH in the cultivation media resulted in a considerable
increase in the biomass as well as PHA yields (approx. 29

Use of feather for PHA prody

and 45%, respectively), when comparing the same con-
centration of 3 g "' (NH,).S0, to contral cultivation
without FH. Generally, FH i composed mainly of
oligopeptides and amino acids (Stiborova er al. 2016),
therefore it can be considered as a potentially complex
source of nitrogen for bacterial cells. The availability of
nitrogen sources usually stimulates the growth of micro-
bial cells, nevertheless, the PHA accumulation in C. neator
is induced by nitrogen limitation (Koller eral 2017).
Hence, the decrease in the dose of inorganic nitrogen
source (NH,),SO, had a positive impact primarily on the
PHA content in biomass and, therefore, also on the PHA
yields. The highest PHA yields (9 g 17" PHA) were gained
for 1 g 17" (NH,):S04

Optimization of feather hydrolysate dose

Furthermore, the concentration of feather used for the
FH preparation and the ratios of applied inorganic and
complex nitrogen sources were optimized. Therefore, FHs
were prepared in the range of initial feather concentra-
tions 20, 30, 40, 50 and 60 g 1" and were subsequently
applied (10 vol.%) as partial or complete replacement of
inorganic nitrogen source in the cultivation media where
waste frying oil served as the primary carbon source. The
results are shown in Table 2. Generally, the presence of
FH again enh d the bi and PHA vyields. The
mrmmmmmmmmmdm
{603!' feather) was added and the MS media contained
1g 17" of (NH):SO.. In this case, the PHA yields were
increased more than about 50% as compared to control
cultivation. Furthermore, high PHA contents in the bio-
mass were also observed when (NH,) SO, was completely

Table 1 Cul of Cupriswch H16 n the presence of
feather hydrolysate (40 g |") appiied at the concentration of 10%
(voitvol) and vanous concentrations of (NHW;50,

NHLSO4(g1™")  COW*{gl'™")  PHA(wL%) PHA(QI)
0 79402 1913410 73401
1 110 £ 07 1815 £31 90409
2 116403 720£20 82407
3 116405 733417 87405
Contralt 92 +09 663465 60412

Each value &= an average of three independent cultivations and three
indeperdent determinatiors of each cultnvation, the results are pre-
sented a5 mean £ SD.

*CDW, cell dry weight.

tControl cultivation was performed without the additon of feather
ydrolysate, (NH,),50, was at the of3gl
$Marks the results in which a sgnificant difference between particular
result and control culthation was confrmed by paired two-sample ¢
test
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Table 2 Polyhydronyalkancates (PHA} and biomass yieids gained by the appliication of feather hydrolysate prepared waing vanious concentrabions

of feather hydrolysate (FM)
Feather hydrolysate (g 1) cow* (gl™") PHA (%) A"

(NH,S0,1 g 17! 20 104 £ 10 1862 = 33 189 402
30 119413 1844 £ 06 $101 £ 01
40 104 + 09 80159 183 404
s0 125 415 1803 4 20 $103 £ 02
60 128 + 09 1851 403 $106 & 01
0 85+ 09 @07 £ 09 478 £ 01

NH),S0,0 g1 20 59403 1834 £ 62 149 £ 03
30 64+ 048 1922 %15 $59 & 01
40 83406 4830 £ 03 73 £ 01
50 70 + 06 1940 £ 54 166 + 03
&0 95 413 1863 £ 09 182 4 01

INH),S03 gl"! eontrolt 96 4+ 09 I8+ 23 69 402

Each value is an average of three independent cult and #iree independent d of each cuith the results are presented as

mean + SD.

*COW, cell dry wesght

tControl cult was performed without the addition of feather hydrolysate, concentration of (NH:SO, was 3 g 1!

{Maris the results in whch a signdficant difference between particular result and control cultnetion wes confirmed by pared two-sample £ test.

replaced by FHs. In particular, when only FH 60 g 17"
feather was used as the sole nitrogen source, the PHA
yields gained were 17% higher than in control cultivation.
Since the highest PHA yields were achieved using FH pre-
pared from 60 g 17" feather, basic parameters and amino
acid composition were therefore analysed for chicken
feather hydrolysate (60 g 17') characterization.

Characterization of FH
The microwave-assisted alkali treatment of chicken feather
yields the mixture of oligopeptides and free amino acids,

stimulating effect of FH on the PHA biosynthesis in
C. necator (Tables 1 and 2).

Furthermore, one of the major advantages of using a
complex nitrogen source is the possible shortening of the
lag phase. It could be due to the availability of complete
amino acids and peptides in the complex nitrogen source
which can be easily converted by cels to synthesize their
own  proteinaceous terial  Therefore,  higher

Table 3 Amino acd compouition and the characteratization of
feather hydrolysate (60 g 1)

therefore, FH can be considered being an interesting com-  —omer erminsoc. M
plex nitrogen source for various biotechnological pro-  Soid 769 £ 05
cesses (Stiborova ef al. 2016). Basic parameters of FH A% 775202
prepared from 60 g 1* feather including its amino acid =~ Prose™s peptdes 331205
= . Total nitrogen 457 03
composition are shown in Table 3. Amino acid profie (g1~
The amino acid composition is balanced and most of Aspartic acid 28403
the amino acids are present in relatively high amount. Theecnine 07 401
The composition of amino acids in the complex nitrogen Serine 31403
source is one of crudal factors influencing the PHA accu- Glutamse acd 4601
mulstion in bacterial cells. Kim ef al (1996) observed Proline 44 304
that the introduction of leucine increased the intracellular ~ Ghe™® N0
NAD(P)H/NAD(P)* ratio and decreased the intracellular e it
concentration of free Coenzyme A, which consequently Risthicrsiny 04 501
stimulated the PHA accumulation in C. necator. Similarly, holeucine 20+ 04
Lee ef al. (1995) reported that significant introduction of Leucine 37202
cysteine, isoleucine, methionine and proline into the cul- Tyrosine 09 £ 01
tivation media supported the PHA accumulation in Phemyalarine 23202
recombinant E. coli. From this point of view, the fact that :‘;’:"' :::::
PHA is rich in proline and leucine and also contains sub- 12209
stantial amount of isoleucine might explin the
184 Lottirs in Apgied Microbiclogy 65, 182188 © 2017 The Socety for Appbed Microbkilogy
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concentration of a catalytically active biomass that is able
to accumulate PHA is produced in a shorter time, result-
ing in an increase in the process productivity (Koller
et al. 2010).

Due 1o the application of NaOH and subsequent neu-
tralization of FH by HCL, FH is rich in ash content causing
the increase of osmotic pressure in the cultivation media.
Also, this can partially contribute to improved PHB pro-
ductivity in the presence of FH since it was reported that
mild osmotic pressure stimulates the PHB biosynthesis in
C necator (Obruca et al. 2010b; Passanha et al. 2014).

Apart from the positive effect of FH on the biomass
and PHA biosynthesis also the valorization of feather as
waste in terms of sustainability plays an important role.
Moreover, FH seems to be an economically feasible com-
plex nitrogen source. Typical complex nitrogen sources
used in cultivation media such as soya peplone or yeast
extract are sold at the price of 7 Euro per kg or higher,
the price of casein is about 2 Euro per kg but it needs w0
be hydrolysed prior to its use and the cost of casamino
acids (casein hydrolysate) is about 100 Euro per kg (in-
formation from www.alibabacom). On the contrary,
feather is basically inexpensive waste (Reddy 2015) and its
alkaline hydrolys: ts & simple and cheap process.

Aﬂmlly.tlmtumlfhmmdamomtofnpaudal
ing with the use of inexpensive complex nitrogen sources
for the PHA production. Page and Comnish (1993)
reported that fish peptone served as a cheap nitrogen
source for the production of PHA by Azorobacter vinelan-
and com steep liquor were reported by Purushothaman
et al. (2001) and Koller er al (2010). Lee (1998) studied
the effect of soybean hydrolysate and cotton seed hydroly-
sate as a source of nitrogen for the PHA production by
recombinant E. coli. In addition, protease-hydrolysed
cheese whey served as a complex nitrogen source for the
PHA production employing C. necator (Obruca ef al.

Use of feather for PHA prody

2014). Therefore, FH can be considered as additional very
promising waste-derived complex nitrogen source for the
PHA production.

Influence of feather hydrolysate on 3HV accumulation

Mechanical and processing properties of PHA are strongly
dependent upon the monomer composition of polymer.
The incorporation of 3-hydroxyvalerate (3HV) results in
the formation of a copolymer P(3HB-co-3HV) possessing
considerably improved flexibility, strength and processing
properties (such as the decrease in melting temperature)
in comparison with homopolymer of 3-hydroxybutyrate
(PHB). It can be generally stated that mechanical proper-
ties of the copolymer are improved with rising portion of
3HV (Sudesh er al. 2000). The incorporation of 3HV is
implemented via feeding of propionyl-CoA-generating
precursors such as propionate, propanol or valerate. Pro-
pionyl-CoA can be either incorporated into the copoly-
mer or metabolized wia the 2-methylatrate cycle.
Gengerally, only a small portion (less than 15% of carbon)
of available propionyl-CoA is incorporated into P(3HB-
c0-3HV) (Ewering et al 2006). Taking into account the
costs of 3HV precursors, the inefficiency of precursor
incorporation into the copolymer negatively influences
the economics of PHA production (Obruca et al 2013).
Morcover, the precursors of 3HV are in nature (akohols,
weak organic acids or their salts) microbial inhibitors and
their application usually partially decreases the growth of
employed microbial culture as well as total yields of the
polymer. Therefore, the effect of FH on the copolymer P
(3HB-co-3HV) production using propanol, valeric acid
and propionate as 3HV precursors was tested. The results
are shown in Table 4.

There was a considerable positive effect on 3HV incor-
into the cultivation media. Surprisingly, the bacterial

Table 4 Influence of feather hydrolate on the production of P3HB-co-IHV) uiing varous precursors of JHV*

Nitrogen source Precursor cow* (gl PHA (%) PHAGGT Y IHV (mol. %)
FH (10%). INHD,504 1 (g 17") Controlt 102 £02 916 £ 11 $95 £ 007 nd
Propancl 42202 1794 £+ 21 $33 £ 006 127 £ 02
Valeric aced 881202 683 132 $60 £ 03 69+ 02
Sodum propionate 121 £ 01 857 + 08 2104 £ 04 377+ 06
(NH),50, 3 (g 1™ Controlt 105203 697 £ 11 7303 nd
Propanol 47 201 746 + 34 $35 4+ 01 149 £ 07
Valeric acd 82 201 632413 52201 nd
Sodum propionate 84203 3757 £ 0S5 64 £ 04 232410
Each value is an average of three independent cultivations and three independent d iors of each cul 1, the resudts are presented &8

mean + 5D. nd.—not detected
*CDW, cell dry weght.

1Control cult was provded without the add

of feather hydrolysate, concentration of (NH);S0, was 3 g 1"

:MmﬂnmallsmwhdnaswﬁnmlMtMu&M«MNWWwMMWMﬁ!W
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culture was not capable of copolymer biosynthesis in the
absence of FH when valeric acid was used as a precursor;

however, the application of FH enabled the incorporation
of valeric acid into the copolymer structure with 3HV
content of 69 mol.%. An even mote pronounced positive
effect was observed in propionate which substantially
decreased the biomass and polymer yields as compared to
control cultivation in MS media. Nevertheless, the pres-
ence of FH as a complex nitrogen source diminated the
toxic effect of precursor and, oppositely, the biomass as
well as polymer yields were higher than in control cultiva-
tion without the precursor. In addition, the presence of
FH in the cultivation media substantially improved the
efficiency of propionate incorporation into the copolymer
since 3HV portion in copolymer synthesized in the pres-
ence of FH reached 37-7 mol%. However, there are sev-
eral studies that reported an undesirable isodimorphism
phenomen phenomenon if the concentration of 3HV in
copolymer exceeds 40 mol% (Mitomo er al 1993).
Therefore, to avoid this phenomenon, the concentration
of the precursor in cultivation media may be possibly
decreased which can have a significant positive effect not
just to lower the accumulation of 3HV units, but the
toxic effect of the precursor to bacterial growth will be
limited as well. To the best of our knowledge, there are
no reports dealing with the influence of complex nitrogen
sources on the biosynthesis of P(3HB-co-3HV). Neverthe-
less, since it was reported that the application of particu-
lar amino acids contained in FH, such as proline, leucine
or isoleucine, enhanced the activity of the PHA biosyn-
thetic pathaway (Lee er al. 1995; Kim er al. 1996) it can
be hypothesized that activated PHA biosynthetized path-
way was capable of partial pumping off propionyl-CoA
from 2-methylcitrate cycle and incorporating it into the
copolymer structure.

To sum up, alkaline FH could serve as an inexpensive
complex nitrogen source for the PHA production since
by its addition into the cultivation media, the PHA and
biomass vields were considerably improved. Moreover,
the application of FH also substantially improved the P
(3HB-co-3HV) production by eliminating the inhibitory
effect of propionate on the bi and polymer produc-
tion and improving the efficiency of precunsor incorpora-
tion into the copolymer structure.

Materials and methods

Materials and micro-organisms
Chicken feathers were supplied by the RABBIT sro.

poultry processing plant, Czech Republic. Waste frying oil
was obtained from faculty cafeteria—Faculty of Chem-

istry, Brno University of Technology. Cupriavidus necator

P. Berwesova et al

Hi6 (CCM 3726) was purchased from the Czech Collec-
tion of Microorganisms, Brno, Czech Republic.

Preparation of feather hydrolysate by microwave-alkali
treatment and its characterization
Microwave-assisted alkali hydrolysis treatment of chicken
feathers was carried out as reported by Lee er al (2016)
using a microwave oven (Samsung, MI1610N, Kuala Lum-
pur, Malaysia) with the operating frequency of 2450 MHz
and power level of 600 W. For hydrolyses, the exact amount
of chicken feather was hydrolysed by 0-5 mol "' NaOH.
Microwave (600 W) operated for a total time of 10 min
with an on/off 1-min period. After that, solid residues were
removed by filtration and the pH was adjusted to 7 by HCL
The content of dry matter was determined by drying
(105°C) of chicken FH to constant weight. The ash content
was determined as the weight of solids after the incubation
of 1 g of dry FH at 750°C 1o constant weight. The protein
content was determined by the BCA Protein Assay Kit
(23227; Thermo Scientific MA, USA) and bovine serum
albumin (BSA) as a standard. The analysis of amino acid
composition of FH was performed after the acidic hydrolysis
by automatic amino acids analyzer (AAA 400; Ingos, Prague,
Czech Republic). The elemental analysis of FH was carried
out by EuroEA Elemental Analyser (Wegberg, Germany).

Cultivation in Erlenmeyer flasks

Nutrient broth medium was used for the inoculum growth.
Mineral salt (MS) medium described previously (Obruca
et al 2010a) with 3 g I"* (NH,),SO,, unless otherwise sta-
ted, was used in all the experiments, concentration of waste
frying oil was 20 g 17", The volume of added FH amounted
to 10% (volivol) of the cultivation medium. The produc-
tion flasks containing MS medium and FH were inoculated
by 10% of 24 h seed culture grown on NB medium. The
precursors of 3-hydroxyvalerate (sodium propionate, vale-
ric acid and propanol) were added in a final concentration
of 3 g 1" after 24 h of cultivation. The cultivations were
performed in Erlenmeyer flasks (volume 100 ml) contain-
ing 50 ml of the cultivation media. The temperature was
set to 30°C, the agitation at 180 rev min~'. After 72 h of
cultivation, the cells were harvested (centrifugation,
8000 rev min~", 5 min) and the biomass as well as the
PHA yields were determined as described below. All culti-
vations were performed in triplicate, each sample was also
analysed in triplicate.

Analytical methods

Biomass concentration and the PHA content in cells was
analysed as reported previously (Obruca er al 2010a).
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The PHA content of dried cells was analysed by gas chro-
matography (Trace GC Ulra; Thermo Scientific). Com-
mercially available P(3HB-co-3HV) (Sigma Aldrich,
Schaelldorf, Germany) composed of 88 mol% 3HB and
12 mol% 3HV was used as a standard; benzoic acid
(LachNer, Neratovice, Czech Republic) was used as an
internal standard.
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similar tothose for thermotolerant genes of intrinsically thermotol-
erant Escherichia coli |2] and thermotolerant Acetobacter tropicalis
| 3], suggesting that they share similar mechanisms for survival ata
CHT. Moreover, to further improve thermotolerance, we performed
thermal adaptation of two strains of Z mobilis and identified muta-
tions responsible for the adaptation. These experiments suggest
that there is genomic capacity for thermal adaptation and its limit,
and that there are several common molecular mechanisms.
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utilization levulinic acid

D. Kucera'" , 1. Novackova®, I. Pernicova', S. Obruca’

! Materials Rescarch Centre, Faculty of Chemistry, Brno University
of Technology, Brno, Czech Republic

? Institute of Food Science and Biotechnology, Faculty of Chemistry,
Brno University of Technology. Brno, Czech Republic

Polyhydroxyalkanoates (PHA) are bacterial polyesters that are
considered as biodegradable and environmentally friendly alter-
natives to petrochemical plastics. The most common of them is
poly-3-hydroxybutyrate (P3HB) which, although having material
properties very close to polypropylene, lacks some qualities. Above
all, it is very stiff and brittle. However, in the case of copolymers
such as P3HB-co-3HV containing 3-hydroxyvalerate units (3HV),
the most problems can be eliminated. The 3HV/3HB ratio signif-
icantly influences the different characteristics of the copolymer,
such as melting temperature or impact strength. In order to pro-
duce the copolymer, it is necessary to add 3HV precursors which
bacteria can incorporate into the copolymer structure. These are
mostly expensive, which affects the already expensive PHA pro-
duction. Levulinic acid (LA) is possible precursor, because it can be
produced cost effectively and in high yield from renewable feed-
stocks. LA is a relatively cheap substrate and compares favorably
with other possible precursors like propionic acid or valeric acid.

The aim of work was to use the concept of adaptive laboratory
evolution to obtain strains capable of utilization LA. Adaptation
tests were carried out with the Cupriavidus necator H16 strain.
Higher LA concentrations have been shown to significantly reduce
the growth of the selected strain. Adaptation tests led to an increase
in the proportion of PHV in the copolymer produced.
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Haloalkane dehalogenases possess the ability to cleave carbon-
halogen bonds in halogenated aliphatic compounds. They are
becoming subject of many studies because of their potential use
in bioremediation. Their active center is formed in a cavity hidden
deep inside protein core. Before reaction takes place, substrates
need to be transferred from surrounding solution to active site
cavity. Previous experimental studies revealed an allosteric effect
which suggest that despite substrate binding in active site, lig-
ands can bind to the surface and participate in regulation of
enzyme activity. Such findings have initiated our research concern-
ing searching for surface amino acids which interact with substrates
and controlling well-studied LinB dehalogenase activity.

We performed classical molecular dynamics simulations using
Amber14 package to study spontaneous delivery of two different
substrates: bromocyclohexane and 1,2-dibromoethane. The pre-
liminary results show that we are able to capture the ligands entry
phenomena. Furthermore, we are observing that particular sections
of protein surface are able to trap and hold substrates prior to their
entry to the active site. Detailed analysis yields information about
the retentions of substrates in different compartments of protein
surface, hence we constructed the surface-ligand contact map. It
might shed a new light on importance of substrate transportation
phenomena for selectivity and activity of LinB enzyme. The pro-
posed approach can be used for identification of potential hot-spots
for fine-tuning of an enzyme activity and selectivity.
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HIGHLIGHTS

. Ived strains d d better growth in the presence of LA

® Adaptation of C. necator H16 tw LA led to higher content of 3HV in P(3HB-co-3HV).
® Higher 3HV content was connected with lower crystallinity and lower T,

® Slightly different adaptation strategies of evolved strains were observed.

® PCA has been used for multiparametric analysis of data

ARTICLEINFO ABSTRACT

Keywords: Evolutionary engineering is an approach, which allows preparing microorganisms with desired phenotype
polyhydraxyalkanoates without the need for knowledge of genetic characteristics connected with changes at phenotype level. This
levulinic acid approach is based on cell multiplication under stress conditions and it can be performed in various designs, In
sdaptation connection with PHA-producing bacteria, evolutionary engineering can be used 1o gain microorganisms pro-
Qupriavidus necazor ducing PHAs with required material rties. Using levulinic acid (LA) as a stress factor and Cupriavidus
metabolic characterization b ey peope 8

necator H16 as a model PHA producing bacterial strain, five evolved strains have been obtained in the presenmt
study. Compared with the parental strain, all of these showed better growth in the presence of LA, strains ALAD1
and ALAO4 showed higher PHA content in biomass and strains ALAO3 and ALAD4 showed higher 3-hydro-
xyvalerate (3HV) content in copolymer P(3HB-co-3HV). By DSC and FTIR analysis of polymers, connections
between 3}[\1" content, aﬁl’.nmnity and. mdllng temperature have been studied. Metabolic chamcterization

provided i about ¢ gies of evolved strains, while based on methods of sta-
tistical analysis similarities md dlﬂ'u'ms between individual strains were discussed. Considering obtained
information, evoluti lisplays a useful ool for modifi of microog together with

fine-tuning the pmpulles of pmdumd metabolites (PHA copolyesters),

1. Introduction their robustness against various other stress factors [1] such as UV ir-

radiation (2], repeated freezingthawing cydes [3], oxidative stress

Polyhydroxyalkanoates (PHAs) are polyesters of hydroxyalkanoic
acids, which are accumulated by numerous prokaryotic microorganisms
in form of intracellular grnules. The primary biological function of
PHA is intracellular storage of carbon, energy and reducing power;
however, apant from their role for survival of cells under starvation
conditions, presence of PHA granules in bacterial cells also enhances

* Corresponding author.
E-mal address: Stana O@seznam.cz (S, Obruca).

https://doLorg/10.1016/].bej.2019,107350

[4,5] or osmotic imbalance [£].

Furthermore, due to their biodegradable and biocompatible nature
and renewable origin, PHAs have been attracting considerable attention
as promising “green” altematives to petrochemical polymers [7].
Nevertheless, commercial production of PHA is scarce as a consequence
of the high production cost and also due to their non-optimal
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Nomenclature

b polydispersity index

Mw weight-average molecular weight
Mn mumber-average molecular weight
o melting temperature

AH,, enthalpy of fusion

AHyq total melting enthalpy

A absorbance

Abbreviation

2MCS 2-methyldtrate synthase

3HB 3-hydroxybutyrate
3HV 3 hydroxyvalerate

3-KT1 3-ketothiolase 1

3.KT2  3-ketothiolase 2

AACoAR acetoacetyl-CoA reductase
ACoAS  acyl-CoA synthetase

CoA coerzyme A

G6PD  glucose-6-phosphate dehydrogenase
LA levulinic acid

MDH  malate dehydrogenase

MMS methyl methansulphonate

MS malate synthase

NAD-IDH NAD-dependent isocitate dehydrogenase
NADPIDH NADP-dependent isocitrate dehydrogenase
PCA principal component analysis

PHA polyhydroxyalkanoate

mechanical and technological properties. The maost common PHA, poly
(3-hydroxybutyrate) (PHB), the homopolymer of 3-hydroxybutyrate
(3HB), is a highly crystalline and brittle material with melting tem-
perature (T) dose to its degradation temperature. However, proces-
sing of PHB is challenging, and applications are considerably limited
because of its disadvantageous material chamcteristics [8]. Never-
theless, mechanical properties of PHA can be substantially improved
when other monomer units are incorporated into polymeric chains. For
instance, the most widely studied PHA copolymer consisting of 3HB and
3-hydroxyvalerate (3HV), namely poly(3-hydroxybuytyrate-co-3-hy-
droxyvalerate) (P(3HB-co-3HV)), demonstrates reduced crystallinity,
higher flexibility and considerably lower meting temperature than PHB
homopolymer [9,10].

Most bacterial PHAs producers require supplementation by suitable
propionyl-CoA generating precursors such as propionate, n-propanol or
valerate to induce biosynthesis of P(3HB-co-3HV) copolymer [11],
while only a limited number of microbes, mainly from the Archaea
domain, are able to synthesize P(3HB-co-3HV) copolyesters without the
need for 3HV precursors (reviewed by [12]). However, these precursors
are expensive; thus, their application further reduces economic com-
petitiveness of PHAs production. Therefore, an alternative inexpensive
3HV-precursor, levulinic acid (4-oxopentanoic acid, LA) was utilized in
previous studies for P(3HB-co-3HV) production from glycerol [13,14],
xylose [15], or whey [16] as main substrates. Moreover, a process for
production of PHA containing 3HB, 3HV, 4-hydroxyvaleric acid (4HV)
and medium-chain-length 3-hydroxyalkanoic acids by a recombinant
Pseudomonas putida strain was developed using a medium with octanoic
and LA as carbon sources [17]. LA can be efficiently produced in high
yields by the dehydrative treatment of biomass or carbohydrates with
acid and, therefore, it is considered being a crucial bio-based platform
chemical. Cost of LA in large scale production is estimated at US-$ 0.09
- US-§ 0.20 ir.g"' [18]. Nevertheless, LA reveals substantial microbial
inhibitory activity since it inhibits biosynthesis of tetrapyrroles such as
heme or vitamin B12 and, similarly to other weak organic acids, LA can
acidify the cytoplasm of bacterial and yeast cells and, hereby, inhibit or
completely hamper the entire metabolism [19]. Due to its toxidty, use
of LA as a precursor of 3HV can be problematic since it can substantially
decrease productivity of the biotechnological process. It should be
mentioned that levulinic add is also formed as an undesired side pro-
duct when the carbohydrate fraction of lignocellulose materials is
thermally hydrolyzed in assistance of mineml acids. Therefore, LA
along with acetic acid, phenolics and furfurals is considered being one
of the undesired microbial inhibitors, which are present in lig-
nocellulose-based cultivation media [20].

Taking into account all the possible relationships of LA to bio-
technological production of PHA, we have decided to utilize approaches
of evolutionary engineering and subsequent metabolic characterization
of evolved strains to investigate mechanisms of adaptation of

Cupriavidus necator to LA. We also intended to test whether selected
approach can be used to gain strains adapted to LA, which would be of
great importance for PHA production both by using LA as 3HV pre-
cursor and for PHA production from lignocellulose based substrates
used as the main carbon source. C. necator was selected since it is
considered being the model bacterial strain in the context of PHA me-
tabolism, and it is also a promising candidate strain for industrial
production of PHAs [21].

2. Material and methods
2.1. Microorganism, its cultivation and adaptation to LA

Cupriavidus necator H16 CCM 3726 was purchased from the Czech
Collection of Microorganisms. The nutrient broth (NB) medium (10g
L™" pepone, 10 g L™ beef extract, 5 g L™ NaCl) was used for the
inoculum preparation and the culture preservation (agar plates). The
mineral salt (MS) medium was used in all the experiments: 3 g L™'
(NH,):504, 1.02 g L™ KH,PO,, 11,01 g L™" NaHPO, 12 H;0, 02 g
L ™" MgS0,47 H,0, 1 mL microelement solution and 1 L distilled water.
The microelement solution was composed of 9.7 g L™ FeQ,, 7.8 g gt
CaCl, 2 H;0, 0.156 g L™ QuSO,5 H;0, 0.119 g L™' CoCl,, 0.118 ¢
L™ NiCly, 0.062 g L™ <rCl, and 0.1 mol L™' HA. Fructose at a
concentration of 20 g L™' was used as a carbon source in all the cul-
tivations, Fructose stock solution, salt solutions, stock solution of LA
(Sigma Aldrich) and microelement solutions were autoclaved sepa-
rately (121°C, 25 min) and then aseptically reconstituted at room
temperature prior to the inoculation. The pH-value was adjusted to 7.0
using 1 mol L™ ' NaOH. The cultivations were performed in Erlenmeyer
flasks (volume 250 mL) containing 100 mL of MS medium. The tem-
perature was set to 30°C, the flasks were agitated at 180 rpm.

The adaptation of the bacterial culture to LA was performed by a
series of cultivations with gradual increase of concentration of LA in
cultivation media, followed by selection and identification of the best
adapted cells as fastest-growing colonies on agar dishes containing MS
medium with high concentration of LA. In the first step, overnight in-
oculum grown in NB medium was transferred into MS media with 0.5
and 5 g L™" of LA, respectively, and also into MS media without LA;
these cultures were cultivated for 48 hours. After that, 100 pL of each
bacterial culture was transferred onto agar plates containing agar so-
lidified MS media with 1, 3, 5 and 10 g L™ of LA. It should be noted
that no growth occurred in presence of 10 g L™' of LA in this step.
Subsequently, the colonies capable of growth at the highest con-
centration of LA (5 g L™') were transferred by streaking patterns onto
new agar plates containing agar solidified MS medium with5 and 7.5 g
L~" of LA, respectively. Finally, the colonies capable of growth at the
highest concentration of LA were selected as adapted cultures for fur-
ther characterization.
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In parallel, the model organism C. necator H16 was subjected to
adaptation to LA (1 g L™") in the presence 0.1 and 0.5 g L™' of the
chemical mutagen methyl methansulphonate (MMS) for 48 hours
(cultivated at 30°C, 180 mpm). After that, 100 pL of each bacterial
culture was transferred onto agar plates containing agarsolidified MS
media with 5, 7.5, 10 and 12,5 g L™" of LA, respectively. Similarly to
the cultures described above, the colonies capable of growth at the
highest concentration of LA were selected as adapted cultures for fur-
ther characterization. All the evolved strains were transferred into NB
medium with 1 g L™" of LA, cultivated for 24 h (30°C, 180 rpm) and
stored in presence of 10 vol.% glycerol at —80°C.

An illustration summarizing the adaptation process with and
without the mutagen can be seen in Supplementary materials.

2.2. Testing of PHA production capabilities of evolved strains

PHA production capability of evolved strains was compared to the
wild-type strain in an experiment performed in Erlenmeyer flasks. The
inocula were prepared in NB medium and cultivated for 24 h (30°C, 180
rpm). After that, microbial cultures were transferred into flasks (volume
250 mL) containing 100 mL of MS medium with 3.5 g L™' of LA. The
cultivations were performed for 72 h; after that, the microbial cells
were harvested by centrifugation (B000x g, 5 min) and analyzed for
PHA content as described in section 2.3. Furthermore, after 48 h of
cultivation, samples were taken for determination of intracellular ac-
tivities (described in 2.4) of selected enzymes. All the cultivations were
performed in triplicate.

2.3. Analysis of PHA

To determine biomass concentration expressed as cell dry mass
(CDM) and PHA content in cells, samples (10 mL) were centrifuged and
the cells were re-suspended and washed with 5% (v/v) Triton X (10
mL), centrifuged again, and finally re-suspended and washed with
distilled water. The biomass concentration was analyzed gravime-
trically and PHA content in cells and monomer composition of PHA
were analyzed as methyl esters of individual 3-hydroxyacids (3HB and
3HV) by gas chromatography as reported previously [22]. Copolymer P
(3HB-co-3HV) with a 3HV content of 12% (Sigma Aldrich, Germany)
was used as a standard, benzoic acid (LachNer, Czech Republic) was
used as an internal standard.

To determine the molecular weight of PHA samples, the polyesters
were extracted from the dried cells by chloroform (approx. 20 mg
biomass, 5 mL chloroform, 70°C, 24 h under continuous stirring), re-
sidual bacterial biomass was separated by filtration, and, finally, the
solvent was removed by evaporation at 70°C for 24 h. After that, 5 mg
of the polymer was solubilized in 1 mL of HPLC-grade chloroform.
Obtained samples were passed through syringe filters (nylon mem-
brane, pore size 0.45 pm) and analyzed by gel Size Exclusion
Chromatography (Agilent, Infinity 1260 system containing PLgel
MIXED-C column) coupled with Multiangle Light Scattering (Wyatt
Technology, Dawn Heleos II) (SEC-MALS) and Differential Refractive
Index (Wyatt Technology, Optilab T-rEX) detection. For the analysis,
100 pL of individual samples were injected into the chromatographic
system containing HPLC-grade chloroform (pre-filtered through 0.02
pm membrane filter) as mobile phase. The used flow rate was 0.6 mL
min~". The weight-average molecular weight (Mw) and polydispersity
index (D, mtio of weight-average and number-average molecular
weight Mw/Mn) were determined using the ASTRA software (Wyatt
Technology, version 6.1) based on Zimm’s equations [23). The used
value of refractive index increment (dn/dc) for PHB was 0.0336 mL
g~', as determined from the differential refractometer response as-
suming a 100% sample mass recovery from the column

Melting behavior of the isolated PHA polymers was analyzed by
means of a differential scanning calorimeter (DSC) Q2000 (TA
Instruments) equipped with an RCS90 Cooling accessory and evaluated
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by TA Universal Analysis 2000 software. Phase transitions of mercury
and indium were used for the calibration in the applied temperature
range. Samples of a certain mass (ca. 5 mg) were placed in hermetically
sealed Tzero aluminum pans, and the measurement was carried out
under a dynamic nitrogen atmosphere. To ensure the same themal
history of all samples prior to the evaluation of their melting behavior,
each sample was first heated at 10°C min™" to 190°C and subsequently
cooled down to -30°C at the same cooling rate. Then the sample was
heated again (10 "C min~" to 200 ‘C) and the thermogram, recorded in
this second heating step, was further evaluated. From each of the
measured thermograms, T., was determined as the peak temperature
value in the melting endotherm. Further, total melting enthalpy (AH)
was determined by integration of the melting endotherm as its total
area.

The infrared spectra of isolated polymers were recorded with a
Nicolet iS50 FTIR spectrometer (Thermo Scientific). All measurements
were taken at ambient temperature (25°C) on the built-in single-re-
flection diamond attenuated total reflectance (ATR) crystal Each
spectrum was collected as an average of 128 scans with resolution 1 am’
!, Recorded spectra are provided without further corrections.

2.4. Determination of enzyme activities

The cells for determination of activities of selected enzymes were
sampled after 48 h of cultivation as described in section 2.2, harvested
by centrifugation (8000 x g, 5 min, 4°C), suspended in 50 mmol L™}
phosphate buffer (pH 7.4) and disrupted by sonication (Sonopuls HD
3200, Bandeline, Germany) at 4°C. The cytosol was separated from the
cell debris by centrifugation (10,000 x g, 10 min, 4°C), aliquoted and
stored at —80°C.

Spectrophotometric determination of enzyme activities was de-
scribed in details previously by Obruca et al. [24]. Activity of NAD-
dependent isocitrate dehydrogenase (NAD-IDH) and NADPH-dependent
isocitrate dehydrogenase (NADP-IDH) were determined spectro-
photometrically (340 nm) in reaction mixture consisting of 50 mmol
L~ phosphate buffer (pH 7.4), 1 mmol L™' NAD* or NADP*, 50 mmol
L™ isocitrate, 10 mmol L™' MgSO, and 100 mmol L ™" KCL Similarly,
activities of malate dehydrogenase (MDH) and malic enzyme (ME) were
determined in phosphate buffer (pH 7.4), 1 mmol L™' NAD" in case of
MDH or 1 mmol L™' NADP™ in case of ME, 50 mmol L™' malate, 10
mmol L™" MgS0, and 100 mmol L™" K. The activity of glucose 6-
phosphate dehydrogenase (G6PD) was measured in following reaction
mixture: phosphate buffer pH 7.4, 1 mmol L™" NADP*, 5 mmol L™"
glucose-6-phosphate and 30 mmol L™ Mg(l,. Activity of malate syn-
thase (MS) was determined by monitoring the release of free CoA
during the enzymatic reaction (at 30°C) using 1 mmol L~! 55"di-
thiobis(2-nitrobenzoic acid) (DTNB) at 405 nm in 50 mmol L™ phos-
phate buffer (pH 7.4) containing 0.2 mmol L ™" acetyl-CoA and 5 mmol
L~ glyoxylic acid.

Similarly, activity of 3-ketothiolases (3-KT) was assayed by fol-
lowing release of free CoA using DTNB. The reaction mixture for de-
termination of activity of 3-KT1 (catalyzing the condensation of two
acetyl-CoA molecules) contained phosphate buffer (50 mmol L™ ! pH
7.4), 0.2 mmol L™ " acetyl-CoA and 1 mmol L™' DTNB. In order to
estimate activity of 3-KT2 capable of incorporation of propionyl-CoA
into 3-hydroxyvaleryl-CoA (condensation of acetyl-CoA and propionyl-
CoA), the reaction mixture contained 0.2 mmol L™ ' acetyl-CoA, 0.2
mmol L™ propionyl-CoA and 1 mmol L™! DTNB, and the activity of 3-
KT1 was subtracted from the results of this assay. Acetoacetyl-CoA re-
ductase (AACoR) activity was determined in a mixture containing 1
mmol L' acetoacetyl-CoA, 0.4 mmol L~' NADPH and phosphate
buffer (50 mmol L™', pH 7.4), NADP* formation was measured spec-
trophotometrically as a decrease of absorbance at 340 nm. PHA syn-
thase activity was determined spectrophotometrically (405 nm) in a
mixture containing phosphate buffer (50 mmol L™}, pH 7.4), 0.2 mmol
L' 3-hydroxybutyryl-CoA and 1 mmol L~' DTNB. Activity of 2-
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methyldtrate synthase (2MCS) was determined in mixture consisting of
50 mmol L=" phosphate buffer pH 7.4, 2 mmol L™' oxaloacetate, 1
mmol L' propionyl-CoA and 2 mmol L~' DTNB by measuring the
absorbance at 405 nm. Activity of levulinic acid specific acyl-CoA
synthetase (ACoAS) was determined in mixture containing 50 mmol
L~" phosphate buffer (pH 7.4), 2 mmol L™ DTNB, 0.07 mmol L~ CoA
and 0.15 mmol L™ ' ATP. Separately, the activities of intracellular en-
zymes from cell extracts and membrane-binding enzymes from cell
debris were measured. Activity of ACoAS was measured as a decrease of
absorbance at 405 nm caused by loss of substrate, namely free CoA.

All the samples were analyzed in triplicate. In all these cases, final
volume of reaction mixture was 250 pL, the reactions were initiated by
addition of cell extracts (25 pL) and the changes of absorbance were
recorded at 340 or 405 nm with regards to the enzyme analyzed,
temperature was set to 30°C (ELxB00, Biotek, Germany). One wunit of
enzyme activity was defined as the conversion of one nmol of substrate
per minute. The amount of soluble protein in cell extracts was de-
termined by Hartree-Lowry method [25] using bovine serum albumin
as a standard (NanoPhotometer, Implen, Germany).

2.5. Statistical analysis

Results were sorted and processed by various statistical approaches.
Analysis of variance (ANOVA) and Tukey's test were used to evaluate
the differences between the tested bacterial strains in terms of pro-
duction and metabolic parameters Prindpal component analysis
(PCA), based on Pearson correlation, was used for multivariate char-
acterization of bacterial strains. The main goal of PCA was to find si-
milarities and dissimilarities berween the strains and to obtain potential
clustering of the observations. Results of PCA were visualized by the
two dimensional projection of the observations onto biplot of principal
components and original variables. Data analysis was performed by
Microsoft excel (Microsoft, USA) and XL-stat (Addinsoft, France).

3. Results and discussion

3.1. PHA production by LA -adapted strains

By application of evolut v engi ing approaches to gain C
necator strains adapted to LA, we obtained in total 8 evolved strains
designated as ALAO1 - ALAOS. All these strains were further tested for
their PHA production capabilities via submerged cultivation in mineral
medium in presence of 3.5 g L™! of LA. The wild-type strain was cul-
tivated in the same medium as a control culture. The results of this
comparative production experiment are demonstrated in Table 1. Out
of the eight evolved strains, three strains (ALAOS, ALAO7 and ALAOS)
revealed very poor growth and no PHA accumulation. Therefore, these
bacterial cultures were eliminated from further experiments and me-
tabolic characterization. On the contrary, as expected, adaptation of the
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strains to LA substantially improved growth properties in presence of
LA for most of remaining cultures. In particular, especially strains
ALAD1 and ALAO2 reached about 25% higher cell concentration than
the wild-type control culture, The fact that application of evolutionary
engineering for adaptation of C. necator to LA may eliminate its growth
inhibitory effect can be considered being positive for the overall volu-
metric productivity. PHAs are intracellular products, thus reaching high
cell density is crucial to obtain high product titers [26]. This fact is well
demonstrated by our data since PHA titers reached with ALAO1 and
ALAO2 (4.7 and 50 g L™, respectively) are substantially higher than
those obtained by wild-type strain (3.5 g L™') and, at the same time,
intracellular contents of the polymer are comparable. Further, with
exception of ALAO4 and ALA06, evolved strains accumulated polymer
with considerably lower M,, than the wild-type strain. Despite lower
M,, of polymer is not desired considering its properties, all determined
values were still high enough for processing of the materials. Moreover,
the strain ALAO4 as well as strain ALAO3 are interesting due to the fact
that they were capable of incorporating higher amounts of 3HV into the
copolymer than observed for the wild type, while the 3HV content in
the copolymers produced by other evolved strains were even lower than
in the wild-type strain. The material properties of polymers produced
by particular strains are in details discussed in part 3.3.

3.2. Metabolic profiling of evolved strains

Evolved strains and the wild-type strain were characterized by de-
termination of enzyme activities of selected enzymes involved in the
central metabolism, PHA metabolism and metabolism of LA. The
scheme of metabolic pathways and particular enzymes, which activities
were examined within this study, is shown in Fig. 1. Activities of se-
lected enzymes of all the evolved strains and of the control strain were
compared to assess possible similarities and dissimilarities, and to
identify potential adaptation strategies of C. necator to LA. The results
are provided in Table 2,

Generally, when exposed to LA during cultivation, the evolved
strains adapted to LA show metabolic disparities in comparison to the
wild-type strain. The most significant disparity between evolved strains
and the wild-type strain was observed in propionyl-CoA catabolism
through the 2-methylcitrate cycle in which propionyl-CoA is turned into
pyruvate, which may be further decarboxylated to acetyl-CoA [27,28].
Metabolization of propionyl-CoAvia the 2-methylcitrate cycle provides
energy and/or important constituents for biomass synthesis. Activity of
2-methylcitrate synthase (2MCS) was considerably enhanced in all the
evolved strains as compared to wild-type strain (1.9~ 5.2 fold). It seems
reasonable that adaptation of the bacterium to LA, which is metaboli-
cally deaved into acetyl-CoA and propionyl-CoA, is assodated with
increasing activity of the 2-methylcitrate pathway. On the other side, it
was reported that due to the activity of the propionyl-CoA-consuming
2-methylcitrate cycle, only a small portion of propionyl-CoA is

Table 1
Biomass and PHA titers obtained with various strains adapted w LA. 72h cultivations with 3.5g L™ LA,
oM PHA PHA 3HV content in PHA M.
IgL™*] [we. %] gL~ [mol. %] [kDa]
C. necator Wild-type 7302 47.8 = 21 35 201 158 = 09 6680 = 256
C. necator ALAOL 93 =03 499 = 09 47 202 139 = 03 4220 = 64.2
C. necator ALADZ 90 = 01 47.7 £ 0.7 50 =01 13.50.2 4552 = 646
C. necator ALAO3 &1 £ 01 478 = 28 41 = 01 17.0 £ 01 478 = 224
C. necator ALAD4 78 £ 01 554 = L5 39 01 20609 6155 = 66.0
C. necator ALADS 0.4 = 01 nd nd nd. nd
C. necator ALADG 74 = 08 41.80.5 31 =03 11.4 = 03 759 = 271
C. necator ALADT 09 £ 02 nd nd nd. nd
C. necator ALADS 06 = 01 nd nd nd. nd

CDM stands for cell dry mass, n.d. - not detected. Results are in form: mean * standard deviation. Highest results for CDM, PHA, PHA content, 3HV content in PHA,

and Mw are highlighted in grey.
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Fig. 1. Scheme of central metabolism of €. necator with selected enzymes, which were analyzed in terms of their specific activities.

incorporated into P(3HB-co -3HV) in C. necator [29]. This fact explains
why the 3HV content in most of evolved strains was lower than in the
wild-type strain, which demonstrated lower activity of 2MCS. There-
fore, adaptation of the culture to LA has positive consequences from the
point of view of growth and overall productivity, but it has a slightly
negative impact on efficdency of 3HV incorporation by lower LA-to-3HV
yields. Metabolism is generally a complex process and ithis could be the
reason why, despite high activity of 2MCS, some evolved strains pro-
duced copolyester with higher 3HV content. Except enhanced meta-
bolic activity via the 2-methylcitrate cycle, also the pathway leading to
copolyester biosynthesis could be enhanced, which could lead to higher
3HV content in PHA.

Other similarities between evolved strains dealt with increased ac-
tivity of the TCA cycle, enhanced production of the reduced cofactor
NADPH through different metabolic pathways, and also increased ac-
tivity of the PHA biosynthetic pathway. It is likely that higher amount
of available acetyl-CoA, as a product of LA catabolism, increased ac-
tivity of TCA cycle, which is closely related to cell respimation. This
could be the reason why the activities of the enzymes responsible for

NAPDH genemation, primarily of NADP-dependent isocitrate dehy-
drogenase (observed in all the evolved strains), much less of malic
enzyme (observed in ALA02) or glucose-6-phosphate dehydrogenase
(observed in ALAO4) were enhanced. Reduced NADPH generated by
these enzymes is necessary for regeneration of glutathione and thior-
edoxin involved in detoxification of reactive oxygen spedes [30];
therefore, the evolved strains revealed indication of adaptation to oxi-
dative stress conditions, which could be a consequence of the expected
increased respiratory activity of the evolved cultures. Conseguently,
increased levels of NAPDH directs flux of acetyl-CoA towards PHA
biosynthesis, were it reduces the hydrogen-acceptors acetoacetyl-CoA
and 3-oxovaleryl-CoA to the respective alcohols (3-hydroxyacyl-Coas;
so called “pseudofermentation” reaction), thus supporting activity of
enzymes involved in PHA accumulation. A positive effect of mild oxi-
dative pressure on PHA biosynthesis was observed repeatedly in our
previous studies [4,24,31] and also confirmed by other authors [32,33].

Furthermore, despite some general similarities among evolved
strains were observed, the closer look at the metabolic profiles of
evolved strains indicates slightly different adaptation strategies. In

Table 2
Specific enzyme activities of selected enzymes ot 1 with strains i to LA
Memabolic pathway Enzyme Specific enzyme activity [Umg ]
Wild-type ALAOL ALAD2 ALAO3 ALAD4 ALADG
TCAcycle NAD-IDH 5355 = 186 124.47 = 9.85 19687 = 353 92622 = 70.64 B47.94 = 3810 669.81 £ 4694
MDH 40968 = 11.36 62903 = 3542 22033 = 1224 30113 = 3263 1,03443 = 4533 130,60 £ 528
2-methylcitrate cycle 2MCS 47371 £ 1057 250370 = 31839 144009 = 11117 1,440.22 + 8168 1,71968 + 10371 91028 + 3093
Glyoxylate cyde MS 16355 £ 436 19562 + 0.62 49854 £ 8543 21423 = 999 21897 £ 434 15240 £ 3.7
NADP® dependent enzymes G6PD 52481 = 7592 51016 = 4643 12841 = 1663 49145 = 16.51 779.69 = 2499 33169 = 3252
NADP-IDH 5355 = 1071 150552 + 55.13 1,14347 = 70.87 1,505.64 = 4570 193727 + 6598 133775 = 78.96
ME 30346 + 2095 31451 £ 1906 58908 £ 1082 23684 + 18.25 17017 = 808 203.99 £ 7.04
Levulinic acid metabolism  ACoAS - ICE 166.64 £ 17.58 8316 £ 222 7277 £ 1156 3910 = 1014 43.22 + 887 90.59 £ 18.06
ACoAS -MBE 7939 = 288 7582 = 065 17792 = 254 11131 = L65 86.79 = 783 9516 = 994
¥ ACoAS 24603 + 2595 15898 + 424 25069 £ 3983 15040 = 39.02 130,01 £ 2667 18575 = 3703
PHA metabolism 3K 14555 = 1400 9115 = 1367 168 507 40 16721 £ 11.55 147.83 £ 852 22219 £ 3285
3KT2 6332 &+ 338 9532 = 777 13824 = 1004 10848 = 10.37 81.52 £ 1279 80.99 + 937
AACOAR 617.99 £ 27.37 173252 = 50.32 185648 = 97.71 2,178.95 + 9210 195036 = 7584 245427 = 0.9
PHB synthase 1800 £ 236 21403 = 622 7257 = 692 12163 = 238 370.29 = 17.11 8053 = 263

Results are presented in the form: mean + standard deviation

117



1. Novackowa, et al

particular, the results of enzymatic assays indicate that the strain
ALA02 evolved most differently in comparison to the other strains. This
strain revealed high activity of 2MCS (similarly as ALAO1, ALAO3 and
ALAD4) and, moreover, in ALA02, utilization of acetyl-CoA through the
glyoxylate cycle was more pronounced on the expense of activity of
Krebs cycle, which was slowed down due to reduced MDH activity.
Malate generated in TCA or in glyoxylate cycle was predominantly
converted to pyruvate, a reaction catalyzed by ME producing NADPH
for biosynthesis. On the contrary, similar adaptation strategies were
identified in strains ALAO3, ALAO4 and ALAO6. At the simultaneous
activation of Krebs cyde through NADIDH and unchanged MS
(glyoxylate cyde) activity, ME activity was reduced in ALAO3, ALAO4
and ALAO6 compared to the wild-type strain.
The connection between enzyme activities through corrdation
analysis using determination of Pearson comrelation coefficient was
d. We considered correlation when the absolute value of coef-
ficdent was higher than 0.85. We have spotted six positive and one
negative correlation between activities of selected enzymes (see
Table 3), The highest correlation was observed between enzyme ac-
tivities of MS and ACoAS. According to Jaremko and Yu [34], pro-
pionyl-CoA and also acetyl-CoA are formed during metabolization of
LA, while the produced acetyl-CoA can be used for malate synthesis by
reacting with glyoxylate. The correlation between MDH (reaction pro-
duces reduction equivalents) and PHA synthase (polymerizes products
of reactions consuming reduction equivalents) could be related with
good overall cell physiology, thus leading to intensive respiration
during exponential phase and PHA formation during the stationary
phase, The connection between MS and ME could result in metabolic
continuity, because the product of MS, malate, is the substrate for ME.
The excess of malate in cells could be used to gain energy through
transformation into pyruvate, which enters the Krebs cycle after
transformation into oxaloacetate, or the cells could gain energy from
propionyl-CoA through 2MCS. This pathway is not required for P(3HB-
co-3HV) production. The other correlation confirmed our results about
LA metabolism: we identified comrelation between ACoAS and 3-KT2,
when we assumed creation of acetyl-CoA and propionyl-CoA from le-
vulinyl-CoA catalyzed by ACoAS, whereas 3-KT2 catalyzes condensa-
tion of these two molecules to form 3-hydroxyvaleryl-CoA. Based on
previous correlation berween MS and 3.KT2, this is a further evidence
for the close connection of PHA biosynthesis with LA metabolism. Ef-
fective metabolism of LA resulted in increased activity of 3-KT2-cata-
lyzed condensation of acetyl-CoA and propionyl-CoA to 3-oxovaleryl-
CoA, and also to higher production of malate via the glyoxylate cycle.
Subsequently, the reaction metabolizing excess of malate to pyruvate
generates high quantities of NADPH, which in tum fuels the PHA bio-
synthetic pathway. The threshold value for positive correlation was
identified also for MDH and G6PD. The connection between higher
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respiration activity and NADPH producing enzymes was described
above; the other context could be identified in higher metabolic activity
and subsequent requirement for pentoses because of higher intensity of
cell division. Negative correlation between enzyme activities of NADP-
IDH and ACoAS could indicate metabolic pathways oriented in opposite
directions, whereas NADP-IDH produced the reduced cofactor NADPH
involved in biosynthetic pathways, while ACoAS catalyzed initial step
of degradation of fatty acids, LA in our case. If activity of ACoAS was
higher, transformation of isodtrate into 2-oxoglutarate was primarily
catalyzed by NAD-IDH.

The results of metabolic profiling were also subjected to statistical
analysis using the PCA method. Dimension of the 13 input variables was
reduced to three principal components with eigenvalue > 1. Selected
principal components F1 (39.89%), F2 (32.47%) and F3 (19.01%)
composed 90.37% of the variability of the original data set. Best pos-
sible visual representation of the bacterial strains was obtained by the
dispersion of the observations onto a two dimensional factor plane of
principal components F1 and F2 (Fig. 2). Clear dustering of individual
bacterial strains can be observed and it is based on differences in bac-
terial metabolism as represented by emzymatic activities. Most sig-
nificant separation can be observed between the wild-type strain and
remaining strains. In the wild-type strain, the observations are pro-
jected in the area with negative scores for F2 component, which is
strongly positively connected with activity of ACoAS - ICE and nega-
tively with NADP-IDH, NAD-IDH, AACoAR and 2MCS. Therefore,
adaptation to LA manifested through enzyme activities leaded probably
to different adaptation strategies of evolved strains, which indicates
that performed evolutionary experiments substantially changed meta-
bolism of evolved strains. Similarly, a separated cluster was formed by
the ALAO2 observations, because its enzyme activities differed sig-
nificantly from the other analyzed strains. It could be assumed that
adaptive evolution of ALAO2 to LA leaded to a different adaptation
strategy than in other evolved strains. The closest relationship could be
observed between strains ALAO1, ALAO3 and ALAO6. The strain ALAD2
represented the most separate and remote zone in Fig. 2. As was in-
depth described and discussed above, the strain ALAO2 demonstrated
increased activity of the glyoxylate cycle and decreased activity of TCA
cycle than other evolved strains. The strain ALAO1 was most similar to
the wild-type strain, without fe [ to all lved strains
(increased respiration activity, enhanced propionyl-CoA utilization
pathway, increased activity of NADPH generating enzymes and en-
hanced PHA biosynthesis pathway); hence, enzymatically, ALAO1 did
not differ much from wild-type strain

Table 3
Cormrelation analysis of enzyme activities.
variable NAD - IDH MDH MS 2MCS  Go6PD NADPMIDH ME ACoAS - ICE ACoAS - L ACoAS 3-KT1 3-KT2 AACoAR PHB
MEE synthase
NAD-IDH 1
MDH 0165 1
MS ~ 0241 ~0,208 1
IMCS 0,026 0,487 0,150 1
G6PD 0368 0,846 -0,635 0,196 1
NADP-IDH 0631 0,437 0046 0,744 0272 1
ME - 0621 -0398 0889 0,052 -0769 -0293 1
ACoAS - ICE - 0730 -0262 -0260 -0597 -0125 -0,911 0,131 1
ACoAS - MBE - 0069 0463 0,940 ~0047 -0,763 0,006 0816 - 0286 1
I ACoAS -715 ~0,586 0471 ~0578 -0686 ~-0823 0731 0,604 0492 1
3-KT1 0466 ~0,50 0036 -0650 -0408 -0065 ~0106 - 0069 0,326 0,182 1
3-KT2 - 0009 -0322 o&2 0,379 -0,648 0,310 o074 ~0538 0,884 0,175 0,034 1
AACoOAR 0699 -0,147 0092 0,348 -0,179 0799 -0199 -0802 0245 ~0,545 0,474 0408 1
PHB synthase 0444 0,894 -0,128 0,660 0712 0,788 ~0436 - 0620 -~ 0314 ~079%  -0384 0092 0,308 1
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Fig. 2. Projection of characterized evolved strains and wild-type using PCA.

3.3. Characterization of material properties of P(3HB-co-3HV) produced
by LA adapted strains

In the next part of the work, basic material properties of the PHA
polymers produced by the wild-type strain and the evolved strains were
investigated and compared. In particular, molecular weight, m

(provided by the molecular weight assay as ratio of weight average
value to number average value of molecular weight) represent a narrow
distribution of the polymer chain lengths in all produced polymer
samples.
Similarly to the differences in M,, of the polymer, the two evolved
ins ALAO4 and ALAO6 stood out among the other strains also with

compaosition and crystallinity of the produced copolyesters were ana-
lyzed. Results of this material assay are summarized in Table 4. First of
all, it can be seen that the produced polyesters differed significantly in
their molecular weight. In comparison with the wild type strain, the
first generation of strains evolved in absence of chemical mutagen (ie.,
strain ALAO1 - ALAD3) produced copolyesters with significantly lower
molecular weight. Contrarily, the strain representing the second gen-
eration evolved without chemical mutagen (ALA04) provided polymer
of similar molecular weight as the wild type stmin, while an involve-
ment of the chemical mutagen resulted in strain ALA06, which pro-
duced a polymer with even higher molecular weight than the wild type
strain. For all tested strains, very low values of polydispersity index b

respect to the monomer composition of the copolyester. It can be seen
in Table 4 that the strain evolved in the second generation of LA
adaptation (ALAO4) was capable of i mcorporaung the hlgbest amoum of
3HV. On the other hand, the ch I mutagen-assi to
LA resulted in the stmin that incorporated the lowest amount of 3HV
amaong all studied strains. The relative content of 3HV in the polymer
chain represents a crucial parameter as far as polymer processing and
forming is concerned. It has already been thoroughly described how the
incorporation of 3HV in the copolymer influences its physical proper-
ties such as crystallization behavior, melting behavior as well as me-
chanical properties [35-37]. In this context, Kunioka et al. have re-
vealed that depending on the 3HV content, P(3HB-co-3HV) copolyesters

Table 4
Basic material parameters of PHA polymers produced by the wild type strain and the evolved strains of C necaror H16,
3HV content{mol.%) M [kDa) B TalCl AHuI 87" AHy/AHu" AHy/AHy" Azl
wT 158 = 09 6680 £ 5.6 105 167.2 627 0.88 0.12 091
ALAOL 139 =03 4220 & 64.2 105 167.5 74.7 0.94 0.06 095
ALAD2Z 135 £ 02 4552 = 64.6 1.06 168.2 81.4 0.48 0.52 1.09
ALAO3 170 + 01 ATIB + 224 L07 167.2 818 070 0.30 094
ALAD4 206 + 09 6155 + 66.0 105 164.7 731 091 0.09 082
ALADG 114 =03 7259 + 27.1 1.06 164.9 634 073 0.z 087

“polydispersity Index B (M,,/M,).
relative area of the two d "
‘IR absorbance ratio at frequencies 1228 em™ and 1180 em™, respectively.
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crystallize in two crystalline forms, in the P(3HB) crystal lattice or the P
(3HV) carystal lattice [35]. A relative content of 40 mol % 3HV was
described as the threshold value for the transition from one crystal form
to the other. Furthermore, Kunioka and Doi also proved that the degree
of crystallinity as well as melting temperature decrease with the in-
creasing concentration of 3HV up to 37 mol.% [36]. Any decrease of the
melting point is of great technological interest, because the homo-
polyester P(3HB) is in general thermally unstable due to the random
chain scission at ester groups at temperatures close above its melting
point [36]. An unintentional thermal degradation thus may take place
during the meting processing, leading to a significant reduction of an
average molecular weight and undesired changes in rheological and
mechanical properties [37). Therefore, any shift of T, to lower tem-
peratures contributes to higher thermal stability during the melt pro-
cessing of copolyester and constitutes a significant material improve-

ment of the PHA polymer in terms of fncahmed technological
processing. For that r we d our material analysis of
produced PHA copolymers also by a characterization of their crystal-

lization and melting behavior.

DSC analysis of the isolated copolymers was used primarily in order
to determine their melting temperatures (T,) and enthalpies of fusion
(AH ). Raw thermograms, determined during the second heating scan
of previously molten and cooled materials (see Materials and Methods
for details), are shown in Fig. §3. Resulting values of the two para-
meters are shown in Table 4, From the comparison of T, it can be seen
that the polymers produced by the first genemtion of the strains, which
evolved in absence of chemical mutagen (ALAO1, ALAO2 and ALA03),
were characterized by T, close to that of the wild type strain. On the
other hand, strains ALAO4 (second generation of LA adaptation) and
ALA 06 (adaptation with presence of chemical mutagen) provided again
polymers with different material properties ~ in this case with sig-
nificantly lower T, Total melting enthalpy values vary by far more
among the individual producing strains. It is worth remembering that
Ty, represents a qualitative characteristic of the carystallites, while AH,,,
is influenced rather by their quantitative content in the polymer. Fur-
ther, it can be seen in the thermograms presented in Fig. 53 that all
copolyesters exhibit double melting peaks, which indicates presence of
two major types of crystallites in the structure of molten-and-cooled
polymers. It is also evident from the different shapes of the melting
peaks that the relative content of the two crystallite types differs among
the tested polymers. Therefore, we have performed deconvolution of
the melting endotherm peak by fitting the experimental envelope band
by the summation of two calculated Gaussian components using non-
linear fitting tools of the Origin 8.1 software (see Fig. $3b for an ex-
ample of the graphical representation of the deconvolution results).
Table 4 shows calculated relative areas of the first and the second
melting component, respectively. Apparently, the first melting compo-
nent represents melting of crystals with lower thermal stability, while
the second melting peak repr melting of crystals with higher
thermal stability. As can be seen from Table 4, significant relative areas
of the second melting peak were found for ALAO2, ALAO3 and ALAOG.
Overall, the relative areas of the second melting peak vary from 6%
(ALADO1) to 52% (ALA02) of the total area of the melting endotherm.

FTIR analysis was applied as a supplementary structural assay of the
produced polymers; spectra of the analyzed materials are shown in Fig.
$4. Evidently, all copolymers show similar spectra that involve all the
spectral features characteristic for PHA [38]. This is expectable as far as
the differences in chemical composition (relative 3HV content ranging
from 11.4% to 20.6%) are not large enough to cause any significant
spectral signatures in FTIR. Nevertheless, FTIR spectra can provide in-
formation not only about chemical, but also about physical structure of
PHA. In our previous work, we have summarized the way how the FTIR
spectra can be utilized in evaluation of crystallinity of PHA [39]. It has
been described that FTIR spectra of PHA involve vibration bands
characteristic for crystalline and for amorphous PHA, respectively.
Therefore, in this work we provide the matio of IR absorbance at the
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frequency characteristic for crystalline PHA (1228 em™) to an absor-
bance at frequency attributed to amorphous PHA (1180 ¢cm™) as a
supplementary spectral indicator of inherent sample crystallinity (see
detail of the spectral region with the two characteristic vibration bands
in Fig. S4b). Results of this spectral assay are provided in Table 4. Once
again, lower value of Ajz/Anx as compared to the wild-type strain
distinguish the copolymers produced by strains ALAO4 and ALAO6 from
those isolated from the other adapted strains.

As was already discussed, there is strong evidence from literature
that the relative content of 3HV in P(3HB-co-3HV) copolymers influ-
ences their overall erystallinity and melting behavior. Therefore, we
have performed comelation analysis to seek for comrelations between
particular material parameters that were determined for the individual
copolymers (see Table S1 in supplementary material). This analysis has
revealed a strong negative correation between molecular weight of the
copolyesters and both basic p d d by DSC, ie,
melting temperature T,, (Pearson cmﬂicmt -0.722) and total heat of
fusion (Pearson coefficient -0.892). It indicates that the chain length is
the primary parameter that affects crystallinity of the isolated copoly-
mers. Furthermore, strong positive correlation was found between
melting temperature and the spectral parameter Ayys/Anso, which
confirms that the quality of arystallites in the polymer structure man-
ifests in its FTIR spectrum. However, no strong or even moderate po-
sitive/negative correlation was confirmed for 3HV content and any of
the other material parameters contrarily to the original expectations.
Nevertheless, from the closer look at the relation between 3HV and
other properties of the polymer, it can be seen that the low correlation
coefficients are influenced by a spedific position of ALA06, which is
strongly distinguished from other materials. After elimination of the
ALAO6 parameters from the correlation analysis, originally expected
correlation was indeed confirned between the 3HV content and
melting temperature T, (strong negative comrelation Pearson coefficient
-0.952), and also between the 3HV content and spectral parameter
Aym/Aps (strong negative cormrelation Pearson coefficient -0.859).
Both correlations are presented graphically in Fig. S5, and the corre-
lation table is provided in supplementary material as well (see Table
$2). It is difficult to discuss this unique position of polymer produced by
strain ALAO6 solely on the basis of material parameters presented in
this work. Nevertheless, it is likely that the distinguished material
properties of the polymer come from a different orientation of the
monomer units in the structure of copolymer chain. Usually, bacteria
produce random copolymers, nevertheless, we hypothesize that strain
ALADG6 is capable, up to some level, to produce partially organized
copolymer with pants of the chains rich in 3HV, hence, a partially
blocky structure, which subsequently changes the properties of the
produced material [8]. However, this hypothesis needs to be tested by
detail crystallogrmaphy assay of the polymer (induding X-ray diffraction)
and polymer sequence distribution and fragmentation studies of the
individual copolyesters as a viable tool to study their microstructure
[40].

Finally, the distinctive position of the evolved strains ALAO4
(second generation of LA adaptation) and ALAO6 (adaptation in pre-
sence of chemical mutagen) was further supported by results of multi-
variate characterization based on PCA evaluation of material proper-
ties. It can be seen in Fig. $6 that these two materials were projected in
the opposite dimensions than the observation, which corresponds to
samples produced by first generation in the biplot of selected principal
components F1 and F2 (eigenvalue > 1), which in sum comprise 87.3%
of the variability of the original data set.

4. Conclusions

By methods of evolutionary engineering, five strains adapted to LA
originating from C. necator H16 (wild-type) have been obtained. Strains
C. necator ALAO1, ALA0O2 and ALAO3 have been dassified as the first
generation of evolved strains, stmin C. necator ALAO4 has represented
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the second generation of evolved strains and C. necator ALAD6 has been
gained by the contribution of the chemical mutagen MMS. All evolved
strains showed better growth in the presence of the inhibitor LA than
observed for the wild-type strain, which was one of main parameters
confirming a successful adaptation process. The analysis of PHAs in
biomass moreover showed higher content of PHA in the biomass and,
for some strains, also higher content of 3HV in P(3HB-co-3HV). The
strain C. necator ALAO4 repeatedly reported the highest value of PHA
and also 3HV content with more than 20 mol.%. After GC-FID analysis,
copolymers were further characterized by DSC, SEC-MALS and FTIR.
On the basis of results, a connection between higher 3 HV content,
lower melting temperature and lower erystallinity has been observed
for copolyesters isolated from strains C. necator ALAO1, ALAD2, ALAO3
and ALAO4. Polymer isolated from C. necator ALAO6 has not confirmed
that trend, therefore a different structural motif could be considered.
Biochemical chamcterization of evolved strains through determination
of specific activities of selected enzymes has provided information
about possible adaptation strategies of strains considering similarities
and differences between evolved strains and the wild-type stmin.
Similarities among evolved strains with the wild-type strain have been
observed in enhanced metabolism of propionyl-CoA, enhanced PHA
biosynthetic pathways, respiratory activity and also in enhanced ac-
tivities of NADPH producing enzymes. It could be assumed that higher
respiratory activity could be associated with adaptation to LA meta-
bolized via aerobic B-oxidation. Higher intensity of respiration could
cause oxidation stress, which was eliminated by higher production of
NADPH. The excess of NADPH could promote biosynthetic pathways
such as production of PHAs. Moreover, metabolic differences berween
evolved strains have been evaluated by PCA, and some adaptation
strategies have been suggested The most striking one among the
adapted strains was strain C. necator ALAO2 with enhanced intensity of
LA catabolism, higher activity of glyoxylate cycle and reduced MDH
activity, Strains C. necator ALAO1, ALAO3 and ALA06 were similar to
each other. Strain ALAO1 was the most similar to the wild-type strain,
and the adaptation strategy of strain ALAO4 was probably a little dif-
ferent from others. Different results have been observed when material
properties have been used for PCA. From this prospective, no obvious
link between general metabolic strategies of the strains and the shifts in
quality of the produced polymer was identified.
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Abstract. Polyhydroxyalkanoates (PHA) are biodegradable polyesters, which are produced by
various bactena including numerous halophiles. Employment of halophilic stramn for PHA
production brings numerous benefits such as robustness of the process against contamination by
ubiquitous mesophiles or possibility to isolate polymer from bactenial biomass via hypotonic lysis.
In this work, we screened three moderate halophiles — Halomonas halophila. Halomonas
organivorans and Halomonas salina for the presence of phaC gene encoding for PHA synthase and,
subsequently, we have investigated their PHA production potential on various sugars. Among tested
strains, H. organivorans demonstrated extraordinary capacity of PHA production in particular on
galactose and mannose since on these saccharides PHA content in dnied bacterial cells reached 83
and 90 wt. % on mannose and galactose, respectively. Therefore, H. organivoras can be considered
being a promusing PHA producing strain in particular suitable for the valorization of lignocellulose
matenials rich in galactomannans such as spent coffee grounds.

Introduction

Extremophiles are a very interesting group of microorganisms which are adapted to extreme
environments. For several decades. extremophiles attracted the attention of biotechnologists mainly
as a source of industrially relevant enzymes (so-called “extremozymes™) which are, unlike
conventional enzymes from mesophilic microorganisms, capable of withstanding harmful
conditions frequently associated with industrial processes such as high temperature or low or high
pH values [1]. Nevertheless, very recently extremophiles has attracted attention also as platform
strains in industnal biotechnology, since their utilization solves many weaknesses of traditional
industrial biotechnologies [2]. At first, due to induction of extreme conditions which prevent the
growth of the mesophilic microorganisms, biotechnological process based on extremophiles are
much more prone to microbial contamination, hence they can be operated under semi-sterile or even
completely non-sterile conditions. This in tums reduces energy costs associated with stenilization of
equipment and fermentation media. Further. increased robustness of the process against
contamination opens a possibility to operate fermentation in more efficient continuous mode. These
major advantages enabled the formulation of the concept of Next Generation Industrial
Biotechnologies (NGIB) which are based on the employment of extremophiles [3].

Polyhydroxyalkanoates (PHA) are mucrobial polyesters which are accumulated by numerous
microorganisms. Homopolymer of 3-hydroxybutyrate, poly(3-hydroxybutyrate) (PHB) 1s the most
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common member of this fanuly. PHA serve pnmanly as a storage of carbon and energy, however,
their biological role seems to be much more complex smnce PHA generally enhances stress
robustness against various stress conditions [4]. For instance, we have recently reported that PHA
accumulation enhances the resistance of bactenia against harmful effects of osmotic up-shock [5].
This 15 very likely the main reason why PHA accumulation 1s a common feature among halophiles —
microorganisms adapted to high osmolanty of the environment including extremely halotolerant
Archaea [6].

PHA attracts the attention of scientists and industry as potential fully biodegradable,
biocompatible and bio-based alternative to petrochemical polymers. Nevertheless, industrial
production of PHA is scarce since they are disadvantaged due to a high cost of their
biotechnological production and, therefore, they can currently hardly compete with cheap
petrochemical plastics. Therefore, they are attempts to reduce the cost of PHA by using waste or
inexpensive substrates and/or to improve the productivity of the PHA production by genetic
engineenng of producing strains [7]. Moreover, additional improvement of the economic aspect of
PHA production could be reached by employving extremophiles capable of PHA accumulation which
i1s m accordance with the above-mentioned concept of NGIB. Furthermore, using halophiles for
PHA production brings additional advantages because i. hypotonic lysis of the bactenal cells can be
used as a simple and inexpensive strategy for 1solation of crude polymer from bacterial biomass [8]
and ji. compatible solutes such as ectoines or trehalose, which are accumulated by many halophilic
prokarvotes to compensate extracellular osmotic pressure, can represent valuable side product of the
process [9].

Therefore, using genotypic characterization we have screened PHA biosynthesis capability
among several members of the genus Halomonas: furthermore, we have compared their PHA
production potential.

Material and Methods

Microorganismns Halomonas halophila CCM 3662. Halomonas salina CCM 4361 and
Halomonas organiverans CCM 7142 were purchased from Czech Collection of Microorganisms,
Bmo, Czech Republic.

PCR detection of phaC gene Multiplex PCR for detection of bactenial DNA (16S rRNA gene)
and the PHA synthase gene (phaC) was performed with the primer for 16S rRNA: forward 16S-F
5'- AAGAGTTTGATCCTGGCTCAG-3', reverse 16S-R 5-GGTTACCTTGTTACGACTT-3";
with the primer for phaC gene: forward G-D 5-
GTGCCGCC(GC)CTHAGHGC)ATCAACAAGT-3', reverse G1-R 5-
GTTCCAG(AT)ACAG(GC)A(GT)(AG)TCGAA-3". For this procedure, a PCR mixture consisted
of: 12.5 uL One TaqTM Hot Start 2X Master Mix with Standard Buffer, 2.6 uL. MgCl, 2 uL. DNA
template, 0.2 uM of each primer and volume added to 25 uL H>O. The PCR muixture was pre-
incubated at 94°C for 30 s. The PCR cycle consisted of 30 s at 94°C (denaturation), 30 s at 55°C
(annealing), 90 s at 68°C (extension); this cycle was repeated 30 times, final extension was
performed for 5 mun at 68°C. The PCR amplicon was detected by 2% agarose gel electrophoresis.

PHB production The bacterial strains were cultivated on Complex Nutrient Medium (peptone
bacteriological 15 g/L. yeast extract 3 g/L. glucose 1 g/L. NaCl 66 g/L) and mamtained as a cryo-
conserved culture at - 80°C in the presence of 17 (w/v) % glycerol. For PHB production, a mineral
medium (MM) was used which consisted of 20 g/L glucose (or other sugar), 1 g/LL (NHy)2S04, 1.05
g/L KH PO, 11.1 g/ NayHPO; - 12 HyO, 66 g/l NaCl (unless stated otherwise), 0.2 g/L MgSO; -
7H20 and 1 mI/L of microelement soltion (MES) which consists of 9.7 g/l FeCl3 - 6 H20, 7.8
g/L CaCly - 2 H2O. 0.156 g/L CuSOs4 - 5 H20, 0.119 g/L CoCla, 0.118 g/ NiClx 1n 0.1 M HCL
Sugars, salt solutions and microelement solutions were autoclaved separately (115°C, 20 mun).
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cooled down, and aseptically combined at room temperature. Prior to inoculation. pH was adjusted
to 7 by 1 M HCI or NaOH. This medium was inoculated by 5 vol. % of a 24 h old liquid culture
grown on Complex Nutrient Medium. The production cultivations were performed in Erlenmeyer
flasks (volume 250 ml) containing 100 mL of the cultivation media. The temperature was set at
30°C. and the agitation to 200 rpm. After 72 hours of cultivation, the cells were harvested
(centrifugation, 8000 x g. 5 min), and the concentration of biomass and PHB were determined as
described below.

Analytical methods To determune the biomass concentration and the PHB content in cells,
fermentation broth samples (10 mL) were centrifuged (8000 x g, 5 min), and the cells were washed
with PBS buffer. The biomass concentration expressed as the cell dry mass (CDM) was analyzed
gravimetrically. The PHB content m dried cells was detemuned by gas chromatography (Trace GC
Ultra, Thermo Scientific, USA) as reported previously [10]. Commercially available PHB (Sigma
Aldnch, Germany) was used as a standard; benzoic acid (LachNer, Czech Republic) was used as
intemal standard.

Results and Discussion

To identify and venfy the PHA accumulating potential of various halophilic bactenia, we developed
and optimized multiplex-PCR assay employing two pairs of primers; the first pair of primers targets
165 rRNA (amplicon size 1500 bp) and serves also as isolation control for all the tested bacteria.
The second primer pair enables amplification of the phaC gene encoding for PHA synthase
(amplicon size 551 bp), the key enzyme of PHA biosynthetic pathway which presence in bacteria is
indispensable for PHA accummlation. Therefore, the mmltiplex PCR assay of phaC-positive
bacterial samples results in the formation of both amplicons but phaC-negative samples reveals only
the amplicon comesponding to 165 rDN4, which 15 the general bacterial gene. It should be
mentioned that in some cases, due to preferential amplification of the amplicon with lower size,
only the amplicon corresponding to the phaC gene appears in PHA positive bacteria; nevertheless,
this fact does not complicate the identification of bactenal stramns harboring phaC gene. Results of
the PCR-assay for Halomonas organivorans are demonstrated in Fig. 1. This experimental approach
enabled us to test various bactenal strains (isolates as well as collection strains) for their PHA
accumulating potential. We have observed that all the three tested Halomonas strains (Halomonas
halophila, Halomonas organivorans and Halomonas salina) contain phaC gene and. therefore. they
can be considered being potential PHA producers.

Fig. 1 Visualization of the results of multiplex PCR assay. 1 — isolation control, 2 — Cupravidius
necator H16 — positive control, 3 — Halomonas organivorans , L — Ladder. The first amplicon
(marked as A) (1,500 bps) corresponds to 165 rRNA, the second amplicon proves the presence of
phaC gene encoding for PHA synthase.



Therefore, we have tested PHA production of all the three strains in simple and cheap
mineral media using various sugars as the sole carbons substrates, the results are shown in Table 1.
All the tested strains were capable of growth on glucose, fructose, sucrose, xylose, and mannose but,
based on our experimental results, they were not able to utilize lactose and arabinose (data not
shown). We have already reported that H. halophila seems to be a promusing strain for PHA
production [11] and this observation is also proved by our results since very high PHB titers were
obtained mainly on glucose and fructose (4.58 and 4.85 g/I. respectively). Nevertheless,
comparable PHB yields were also obtained by H organivorans. It should be noted that H
organivorans is generally recogmized as very promusing strain for biodegradation of orgamic
pollutants [12], but, to our best knowledge. its PHB accumulation potential has not been described
in scientific literature before. Actually, H. organivorans provided the best PHB production when
cultivated on galactose (5.80 g/L) and mannose (3.87 g/L). It should be noted that PHB content on
these sacchandes reached very high values 90.55 and 83.41 weight % for galactose and mannose,
respectively. Based on these results, H. organivorans seems to be a very promising PHB producing
strain suitable for the valorization of lignocellulosic maternals rich in galactomannans such as spent
coffee grounds [13]. On the contrary, biomass growth and PHA accumulation in H. salina were
much lower as compared with H. halophila and H. organivorans. It 1s likely that H. salina requires
complex components to induce more intensive growth of biomass and also to activate PHB
biosynthesis. Nevertheless, since complex cultivation components such as yeast extract or peptones
usually bring additional costs, based on our results H. salina does not seem to be candidate strain
for industrial PHB production.

Table 1. Biomass and PHB yields of the tested halophiles on various sugars (initial carbon substrate
concentration 20 g/I, NaCl 66 g/L. cultivation time 72 h. 30°C, 200 rpm).

PHB content PHB

CDM’ [g1] [% in CDM] [gL]

Glucose 5612004 81481063 458=060

Fructose 3472003  6680=080 231004

b o Sucrose 6422013 75412216 4852003
s ol ¥ 2822006 49382314 1392009
Galactose 4222010 80732204 341012

Mannose 1422010 68122001 096=006

Glucose 443=0.19 70.78=6.13 3.13=0.14

Fructose 463001  5544%010 2572001
I Sucrose 431=0.04 68.32=834 294=0.66
Xylose 1902006  4062:988 077021

Galactose 5612001 90552408 580022

Mannose 464001 83412183 3872008

Glucose 1512007 628=044 010001

Fructose 1432004 12552124 0172001

_ Sucrose 122002  1181£006 014001
Hosdlina  Cose 090007 4282037 004001
Galactose 097 =0.03 1232048 012001

Mannose 106003 1235101 013 001

"CDM stands for cell dry mass, results are in presented as: mean = standard deviation
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Since H. organivorans seems to be a very promusing halophilic PHB producer, we decided
to test the influence of salinsty of cultivation media on biomass growth and PHA yelds. It was
recently reported that NaCl concentration is a crucial factor affecting PHB production in H
halophila [11] and 1n a halophilic strain of Bacillus megaterium [14]. Our results are summarized in
Table 2. H. organivorans was not capable of growth and PHB biosynthesis in media with low
osmolarity (20 g/L of NaCl), but it grew well in presence of 40 — 100 g/L of NaCl It can be stated
that the higher osmolanty was, the higher PHB content in biomass was reached; nevertheless, the
highest PHB yields were obtained in NaCl concentration corresponding to 60 g/L further increase in
osmolarity slightly mhibited the growth of bactenal culture.

Table 2. Biomass and PHA yields of Halomonas organivorans at vanous concentration of NaCl in
cultivation media (initial glucose concentration 20 g/ NaCl 66 g/L. cultivation time 72 h, 30°C,
200 rpm).

NaCl (DM PHB content PHB
__len [#1]  [%inCDM]  [g1]

20 nd. nd. nd

40 430=0.06 77.13£5.27 332+0.18

60 5.57+0.13 8341=0.10 445=011

80 524=001 8298=203 434=0.11

100 462=008 88.17=097 4.07=0.12

"CDM stands for cell dry mass, results are in presented as: mean = standard deviation, n.d. - not detected

Summary

Our results indicate that H organivorans is very promising PHB producer which is capable of
reaching very high polymer contents in bacterial cells and it is capable of efficient utilization of
mannose and galactose. Hence, this halophilic strain can be used for PHB production using spent
coffee grounds or similar lignocellulose substrates rich in galactomannans as major hemicellulose
component.
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acids accumulated by numerous prokaryotes in the form of intracellular
granules as storage of carbon and energy. The homopolymer of 3-hy-
droxybutyrate (3HB), poly(3-hydroxybutyrate) (PHB), is the most
common and best-studied PHA. PHA resemble synthetic petrochem-
istry-based polymers in mechanical and technological properties, but,
unlike these, they are produced from renewable resources and reveal
completely biodegradable and biocompatible nature (Koller et al,
2017).

PHA are accumulated by a wide variety of bacteria including nu-
merous halophiles, a group of microorganisms adapted to highly saline
environments with NaCl being the major salt component. These mi-
croorganisms developed different strategies to cope with high salt
concentrations such as accumulation of organic compatible solutes or
high concentrations of K* ions in the cells (Obruca et al, 2018).

et al., 2015). Furthermore, presence of PHA granules was recently re-
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halophilic bacteria exposed to osmotic up-shock (Obruca et al., 2017)
and, moreover, PHA accumulating bacteria contain a substantial
amount of PHA monomers, which were recently identified being a
potent compatible solute (Obruca et al., 2016).

Despite the fact that PHA are very promising ecologically friendly
materials, their industrial production at large scale is still scarce. The
primary cause is the high cost of production. It was estimated that cost
of carbon substrate represent about 40% of total PHA cost (Chol and
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inexp ive carbon (Obruca et al. 2015, Haas et al. 2017).
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production PHA since the high salt concentration reduces the risk of
microbial contamination and PHA can be efficiently recovered from
halophiles by simple hypotonic lysis of cells (Koller 2015; Yin et al.
2015).

Halomonas halophila, formerly Deleya halophila, is a Gram-negative,
strictly aerobic moderately halophilic bacterium. It was originally iso-
lated near Alicante in southeast Spain (Quesada et al. 1984), Up to date,
only one very brief report indicates that H halophila accumulates PHA
(Klein et al. 2016), while morphological, molecular, kinetic as well as
biotechnological characteristics of PHA biosynthesis by this strain have
not been studied at all. Therefore, the aim of this work was to explore
PHA biosynthesis by this highly interesting halophilic bacterium under

different salinities, and to evaluate its potential for biotechnological
production of PHA from various inexpensive substrates.

2. Materials and methods

2.1. Microorganism, cultivation and microscopy analysis of bacterial cells

Halomonas halophila CCM 3662 was purchased from the Czech
Collection of Microorganisms. The bacterium was cultivated on
Complex Nutrient Medium (CNM; peptone bacteriological 15g/1, yeast
extract 3g/L, glucose 1 g/1, NaCl 66 g/L) and maintained as a cryo-
conserved culture at ~ 80 °C in the presence of 17 (w/v) % glycerol. For
PHA production, a mineral medium (MM) reported elsewhere (Obruca
et al. 2014a) was applied, which was supplemented by 20 g/1. glucose
(or other sugars) and 66g/L NaCl (unless stated otherwise). This
medium was inoculated by 3 vol% of a 24 h old liquid culture grown on
CNM. The production cultivations were performed in Erlenmeyer flasks
(volume 250 mL) containing 100 mL of the cultivation media (30°C,
200 rpm, 72 h). PHA-rich and -poor bacterial cells cultivated for 48 h on
glucose (20 g/1) supplemented MM and CNM, respectively, were ana-
lyzed by Transmission Electron Microscopy (TEM) and also by time-
resolved fl : py- The detailed protocols of mi Py
analyses are provided in Supplementary Materials as description of Fig.
s2.

2.2 Molecular analysis of PHA-synthase

Multiplex PCR for detection of bacterial DNA (16S rRNA gene) and
the PHA synthase gene (phaC) was performed to confirm PHA pro-
duction capability of various bacteria including H. halophila, the de-
tailed description of the procedure is provided in Supplementary ma-
terials as description of Fig. S1.

2.3. Analysis and characterization of PHA

The biomass concentration and the PHA content in cells were de-
termined as reported previously (Obruca et al. 2014b). To determine
the molecular weight of PHB, the polyesters were extracted from dried
biomass by chloroform (approx. 20mg biomass, Sml chloroform,
70°C, 24 h, continuous stirring); residual bacterial biomass was sepa-
rated by filtration, and, finally, the solvent was removed by evaporation
at 70 °C for 24 h. After that, the polymer was solubilized in HPLC-grade
chloroform (5 mg/mlL), and obtained samples were analyzed by gel Size
Exclusion Chromatography (Agilent, Infinity 1260 system, Plgel
MIXED-C column) with Multiangle Light Scattering (Wyatt Technology,
Dawn Heleos II) and Differential Refractive Index (Wyatt Technology,
Optilab T-rEX) detection.

Thermal stability of PHB samples was determined by thermogravi-
metric analysis carried out using TGA Q5000 (TA Instruments) (ni-
trogen 50 mL/min). Samples of 5 mg of were placed in sealed pans, and
analyzed in the temperature range from 25 °C to 500 "C with a heating
rate of 10°C/min. Other thermal properties were determined by dif-
ferential scanning calorimetry (DSC) (TA Instruments) with a nitrogen
gas flow of S0 mL/min. Samples (Smg) were placed in hermetically
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sealed aluminum pans. The first heating cycle was run between 25°C
and 190 °C at a scan rate of 10 "C/min, followed by cooling to —=30°C at
10 °C/min. The second heating cycle took place between - 30°C and
200°C at a heating rate of 10°C/min. DSC was calibrated using the
reference metals Hg (= 36.31 "C), In (156.86 "C), Sn (231.58 °C) and Zn
(418.49°C).

2 4. Preparation of inexpensive substrates and their hydrolysates

Sugar beet molasses was obtained from sugar refinery in Hrusovany
nad Jevisovkou (Czech Republic) and added to cultivation media in the
amount needed to obtain a final concentration of sucrose of 20 g/L.
Cheese whey was obtained from the Pribina Pribyslav cheese manu-
factory (Pribyslav, Czech Republic). It was hydrolyzed prior to culti-
vation by 2 M HCI for 90 min at 90 °C, neutralized by NaOH and diluted
with 2-times concentrated mineral salt media not containing NaCl.
Hence, the osmotic pressure of the media (1 M NaCl = 60 g/L) was fully
obtained by neutralization of HCl after hydrolysis. Final sugar con-
centration of the hydrolysate was determined spectrophotometrically
by the 3,5-dinitrosalycilic acid (DNS) method, and amounted to
21.99g/1.

Similarly, 50 g/L of lignocellulose materials, namely sawdust (SWD)
containing predominantly pine wood, com stover (CS) and spent coffee
grounds (SCG) were hydrolyzed by 1 M HQl for 40 min at 110°C. After
that, the hydrolysates were cooled, the pH-value was set o 4.5 by
NaOH, and the commercial enzyme cocktail Viscozyme L (Sigma-
Aldrich, Germany) (1 vol%) was applied (stirring at 45°C for 18h).
After remaining solids were removed by filtration, the pH-value was
adjusted to 7.0 by NaOH, and the hydrolysates were used for cultivation
media preparation. At first, hydrolysates were simply supplemented
with mineral salts according to the mineral media (MM) recipe (vide
supra). Again, no NaCl addition was needed, since the required salt
concentration (1 M NaCl = 60g/L) was entirely generated by neu-
tralization. Sugar concentrations in the hydrolysates amounted to
8.93 g/L for SWD hydrolysate (SWDH), 18.71 g/L for CS hydrolysate
(CSH), and 19.16 for SCG hydrolysate (SCGH). Moreover, all the lig-
nocellulose hydrolysates were diluted by 2-times concentrated MM
containing 60 g/L NaCl.

Furthermore, HPLC analysis of sugar composition in the lig-
nocellulose hydrolysates prior and after cultivation was performed by
liquid chromatography (Thermo Scientific UHPLC system - UltiMate
3000, refractometric detector - ERC RefractoMax 520) with REZEX-
ROA column (150 x 4.6 mm, 5 pm; Phenomex, USA). The mobile phase
was SmM H,SO, at a flow rate 0.5 mL/min.

3. Results and discussion

3.1. Molecular and microscopy analysis of H. halophila

The results obtained by this multiplex PCR assay for H. halophila
clearly demonstrated the presence of the phaC gene (see Fig. S1).
Generally, this result is not surprising since numerous members of the
genus Halomonas are capable of PHA biosynthesis, and some of them
are even considered auspicious candidates for industrial production of
PHA (Yin et al. 2015).

Transmission electron microscopy, as well as FLIM analysis, were
used to investigate the morphology of H. halophila cultivated in nutrient
and nitrogen rich cultivation media not stimulating PHA synthesis, and
also in glucose supplemented nitrogen limited mineral medium, which
was expected to induce PHA accumulation; the results are shown in Fig.
S2. In both cases, the bacterial culture formed rod-shaped cells, al-
though both cell diameters and cell shapes differed in the two culi-
vation media. In nutrient rich media, bacterial cells formed rather slim,
elongated cells with a diameter of about 1 um and length 5-8 ym. On
the contrary, when cultivated in mineral media, bacterial cells were
rather short (length of 3-6 um), and are spherically shaped. The main
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difference between the cultivations in the two media referred to the
PHA content. In nutrient-rich media (Fig. S2A and S2B), bacterial cells
contained approximately 3-8 relatively small PHA granules being
predominantly localized in the center of the cells. Jendrossek and
Pleiffer (2014) reported that granules in PHA-poor cells (young bac-
terial cells in initial state of PHA formation) are localized in the center
of the cells and suggested the “Scaffold-type model” as a novel theory of
PHA granules formation. Our observation of PHA granules localization
indicates for the first time that this model could be valid also for ha-
lophilic bacteria. Image analysis of H. halophila cells cultivated in nu-
trient-rich media demonstrated that PHA granules take a mean share of
2.1 = 0.6% of the bacterial cell volume.

Bacterial cells accumulated a substantially more PHA when culti-
vated in nitrogen limited mineral media (Fig. 52C and S2D). According
to the results of image analysis, the volume fraction occupied by PHA
granules in PHA rich cells amounted to about 38.4 = 2.7% of cell
volume. This is in agreement with recent findings indicating that even
bacterial cells with very high intracellular PHA content control their
cells diameters in order to prevent the PHA volume fraction from ex-
ceeding a value of 40 vol% (Mravec et al. 2016). Moreover, these results
are in excellent agreement with data reported by Vadlja et al. (2016),
who observed that the upper limit of PHA content in cells is determined
by the cell's geometry and steric factors.

3.2 PHA production on various media and carbon substrates

An important factor influencing the economic feasibility of PHA
production is the cost of cultivation media. Some promising halophilic
PHA producers require complex nitrogen sources (Koller 2015). An
advantageous characteristic of H. halophila as potential PHA producer is
that this bacterium finds its way with inexpensive mineral media
without requiring expensive, complex nitrogen sources.

Further, we investigated the effect of NaCl concentration in culti-
vation media on PHA productivity as well as on molecular weight and
thermal properties of the accumulated polymer; the results are shown
in Table 1. Regarding PHB yields, the optimal concentration of NaCl
amounted to 60g/L (which roughly corresponds to 1M). Recently,
Rodriguez-Contreras et al. (2016) published a study dealing with the
influence of salinity on PHA production by the halophilic Gram-positive
bacterium Bacillus megaterium uyuni $29. Using this strain, the highest
PHA titer (222 g/1) as well as PHA content in biomass were gained at a
NaCl concentration of 45 g/L, whereas at lower and higher salt con-
centration (5 and 100 g/L), the productivity dramatically decreased.
Hence, NaCl concentration is a crucial parameter influencing PHA
productivity when employing halophilic bacteria and needs to be op-
timized for each new PHA production strain.

Furthermore, in case of H. halophila, salinity of the cultivation
media influences also molecular weight of the polymer and its poly-
dispersity (see Table 2). At low NaCl concentration, PHB with lower
mass but very narrow polydispersity was formed, while the molecular

weight of the polymer and also polydispersity increased in parallel 1o
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Table 2
Biomass and PHE tters and PHB fraction in biomass gained by H. halephida on various
pure sugars and various s b after 72h cultivation in

Erienmeyer flasks.
com (gl PHE [wi%] PHB [g1]

Pure sugars @ carbon source
Glucose 562 = 0.03 815 = 106 458 = 0.60
Fructose 347 2 0.4 668 = 08 231 = 004
Snernes £47 « 011 ™4 .27 485 + 017
Cellobtose 286 = 0.02 908 = 11 259 = 0.04
Xylose 282 + 0.06 494 = 31 139 = 0.09
Manncee 142 = 0.10 681 = 01 096 = 0.06
Galactose 422 = 0.10 B0.7 = 20 341 = 0.12
Lactose 027 £ 0.02 nd nd
Rhamnose 602 £ 015 28 29 498 = 0.1
Arabinose 517 = 0.05 61.4 = 107 318 = 055
Complex subssrates as carbon source
Cheese whey hydrolysate 850 & Q.17 3|12 s 20 126 & 0.27
Molatses 405 = 0.06 6406 = 1.13 257 = 0.14
SOGH 151 = 015 6195 = 134 217 = 0.65
SOGH. 2x diluted 1.80 = 0.13 15.27 = 0.90 037 = 0.02
SWDH 214 = 0.19 46.85 = 429 1.00 = 0.13
SWDH, 2x diluted 135 = 0.04 11.27 = 0.3 015 = 001
sH nd nd nd
CSH, 2x diluted 212 2 01 3867 = 0.65 082 + 0.01

n.d: not detected

ine i otie [ In view of physico-mechanical properties

of PHA and its processing towards final products, both a rather high
molecular weight of the polymer and the controllability of molecular
weight during the bioprocess are considered desirable features. There-
fore, the polymer produced by H. halophila attracts interest since at a
higher NaCl concentration (60, 80 and 100g/L), polymers of high
molecular weight were produced. When lower osmotic pressure is ap-
plied, the resulting polymer revealed a highly uniform distribution of
molecular weight. Hence, certain of the molecular mass
and its distribution can be achieved by this strain by adapting the
medium salinity. To the best of our knowledge, the influence of the
variation of the NaCl concentration on the molecular weight and
polydispersity of PHA produced by halophilic bacteria was not reported
in the literature before.

Furthermore, the concentration of NaCl used during cultivation of
H. halophila influenced also thermal properties of PHA (see Table 1),
The highest thermal stability was observed for the PHA produced at
20 g/L of NaCl. For all PHB samples, the melting temperature (T,,) was
determined at about 180 °C, which is typical for high molecular weight
samples of PHB produced by other organisms (Koller et al. 2017). PHB
samples produced at a higher concentration of NaCl demonstrated
much lower thermal stability, as evidenced by the decreased T, at about
3.8-14.2°C. The differences in the thermal stability corresponded to the
degrees of crystallinity (X,) of PHA samples after isolation. Next, the
different NaCl concentrations markedly influenced the crystallization

Table 1
Biamass and PHB concentration and molecular weights of PHA produced by H. halophilla at various NaCl concentrations in glucose-based cultivation media (MM) after 72 h cultivation in
Erlenmeyer flasks.
Nacl [g/1] cCDM FHB FHB L. 1] DsSC TGA
g1l [wt %) (gl [kDa]
1st beating scan Cooling scan 2ndd heating scan
Ta AR, X T, aH, T, aH, X, Ts Taw
I'cl gl s Q bgl € gl (% g 1c]
-1 427 £ D01 4757 = 176 203 £ 012 47384 2 2691 12 1791 738 505 1051 1999 1762 902 61.8 217 X737
40 516 £ 011 5196 = 300 268 &£ 017 72281 : 5698 110 1786 660 452 1070 1000 1769 699 478 2479 2569
60 511 £ 011 7201 =278 368 £ 016 79391 = 2778 129 1805 658 450 1045 1493 1784 T03 481 2475 2590
80 466 £ 012 S834 = 658 272 :031 79798 = 2580 1E2 1781 703 482 1094 1362 1776 626 429 2579 2690
100 125 2 036 4543 = 050 1.48 = 0.16 B1064 = 2080 28 1801 659 451 1113 1906 1779 812 556 2513 2613
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kinetics of PHB. PHB produced at 100 g/L NaCl crystallized at a tem-
perature about 6.2°C higher than observed for PHB from cultures
grown at 20 g/L NaCl. It must be noted that the crystallinity of PHB,
additionally to the purity of samples, cultivation and isolation condi-
tions, also depends on its molecular weight. Narrower molecular weight
distribution and lower molecular weight resulted in a higher degree of
crystallinity of PHB samples.

Another investigated property of H. halophila was its capability of
converting various sugars into PHB (see Table 2). With the exception of
lactose, the bacterial culture was able to utilize all the tested sugars.
Surprisingly, the highest PHB titers were gained on rhamnose, followed
by sucrose and glucose, but the bacterial culture was also capable of
PHA accumulation on other sugars such as cellobiose, xylose, mannose
or galactose. This is an essential feature of H. halophila because it in-
dicates that it can be used for PHA production ri
substrates such as lignocelluloses or molasses (Obruca et al. 2015).

The production cost of PHA can be substantially decreased when
cheap substrates are used. In this context, lignocellulose-based waste
materials are of high interest. Nevertheless, prior to conversion of lig-
nocellulose materials into PHA, polysaccharides must be hydrolyzed to
yield fermentable sugars. This process usually includes chemical hy-
drolysis of hemicellulose by mineral acids such as HCl and subsequent
enzymatic hydrolysis of cellulose (Obruca et al. 2015). Neutralization of
the hydrolysates after mineral acid treatment is usually performed by
NaOH, which results in the presence of high NaCl concentration in
cultivation media. Hence, it is reasonable to use halotolerant or even
halophilic microbes for the biotechnological valorization of lig-
nocellulose and other cheap substrate hydrolysates - they are naturally
tolerant to high salt concentrations, and there is no need to remove salts
from cultivation media prior to cultivation.

Taking into account the expedient spectrum of carbohydrates uti-
lizable by H. halophila, the strain was tested for PHA production on
several selected waste substrates (Table 2). At first, cultivation was
performed on cheese whey, the lactose rich waste stream of cheese
production. Since H. halophila was not capable of direct lactose utili-
zation, but it can grow on its monomers glucose and galactose, we
performed HCl-catalyzed hydrolysis of whey lactose. The concentration
of HCI was set to reach a desired NaCl concentration of approx. 60 g/L
after neutralization, therefore, no additional NaCl had to be introduced.
The tested bacterial culture was capable of efficient utilization of hy-
drolyzed cheese whey; achieved PHA concentration amounted to
3.26 /L. Similarly, H. halophila also efficiently converted molasses into
PHA (PHB titers 2.57 g/L); in this case, no hydrolysis was needed before
cultivation, since the tested bacterial species is capable of direct utili-
zation of sucrose as the major sugar constituent of molasses.

PHA production by H. halophila was also tested on hydrolysates of
lignocellulose materials. Also in these cases, chemical hydrolysis of
lignocellulose materials was performed by 1 M HCI, to reach optimal
salinity of the cultivation media after neutralization. The first tested
lignocellulose material was SCG, an important side stream of the coffee
processing industry; it represents 60 wt% of coffee beans used for coffee
beverage preparation or instant coffee production. SCG is rich in
hemicelluloses, and composed mainly of galactomannans (30-40 wt%);
it also contains cellulose (approx. 10 wi%), lipids (15 wt%) and lignin
(approx. 30%) (Mussatto et al. 2011). Therefore, SCG represents a
suitable, still underestimated substrate, which can be valorized em-
ploying a bio-refinery concept (Obruca et al. 2014a, Obruca et al.
2015). Since H. halophila is capable of utilizing mannose as well as
galactose as the dominant sugars in SCG hydrolysate, we also tested its
potential for valorization of SCG; indeed, the tested bacterial species
was capable of SCG hydrolysate utilization.

Moreover, H. halophila was also capable of utilization and PHA ac-
cumulation on hydrolysates of sawdust (SWD) and corn stover (CS),
which were prepared in the same way as hydrolysate of SCG. Both
hydrolysates contain predominantly xylose, arabinose and glucose. It
was an interesting finding that the bacterial culture revealed poor
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growth and no PHB accumulation on concentrated corn stover hydro-
lysate (CSH), which is in contrast to the relatively good biomass and
PHB titers achieved on twice diluted CSH. This observation indicates
the presence of microbial inhibitors in CSH, which is a typical finding in
lignocellulosic hydrolysates, since numerous microbial inhibitors are
released from lignocellulose materials during their hydrolysis (Jonsson
& Martin 2016). Since among all the hydrolysates of inexpensive sub-
strates tested substantial inhibition was observed only in CSH, and this
problem can be easily solved by simple dilution of the hydrolysate, it
can be stated that H halophila seems to be a robust bacterial strain
which is a very positive feature for a potential industrial application.
Probably as a consequence of the presence of the substantial portion of
pentose sugars, whose conversion into PHA is metabolically proble-
matic and less effective as compared with hexoses (Lopes et al. 2009),
PHA yields obtained on SWDH and CSH are lower than those obtained
in the hexose-rich SCG hydrolysate. Furthermore, determination of
sugars in lignocellulose hydrolysates on which bacterial culture re-
vealed substantial growth and PHB production was performed prior and
after cultivation; data are provided as supplementary materials (Table
$1). Despite the fact that glucose was identified as one of the best
convertible sugars for H. halophila, no preference for utilization of
glucose over other sugars in hydrolysates was observed. Contrarily, in
SWD hydrolysate, xylose seemed to be preferentially utilized compared
to glucose. Nevertheless, in the other cultivation setups, sugars were
consumed more or less at the same rates. This observation can be
considered being positive since risk of the catabolite repression, which
typically complicates PHA production on lignocellulose hydrolysates, is
substantially limited. Hence, the results indicate a high biotechnolo-
gical potential of H. halophila for PHA production from inexpensive
substrates.

4. Conclusions

This work makes us familiar with the high potential of the osmo-
philic strain H. halophila for economically feasible PHB production.
Based on a series of cultivations, the conversion of a variety of in-
expensive (agro)industrial waste and surplus materials towards PHB
was successfully demonstrated, which opens the door to upgrade these
materials to feedstocks in bio-refinery processes operated with this
auspicious microbial cell factory. Remarkably, fine-tuning of the sali-
nity of cultivation media pre-determines the properties of PHB pro-
duced by this strain already in stan: di, which paves the way for
convenient tailor-made production of PHB with pre-defined molecular
mass and polydispersity as essential parameters, which influence its
processing towards marketable polymeric materials.
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Appendix A. Suppl

y data

Supplementary data associated with this article can be found, in the
online version, at https://dolorg/10.1016/]. biortech . 2018.02.062.
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Keywordc The valorimtion of food waste is the sustainable way how to handle resources wisely. Spent coffee grounds

Antioudants (mlmwmmdhhﬂﬂtnﬁm and coffee brewing. The potential of Helomaonas

Phenalics halophila to § polyhydroxy (PHA) from fermentable sugars derived from SCGs has been studied.

Polyhydronyallanoates mqpﬂmw-abknn SCG hydroly as a carbon source for its growth. Diluted acid hydrolysis

e ey (4.0vol% sulfuric acid, 120 min, m‘crummumammwmsrmm

s modified SCGs, defatted SCGs and defatted SCGs with the eliminated phenolics have been prepared. H in
shake flaak f the growth of H. halophila was entirely inhibi anal.lrh:‘“

Therefore, the hydroly mwmmmwmnmdﬁumwm

Wnﬂhdqlﬂnmmm&!u&dhy&d)ﬁmpdﬂ&hy&myh‘yrﬂe](ﬂlﬂ)wmﬂﬂd

durin;?zh.The‘ d was graphy, and size exch graphy

pled with multi _,' llﬂl ing and diff | refractometry. PHB titers reached 0.95 g/L with PHB

content in bacteria cell dry mass 27% (wt/wt), the molecular weight of the produced polymer was about

440-825 kDa. This study demonstrates that at least the detoxification of SCG hydrolysates with sorbent was

Ytop the fi of H. helophila. M , the of coffee oil and phenolics from

SCG as a detoxification p step ik to the increase of economic and environmental values of

wmmmlhcmdl&cc-a&nguﬂiuﬁunudmm.
1. Introduction production capacity by 2022 is 75.72 million tonnes [4). PHA are

Polyhydroxyalkanoates (PHA) are biodegradable and biocompatible
polyesters synthesized intracellularly by various microorganisms by
certain conditions such as limitation of essential nutrients (e.g., ni-
trogen, phosphorus, or oxygen) and sufficient supply of the carbon
source. The broad range of PHA polyesters, such as homopolymers,
copolymers, and terpolymers with different physicomechanical prop-
erties, can be biosynthesized by variation of substrates, co-substrates,
and microorganisms [1]. PHA are considered being an en-
vironmentally-friendly alternative to petroleum-based plastics, and
they have received the designation as the plastic material of the 21st
century |2,3]. The most extensively studied is the homopolymer poly(3-
hydroxybutyrate) (PHB), which physicomechanical properties are
comparable with polypropylene (PP). PP is a non-biodegradable ther-
moplastic polymer produced from petroleum. The global production of
polypropylene reached 54.44 million tonnes in 2016, and the assumed
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biocompatible, non-toxic biopolymers, which may be considered as
alternatives to some PP products, mainly in the medical field, such as in
vivo implants, medical ware, packaging, and syringes [5.6]. Moreover,
the biodegradation of PHA into non-toxic compounds enables using
them as an additive in pharmaceutical formulations [7.8]. However, the
much higher price of PHA compared to PP is a significant drawback,
which inhibits the broader commercialization of PHA. One of the way
leading to the lower production cost of PHA is the utilization of cheap
non-food by-products as carbon sources. As efficient methods for the
deliberation of carbohydrates from lignocellulose materials, dilute acid
hydrolysis or acid hydrolysis combined with an enzymatic post-treat-
ment have been developed. The reducing sugar content in hydrolysates
vary with the kind of lignocellulosic material and applied hydrolysis
conditions. Various inexpensive lignocellulosic materials have been
tested as a carb for the rganisms with the ability to
accumulate PHA such as forest-based feedstocks, and agro-industrial

134



A Kowalck et al

residues [9-13].

The main problem in using lignocellulosic hydrolysates as the
carbon source is the presence of co-contaminants, which inhibit the cell
growth of PHA producing bacteria [14). Between compounds, which
act toxically, belong extractives (e.g., terpenes, alcohols, and tannins),
aihatances ariginated fram the cleavage of ligno-carhahydrate com-
plexes (phenolic compounds based on lignin degradation products) and
materials released through to the degradation of hemicellulose and
cellulose (furfural, hydroxymethylfurfural, and acetic acid). The study
of the toxic effect of these substances on various microorganisms in-
cluding yeasts has been the focus of the extensive research [15-17].
Jarboe et al. [18] in their work reviewed the effect of carboxylic acids
on Escherichia coli and Saccharomyces cerevisiae and reported that the
toxicity of carboxylic acids is related to the alteration of the cell mor-
phology with the membrane damage and a decrease of the internal
microbial pH [18]. Further, it was reported that furfural and hydro-
xymethyl furfural have a negative impact on the respiratory mechanism
of microorganisms |19,20]. Furfural has been found to cause inactiva-
tion of cell replication of S. cerevisiae [21]. Next, literature denotes that
phenolics originated as lignin degradation products have an inhibitory
effect on the growth of microorganisms [17]. Moreover, it should be
noted here that the interactive effects of all toxic substances present in
lignocellulosic hydrolysates cause several times higher adverse impact
as compared with the individual compounds [16]. In order to overcome
the inhibitory effect of toxic substances present in hydrolysates have
been used a few strategies such as (1) adaptation of microorganisms, (2)
increase of the concentration of bacterial cells in the inoculum, and (3)
detoxification of hydrolysates. Different methods have been applied for
the elimination of toxic compounds in hydrolysates such as evaporation
under vacuum, steam stripping (concentration step), pH adjustment -
overliming (precipitation step), adsorption of toxic compounds by e.g.,
active charcoal, molecular sieves, anion/cation exchange resins (ad-
sorption step), or extraction of poisonous compounds (extraction step).
The efficiency of detoxification methods strongly varies and depends on
many factors such as the principle of detoxification, the type, and
concentration of toxic substances as well as the microorganism identity
and applied growth conditions [22].

Spent coffee grounds (SCGs) are abundantly available as a waste
product from coffee industry, coffee bars, and coffee automat machines
and can be used as a cheap carbon feedstock. The composition of SCGs
depends on many factors such as the origin of green beans and their
composition, roasting conditions, and coffee drink processing proce-
dures and SCG4 treatment. SCGs contain carbohydrates, proteins, phe-
nolic compounds, and melanoidins. The carbohydrate fraction can be
solubilized through the thermal, acid or alkali hydrolysis. SCG hydro-
lysates include mainly mannose, galactose, and arabinose [23-25].
Literature shows that only a few bacteria accumulating poly-
hydroxyalkancates can metabolize these monosaccharides, e.g., Pseu-
domonas fluorescens 555 [26), Bacillus subtilis [27), Bacillus firmus (28],
Burikholderia cepacia | 29, Novosphingobium nitrogenifigens Y88 [30], and
Burkholderia sacchari [31]. Recently our research group presented that
also Halomonas halophila can utilize monosaccharides present in SCGs
and other lignocellulosic materials [32].

It is known that SCGs contain a large group of phenolics including
chlorogenic acid, catechin, caffeic acid, ellagic acid, ferulic acid, galic
acid, p-hydroxybenzoic acid, p-coumaric acid, protocatechuic acid,
rutin, quercetin and tannic acid [33.34]. Phenolics contribute to the
high antioxidant activity of SCG extracts. Melanoidins are brown water-

Jowrnal of Environmental Chemical Engineering 6 (2018) 3495-3501

soluble complex macromolecular pounds gen d from carbohy-
drates, proteins, and phenolics (mainly chlorogenic acid) during
roasting through Maillard reaction [35]. Several studies suggested that
melanoidins are bioactive compounds, which exhibit antioxidant ac-
tivity, antimicrobial activity, chemopreventive activity, prebiotic ac-
tiviry antihypertencive activity, metal chelating ahility, and genntoric
and cytotoxic effects [36].

It can be supposed that the antimicrobial activity of phenolics pre-
sent in SCGs will negatively influence the growing of PHA producing
bacteria. Therefore, in this study, the multiple detoxification strategies
of SCG hydrolysates on the vitality of H. halophila and its ability to
accumulate PHA were evaluated. Additionally, options for integrating
PHB production on modified SCG hydrolysates and the obtained by-
products of detoxification into biorefinery concept were investigated.

2. Experimental part

2.1. Materials and methods

2.1.1. Preparation of SCG hydrolysates

SCGs originated from Arabica coffee (Pavin coffee) were collected
from a coffee machine at the Faculty of Chemistry, Bmo University of
Technology, Czech Republic. SCGs were dried at 80°C for 24h and
milled to receive particles about 80um. The oil extraction was per-
formed with the mixture of n-hexane and isopropyl alcohol (50:50 by
volume) using a Soxhlet extractor for 4 h. In the next step deffated SCGs
were extracted with ethanol for 4 h using a Soxhlet extractor, receiving
deffated SCGs with a reduced content of phenolics. The solvent-ex-
tracted SCGs were dried at 80°C for 24 h. Production of SCG hydro-
lysates (SCGH) with the aim to receive the high content of released
saccharides was as following (see Fig. 1)

Method 1: SCGH#1 was prepared by hydrolysis of SCGs (25% (w/
v)) with 4 vol.% H,SO,, without stirring in an autoclave for 2h at
100°C and 15 psi [37]. SCGH#1D was received after detoxification of
SCGH#1 with the polymeric exchanger (styrene-divinylbenzene based
resins, XAD4). The XAD4 in the concentration of 10 g/L was added into
SCGH# 1 with pH adjusted to 1.3 (96% sulfuric acid, p.a., Lachner). The
detoxification was carried out at 23 °C, for 5h and shaking at 150 rpm.
After that, XAD4 resins were filtered out with Whatman # 1 filter
paper.

Method 2: SCGH#2 was prepared by hydrolysis of deffated SCGs
(25% (w/v)) with 4 vol.% H_SO,, without stirring in the autoclave for
2h at 100 °C and 15 psi. SCGH#2D was received after detoxification of
SCGH#2 with the polymeric exchanger XAD4 under the same condi-
tions as above-mentioned in the method a).

Method 3: SCGH#3 was prepared by hydrolysis of deffated SCGs
with the reduced content of phenolics (25% (w/v)) with 4 vol.% H_SO,,
without stirring in the autoclave for 2h at 100 °C and 15 psi. SCGH#3D
was received after detoxification of SCGH#3 with the polymeric ex-
changer XAD4 under the same conditions as above-mentioned in the
method a).

i A

2.1.2. Analysis of SCGH composition

The ¢« ion of dry in SCG hydroly was
by lyophilization of S0 mL of SCGH at ~43°C, 0.133 mBar, for 24h
(Freeze dry system, Freezone 4.5, Labconco). The ash content was de-
termined as follows: 1 g of lyophilized SCGH was incinerated in Silica
crucible over the bumer. The charred material was heated in a muffle

TN

Method # 1 Acid hycroiysis | SCGH # 1 - Adsorption of phanolics on XACH = SCGH # 10 |

on XAD4 - SCGH # 20 |

;';m'ﬁl Method #2  Extraction ofoll _ Ackd hydrolysis 7| SCGH # 2 ! Adsorphon of p

SCC | ethod#3 Extactioncrol  Extraction ofphencilics  Ackd hydrolysis | SCGH # 3 - Adscrption of phanolcs on XAD -{ SCGH # 30|

<Y

“~

Fig. 1. Methods used for the
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furnace for 5 h at 800 "C. The ion of ni F ds in
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the lyophilized SCGH was estimated by the Kjeldahl method, and the
conversion factor of 6.25 was used to convert nitrogen into protein
[38]. Elemental composition was determined using a CHNS analyzer
EuroVector EA 3000 [39]. Samples were sealed in tin pans and heated
in the oven up to 980 °C in an oxygen atmosphere. The concentration of
CHNS elements has been determined by using thermal ductivity

lation, pH was adjusted to 7 by 1 M HCl or
NnOH.Thlsmdhmmlnoculxedby3wl.%da24hddllqmd
culture grown on Complex Nutrient Medium. The production cultiva-
tions were performed in Erlenmeyer flasks (volume 250 mL) containing
50 mL of the cultivation media. The temperature was set at 30 °C, and
the agitation to 200 rpm. After 72 h of cultivation, the cells were har-
d (centrifugation, 8000 x g. 5 min).

detector (TCD) and calibration with the sulphanilamide.

Particular sugars contents (cellobiose, glucose, mannose, galactose,
and arabinose), acetic acid, 5-hydroxymethyl furfural and furfural
content in non-diluted and diluted (20 g/L) hydrolysates were esti-
mated by liquid chromatography (pump LCP 4020, thermostat LCO
101, degasser DG-1210, refractometer detector RIDK 102; Ecom, Czech
Republic) with REZEX-ROA column (150mm x 4.6mm, S5pm;
Phenomex, USA). SCG hydrolysates # 1-3 were diluted into con-
centration 20 g/L. of total sugar before cultivation to keep the same
concentration of fermentable sugar by using SCGH prepared by dif-
ferent methods (see Fig. 1). Next, UV-vis spectra and brown color in-
tensity of diluted SCGH (before and after detoxification) were de-
termined by using absorbance range of 250-700nm (the Implen
NanoPhotometer Pearl UV-vis spectrophotometer). The absorption at
420 nm was used as an indicator of brown color [40]. The total phe-
nolics content (TPC) in diluted SCGH (before and after detoxification)
was estimated using the colorimetric method at 750 nm using the Folin-
Ciocalteau reagent [41). The amount of TPC was calculated according
to a standard curve prepared with gallic acid as a standard. The results
were expressed as milligram of gallic acid equivalent per mL of hy-
drolysate containing 20 g/L of sugar (mg/mlL). Next, the content of
flavonoids in hydrolysates with the sugar concentration of 20 g/, be-
fore and after detoxification was estimated according to the colori-
metric method at 510 nm using catechin as a standard [42]. The content
of total flavonoids was expressed as milligram catechin equivalent per
mL of hydrolysate containing 20 g/L of sugar (mg/mL). The absorbance
was measured using Implen NanoPhotometer Pearl UV-vis spectro-
photometer, All analyses were performed in triplicate, and the results
were evaluated as mean values with standard deviation values.

The radical scavenging activity of diluted non-detoxified hydro-
lyzates (20 g/L) against a stable free radical 2,2-Diphenyl-1-picryl hy-
drazyl (DPPH) was determined spectrophotometrically at 517 nm on a
UV-vis spectrophotometer (Implen NanoPhotometer Pearl) according
to the method of Brand-Williams et al. [43). For each determination
hydrolysates were diluted with 60% (v/v) ethanol and 0.5 mL of each
dilution was mixed with SmL of a methanolic solution of DPPH
(0.06 mM). The mixtures were shaken and kept in the dark at 37 °C for
30 min. A mixture of 0.5 mL of 60% (v/v) ethanol with SmL of a me-
thanolic solution of DPPH (0.06 mM) was prepared as the control
Methanol was used as blank. Radical scavenging activity was char-
acterized as ICsy value, meaning the concentration of the sample ne-
cessary to decrease the initial DPPH concentration by 50% [44). All

determinations were performed in triplicate.

2.1.3. Microorganism and cultivation conditions

Halomonas halophila CCM 3662 was purchased from the Czech
Collection of Microorganisms. The bacterium was cultivated on
Complex Nutrient Medium (peptone bacteriological 15g/1, yeast ex-
tract 3g/1, glucose 1 g/1, NaCl 66 g/L) and maintained as a cryo-con-
served culture at 80 °C in the presence of 17 (w/v) % glycerol. For
PHA production, a mineral medium (MM) was applied, which con-
sisting of 20 g/L total sugar present in SCGH (the concentration of total
sugar in hydrolysates - shown in Fig. 1- was adjusted 1o 20 g/1), 1g/L
(NH4)2504, 1.02 g/L KHzPO4, 11.1 g/L NazHPO, - 12H;0, 66 g/L. NaCl,
0.2g/L. MgSO, - 7H,0 and 1 ml/L of microelement solution (MES)
which consists of 9.7 g/L FeCl, - 6H,0, 7.8 g/L CaCl, - 2H,0, 0.156 g/L
CuSO, - 5H,0, 0.119g/L CoCl,, 0.118 g/L NiCl, in 0.1 M HCl. Sugars,
salt solutions, and microelement solutions were autoclaved separately
(115°C, 20 min), cooled down, and aseptically combined at room

2.1.4. PHA extraction and analysis

The cells after centrifugation were twice purified in milli-Q water
and dried to constant weight (75 *C). The dried biomass was determined
gravimetrically, and the PHB content in dried biomass was analyzed by
gas chromatography (Trace GC Ultra, Thermo Scientific, USA) ac-
cording to Brand et al. [45]. As the standard was used commercially
available  poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV)
(12% of hydroxyvalerate, Sigma Aldrich). PHB was extracted from the
milled biomass with hot chloroform for 2.5h, followed by the pre-
cipitation in slowly stirred ice-cold ethanol [46). The precipitated PHB
was washed with methanol and lyophilized.

Average molecular weights (M. and M.) and polydispersity
(Dy = M,/M,) of polymers were measured at 25°C by size exclusion
chromatography (SEC, size separation by PL gel MIXED-C column,
Agilent Technologies, USA) coupled with Dawn Heleos Il multiangle
light scattering (MALS) detector (Wyatt Technology, USA) and Optilab
T-eEX differential refractometer (dRI, Wyatt Technology, USA). The
samples were dissolved in chloroform (4 mg/mL) for 3h at 70°C and
filtered priour to analyses (0.45 pm syringe filter). Chloroform was used
as eluent at a flow rate of 0.6 mLmin "' and the injection volume was
100pL. The obtained molecular weights were calculated using the
value of refractive index increment of PHB (dn/dc) 0.0336 mlL/g, as was
determined from the differential refractometer response assuming a
100% sample mass recovery from the column. Data acquisition and
evaluation was done using Astra 6.1 software (Wyaut Technology, USA).

3. Results and discussion

3.1. Compaosition and characterization of SCG hydrolysates

A principal goal of this work was to prepare carbon substrate from

spent coffee grounds for the cultivation of H. halophila. This organism
was chosen as a production strain because it can grow and accumulate

PHA at less strict sterile conditions and the high osmotic pressure (in-
ference after neutralization of acidic SCGH). Table | shows the com-
position of SCG hydrolysates prepared by different methodology (see

Table 1

Compasition of SCG hydrolysates produced in this study (250 g SCGs per L)L
Composition (/1) SCGH # 1 SCGH # 2 SOGH # 3
Dry solid matter (DSM) 81.0 = 0.2 84.0 £ 03 908 = 0.5
Ash 4003 = 023 307 = 080 4198 + 0.04
Total nitrogen in DSM (wi%) 077 £ 006 087 £ 002 1.03 = 0.04
Total carbon in DSM (wr's) 1426 = 043 1550 = 023 1980 = 0.70
Total hydrogen in DSM (wt%) 156 = 0.03 219 £ 0.15 s 02
Total sulpher in DSM (wi%) 5327 = 023 756 : 047 535 2 0.3
Proteins in DSM (N x 625)(wt  7.71 = 0.1 7.66 = 0.1 779 2 02

=)
Celloblose 524 = 03 685 = 04 566 = 0.6
Glucose 083 =009 098 =009 079 2000
Mannose 2261 = 03 27.54 £ 03 2225 = 0.1
Galactose 764 2 03 33.66 £ 02 2844 £ 03
Arabinose 812 = 05 881 £ 009 768 = 0.09
Total sugar 6444 = 15 7784211 6580 = 1.2
Acetic acid 042 = 003 050 = 0.03 032 = 0.2
S-Hydroxymethyl furfural Q13 = 0.003 017 = 0.002 012 = 0.002
Furfural 002 = 0.001 0.05 = 0001 006 = 0.001
Total phenolic compounds 220 £ 013 289 =2 02 130 = 0.04
arPe)
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Table 2

Composition and ch of SCGH (total sugar content was 20 g/L) before and after detoxification.

Sample Before detoxification Sample After detoxification
Brownlng, absorbance valoes at TPC (mg/ Flavonoids (mg/ Browning, absorbance values at TPC(mg/ Flavonoids (mg/
420 rum 10 = diluted SCGH ml) mlL) 420 nm 10 = diluted SOGH mlL) mlL)

SCGH # 1 0600 220 07e SOGH » 1D 0313 .15 0.08

SCGH e 2 0754 289 ., SCGH ¢ 2D Q318 [+ 8 - o010

SOCH #2076 130 o3 SOCM # 30 074 0.0 0.3

Wavelength (nm)
Fig. 2. UV-vis spectra of hydrolysate 56 (1 g/1) before and after detoxification.

Fig. 1).
The lowest concentration of total sugar was determined in non-
treated SCGH # 1 (64.4 g/L). The extraction of oll from SCGs increased
the content of total sugar in SCGH # 2 about 20.8%. The content of
total sugar in SCGH # 3 with extracted oil and phenolics was com-
parable with SOGH # 1. The reason for the decrease in sugar content
compared o SCGH # 2 could be the partial elimination of hemi-
celluloses during extraction of phenolics. The ph of the ex-
istence of lignin-carbohydrate complexes in wood and plant tissues
have been excellently described and explained by Koshijima and
Watanabe [47]. The total sugar yield present in SCG hydrolysates was
as follows: 242mg/g SCGs (SCGH # 1) < 257 mg/g SCGs (SCGH #
3) < 311 mg/g SCGs (SCGH # 2). The content of total sugar in all SCGH
was adequate for the bacterial fermentation, but as their dark brown
color indicated, hydrolysates contained high concentrations of different
co-contaminants. The concentrations of co-contaminants produced after
the degradation of saccharides (acetic acid, 5-hydroxymethyl furfural,
and furfural) are shown in Table 1. The determined values of the co-
contaminants vary with the applied methodology of SCGH production
and correlate with the increased of fermentable sugar content. The low
determined concentrations of furfural and 5-hydroxymethylfurfural
indicate that conditions of hydrolysis were well adjusted and prevented
undesired loss of sugars and formation of these toxic compounds.

Several b rial ins, which late PHA have been an-
nounced as capable of utilizing fermentable sugars present in lig-
nocellulosic hydrolysates. However, the majority of bacterial strains are

Table 3
Production of PHB and molecul

ight properties of produced PHB.

sensitive to co-contaminant present in lignocellulosic hydrolysates and
their growth is often inhibited or even stopped. The efficiency of var-
ious detoxification methods on the vitality of B. cepacia and B. sacchari
strains have been reported in the liter Silva et al. [14) eliminated
toxic compounds present in sugarcane bagasse hydrolysate through a
three-step procedure consisted of hydrolysate evaporation, separation
of toxic compounds through the precipitation and filtration (pH ad-
justment with CaO, NaOH and HsPO,), and adsorption of toxic sub-
stances on the activated charcoal. The first two-detoxification steps
showed low efficiency and as the crucial detoxification step has been
found the treatment with the activated charcoal [14). Similarly, Keenan
et al. [10] highlighted the necessity of the detoxification of aspen and
maple hydrolysates to receive high yields of PHBHV accumulated by B.
cepacia [10). In this work, the detoxification procedure involved the
overliming and the adsorption with the activated charcoal. Pan et al.
[48] determined in undiluted wood hydrolysate 0.96 g/L of total phe-
nolic together with the presence of low amounts of other minor in-
hibitors, e.g., acetic acid. As the primary toxic compound for the fer-
mentation of B. cepacia ATCC 17759 has been marked furfural, which
concentration of 1 g/1. completely inhibited the microbial growth of B
cepacia. Hemicellulosic wood hydrolysate as feedstock for PHB pro-
duction by B. cepacia was usable only after partial elimination of phe-
nolics with the overliming combined with low-temperature [48]. Lopes
et al. [49] reported that isolated strains from soil samples, Burkholderia
sp. F24 was capable of utilizing the non-detoxified sugarcane bagasse
hydrolysate. Though, the applied detoxification procedure (the adjust-
ment of pH with Ca(OH), and H.SO, followed by filtration and the
evaporation of hydrolysate (concentration step) resulted in a sig-
nificantly increased PHA productivity [49]. Koller et al. [50] in-
vestigated the efficiency of a liquefied ligno-cellulosic material (acid-
catalyzed hydrolyzed spruce wood sawdust prepared by using a mi-
crowave-assisted technique) as a carbon substrate for PHA producing
bacteria (Cupriavidus necator DSM 545). The obtained results indicate
that the non-detoxified liquefied spruce obviously resulted in the in-
hibition of the tested bacteria [50].

In our work, for the cultivation of H. halophila, all hydrolysates were
diluted into the concentration of 20 g/L of total sugars. However, SCG
hydrolysates were too toxic and entirely inhibited the growth of H.
halophila. Therefore, all SCG hydrolysates were detoxified through the
adsorption on non-polar styrene-divinylbenzene based resins
(Amberlite XAD4). XAD4 is non-ionic crosslinked polymer, which ad-
sorptive properties are connected with its macroreticular structure,
high surface area and the aromatic nature of its surface. XAD4 have a
capacity for the adsorption of organic substances from aqueous systems.

The effectiveness of the applied detoxification was evaluated with

the determination of UV spectroscopy profile, browning, the content of

Sampl ‘oo (gL) PHB/CDM (wt.%)

PHB (/1) M. (kDa) Dy

214 £ 01
152 £ 03
218 = 0.1

133 = 08
70 =12
159 = 05

028 = 0.08
095 = D.O9
035 = 0.07

a5 =8
815 = 12
440 = 2

126 = 0.12
109 £ 0.02
144 = 0.03

* Cell dry mass (biomass).
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Fig. 4. Molar mass vs. elution volume curves and SEC-MALS chromatograms of
SCGH # 1D, SCGH # 2D, and SCGH # 3D.

phenolics and flavonoids. UV-vis spectroscopy from 250 to 700 nm has
been used to characterize water solutions of SCG hydrolysates with a
sugar concentration of 20 g/1. SCGH showed different UV-vis spectra
before detoxification compared to those after detoxification. The ori-
ginal SCG hydrolysates were dark brown, but after detoxification, their
color was different and much lighter. Table 2 shows the extent of
browning measured by the UV absorbance at 420 nm. The coffee beans
receive the extensive brown color after roasting due to the presence of
polymeric melanoidins [35]). The intensity of brown color between
prepared SCG hydrolyzates differs in dependence on the applied pro-
cessing method (see Fig. 1). The most intense brown color shows SCGH
# 2. It may be supposed that after extraction of oil, the higher con-
centration of phenolic compounds was unloaded into hydrolysate to-
gether with carbohydrates. The lowest intensity in brown color shows
SCGH # 3, where the amount of phenolics presented in SCGs has been
initially decreased with ethanol: water extraction in Soxhlet extractor.
All hydrolysates after detoxification showed a significant decrease in
browning. According to the determined UV spectra and determination
of total phenolics and flavonoids, the XAD4 nonionic macroreticular
resins trapped the major of melanoidins and phenolics. SCG hydro-
lysates before and after detoxification showed the main differences in
the UV spectra in the range of 300 to 350 nm, where the non-detoxified
hydrolysates showed a small peak tail, which disappeared after detox-
ification. Fig. 2 shows an example of UV spectra of SCGH # 3 before and
after detoxification. The existence of the small peak tail in the UV
spectrum in the area of 300-350 nm was similarly reported in the ex-
tract of roasted coffee by Liu et al. [40]. On the other side, the extract of
non-roasted coffee beans did not indicate the tail peak. The differences
in chemical structure between non-roasted coffee beans and roasted
coffee extracts have been explained by the presence of Maillard reaction

d from 1 tonne of spent coffee grounds.

products (MRPs), which have arisen during roasting of coffee beans
[40].

The coffee beverage, as well as SCGs, are known having high anti-
oxidant activity. The antioxidant activity of the trapped phenolics and
melanoidins (adsorbed on X4D4) was determined by the DPPH radical
scavenging assay and ICy, values. The ethanol/water (50:50) solution
of phenolics (2 g/L) reached the ICss value of 121.7 = 0.9 pg/mL. The
determined value of the radical scavenging activity indicates the high
potential of coffee phenoli ined with melanoidins as antioxidative

agents for cosmetic, food and pharmaceutical products.

3.2 Production of PHB and co-products in the context of biorefinery

H. halophila was cultivated in media with various detoxified SCG
hydrolysates (total sugar content was 20g/L) for 72h. Our previous
studies (results are not enclosed) showed that this cultivation time was
optimal for the production of PHB. Unlike in non-detoxified SCG hy-
drolysates, bacterial culture was capable of utilization of detoxified
hydrolysates. Since the inclusion of detoxification step removes poly-
phenols and melanoidins predominantly, our results indicate that these
substances were the primary inhibitory substances in SCG hydrolysates.
The titers of biomass and PHB are shown in Table 3. The highest pro-
duction of biomass and PHB was obtained by using SCGH # 2D.
However, if the PHB production from SCG hydrolysates is judged from
the view of the biorefinery concept (see Fig. 3), also the methodology
used for the SCGH # 3D is exciting for the aim to achieve the economic
efficiency and sustainable utilization of spent coffee grounds. Oil ex-
tracted from SCGs before hydrolysis can be used in numerous high-
value applications. There are reports that oil extracted from SCGs can
be used as platform chemical for biodiesel production [51], substrate
for biotechnological production of PHA [52] or it can be used in cos-
metics as active substance in the new cosmetic formulation with im-
proved skin sebum and hydration properties [53] or UVB absorbent in
sunscreens [54]. Solids after oil extraction can be subjected to hydro-
lysis as reported in this work. Liquid stemming from hydrolysis can be
detoxified using Amberlite XAD4, and such treated hydrolysates can be
used for PHB production employing H. halophila. The solvent received
after Amberlite XAD4 regeneration Is high antioxidant activity
caused by the presence of polyphenols and melanoidins. Therefore,
these solvents can be used in numerous high-value applications. Finally,
residual solids after SCG hydrolysis can be used for soil amendments,
asphalt binders, adsorbents, etc., (see Fig. 3).

The structure of the biosynthesized polymers, identified by gas
chromatography, revealed only the accumulation of PHB without any
3-hydroxyvalerate (3HV) formation. The weight average molecular
weight (M,,) found for PHB produced by H. halophila was 825 kDa for
the setup SCGH # 1D, 815 kDa for the setup SCGH # 2D, and 440 kDa
for the setup SCGH # 3D. SEC-MALS chromatograms of PHB dissolved
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in chloroform are shown in Fig. 4. The determined polydispersity in-
dexes (Dy) were in the range of 1.09-1.44 (see Table 3), exhibiting a
highly uniform length of the intracellular polymer chains. The variation
in molecular weight properties of PHB demonstrates the influence of
the composition of the used SCG hydrolysates on the structural re-
arrangement of PHB during biosynthesis. The determined molecular
weight properties of PHB derived from the detoxified SCG hydrolysates
show that the polymers are comparable to commercially available PHB
[ss].

4. Conclusions

It was shown that by the application of the extreme conditions
during acid hydrolysis of spent coffee grounds, it is possible to obtain
the high content of total sugar in SCG hydrolysate. However, the release
of carbohydrates into hydrolysate is accompanying with the co-con-
tamination with phenolics, melanoidins, and sugar degradation pro-
ducts. The high content of these co-contaminants stopped the cultiva-
tion of the halophilic bacterium Halomonas halophila. The detoxification
of SCG hydrolysates with polymeric non-ionic exchanger (Amberlite
XAD4) enabled the cultivation of Halomonas halophila, which success-
fully accumulated PHB. Detoxified spent coffee ground hydrolysates
were used as the carbon substrate. Besides PHB, further co-products can
be produced from the coffee spent grounds in a cascading way.
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Abstract: The terpolymer of 3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV), and 4-hydroxybutyrate
(4HB) was produced employing Cupriavidus sp. DSM 19379. Growth in the presence of y-butyrolactone,
e-caprolactone, 1,4-butanediol, and 1,6-hexanediol resulted in the synthesis of a polymer consisting
of 3HB and 4HB monomers. Single and two-stage terpolymer production strategies were utilized
to incorporate the 3HV subunit into the polymer structure. At the single-stage cultivation mode,
y-butyrolactone or 1,4-butanediol served as the primary substrate and propionic and valeric acid as the
precursor of 3HV. In the two-stage production, glycerol was used in the growth phase, and precursors
for the formation of the terpolymer in combination with the nitrogen limitation in the medium
were used in the second phase. The aim of this work was to maximize the Polyhydroxyalkanoates
(PHA) yields with a high proportion of 3HV and 4HB using different culture strategies. The obtained
polymers contained 0-29 mol% of 3HV and 16-32 mol% of 4HB. Selected polymers were subjected to
a material properties analysis such as differential scanning calorimetry (DSC), thermogravimetry,
and size exclusion chromatography coupled with multi angle light scattering (SEC-MALS) for
determination of the molecular weight. The number of polymers in the biomass, as well as the
monomer composition of the polymer were determined by gas chromatography.

Keywords: polyhydroxyalkanoates; terpoly mer; P(3HB-co-3HV-co-4HB); Cupriavidus malaysiensis

1. Introduction

Polyhydroxyalkanoates (PHA) represent a very attractive family of materials which are considered
as an alternative to petrochemical polymers in applications which may benefit from their fully
biodegradable and biocompatible nature. PHA are produced via fermentation since they are
biosynthesized by numerous prokaryotes in the form of intracellular granules primarily as storage of
carbon and energy [1]. Nevertheless, according to recent findings, PHA also plays a crucial role in the
stress robustness and resistance of bacterial cells against various stress factors [2,3].

PHA are disadvantaged in competition with petrochemical polymers by their high-production
cost. Since a substantial amount of the final cost is attributed to the cost of the carbon substrate, there are
many attempts to produce PHA from inexpensive or even waste products in the food industry [4] such
as waste lipids [5,6], crude glycerol formed as a side product of biodiesel production [7,5], various
lignocellulose materials [9], or even carbon dioxide [10,11].
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In general, the material properties of PHA strongly depend upon monomer composition.
The homopolymer of 3-hydroxybutyrate (3HB), poly(3-hydroxybutyrate) (P3HB) is the most studied
member of the PHA family, as it possesses numerous desirable properties. It is very interesting
that the material in the native intracellular granules is completely amorphous and demonstrates
extraordinary properties resembling super-cooled liquid [12]; nevertheless, when extracted from
bacterial biomass, it quickly crystalizes. Therefore, its application potential is limited mainly by its high
crystallinity, which reduces flexibility and elongation of the material. Nevertheless, the properties of
the materials could be tuned when other monomer structures are incorporated into the polymer chain
by feeding microbial culture with a suitable precursor(s). Therefore, copolymers containing, aside from
3HB, 3-hydroxyvalarate (3HV) subunits could be gained when microbial culture is cultivated in the
presence of a suitable precursor with an odd number of carbon atoms such as propanol, propionate,
pentanol, valerate, etc. The resulting copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(P[3HB-co-3HV]) reveals substantially improved material properties and decreased crystallinity [13].
Similarly, some bacterial strains exposed to 1,4-butanediol or y-butyrolactone (GBL) are able
to biosynthesize copolymers containing 3HB and 4-hydroxybutyrate (4HB) monomer units.
The copolymer poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P[3HB-co-4HB]) reveals mechanical
properties, which resemble thermoplastic elastomers [14]. Moreover, PHA possessing 4HB subunits
demonstrate increased biodegradability because lipases, which with PHA depolymerases, also have
the ability to degrade P(3HB-co-4HB) [15], show higher activity at a higher fraction of 4HB [16].
Therefore, they find numerous high-value applications in the medical field [17]. Of course, terpolymer
P(3HB-co-3HV-c0-4HB) containing all of the above-mentioned monomer subunits demonstrate even
superior properties and could be used in numerous fields and applications [18].

There are several reports dealing with the production of P(3HB-co-3HV-co-4HB) terpolymers
employing various microorganisms. Cupriavidus necator (formerly Alcaligenes eutrophus, Ralstonia
eutropha and Wautersia eutropha) was capable of desirable terpolymer production when cultivated on GBL
and propionate; it was observed that propionate served not only as a 3HV precursor but it also increased
the efficiency of 4HB incorporation into the terpolymer chain [19]. Similarly, Cavalheiro et al. produced
P(3HB-co-3HV-co-4HB) by Cupriavidus necator using crude glycerol as the main carbon source, GBL as
the 4HB precursor, and the 3HV-related precursor compound propionic acid [20]. Also, Haloferax
mediterranei could be employed for the production of the terpolyester poly(3HB-co-3HV-co-4HB)
without the need for a specific 3HV precursor which is based on the extraordinary metabolism of
this microorganism, since it is capable of 3HV production from structurally unrelated carbon sources
such as sugars or glycerol [21]. Finally, Ramachandran et al. used Cupriavidus sp. USMAA2-4 (now
designated as Cupriavidus malaysiensis DSM 19379) for the terpolymer production from oleic acid and
various 4HB and 3HV precursors [22].

In this work, we attempted to develop an efficient process of P(3HB-co-3HV-co-4HB) production
employing Cupriavidus malaysiensis DSM 19379. We aimed at the maximization of both PHA yields,
as well as 3HV and 4HB monomer fractions in the polymer to achieve desired material properties of
the produced materials. Various culture strategies were used for this purpose.

2. Materials and Methods

2.1. Microorganisms and Cultivation

Cupriavidus malaysiensis USMAA2-4 (DSM 19379) was purchased from Leibnitz Institute
DSMZ-German Collection of Microorganism and Cell Cultures, Braunschweig, Germany. The nutrient
broth (Himedi—10 g/L. Peptone, 10 g/I. Beef Extract, 5 g/I. NaCl) (NB) medium was used for the
inoculum development. The mineral salt medium (MSM) for cultivation was composed of 3 g/L.
(NH4)>S04, 1.02 g/l. KH,POy, 11.1 g/l. NayHPOy - 12 Hy0, 0.2 g/l. MgSOy - 7 H;O, and 1 ml/L
of microelement solution, the composition of which was as follows: 9.7 g/L. FeCl; - 6 H,0, 7.8 g/L.
CaCl; - 2 H,0, 0.156 g/I. CuSOy4 - 5 H,0, 0.119 g/I. CoCl, - 2 H,0, 0.118 g/l. NiCl; - 4 H;0, and 1 L
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0.1 M HCL The following carbon sources were used to prepare the production media: GBL (8 g/L)
(Sigma Aldrich, Steinheim, Germany); ¢-caprolactone (8 g/L) (Sigma Aldrich, Steinheim, Germany);
1,4-butanediol (8 g/L) (Sigma Aldrich, Schnelldorf, Germany); 1,6-hexanediol (8 g/L.) (Sigma Aldrich,
Schnelldorf, Germany); fructose (20 g/L); glucose (20 g/L); sunflower oil (20 g/L); glycerol p.a. (20 g/L)
(Lach-ner, Neratovice, Czechia). Carbon sources, salt solutions, and microelement solutions were
autoclaved separately (121 °C, 20 min) and then aseptically reconstituted at room temperature prior
to the inoculation (inoculum ratio was 10 vol%). The cultivations were performed in Erlenmeyer
flasks (volume 250 mL) containing 100 mL of MSM. The temperature was set at 30 °C, the agitation at
180 rpm. The cells were harvested after 72 h of cultivation as described in Section 2.2. For a successful
centrifugation process, the medium was heated to 70 °C for 15 min.

2.1.1. Single-Stage Cultivation Mode

GBL or 1,4-butanediol were used to prepare the production media in the same way as described
in Section 2.1. Propionic acid (Sigma Aldrich, Schnelldorf, Germany) and valeric acid (Sigma Aldrich,
Schnelldorf, Germany) as 3HV precursors were added at a concentration 1 g/I. to media after 24 h
of cultivation to minimize their toxic effect on growth of the microbial culture. After another 48 h
of cultivation, the cells were harvested. The total length of the cultivation was 72 h. As a control,
we chose to cultivate without adding any of the precursors of 3HV.

2.1.2. Two-Stage Cultivation Mode

Glycerol (20 g/L) or combination of glycerol and 1,4-butanediol (12 and 8 g/1, respectively) were
used to prepare the production media based on MSM. After 48 h of cultivation (30 °C, 180 rpm),
biomass was separated by centrifugation (6000 rpm, 4 °C) and aseptically transferred to fresh MSM
with 0.1 g/L. (NHy)>SOy, 8 g/L. 1,4-butanediol and 1 g/L valeric acid. Cultivation without valeric acid
served as a control. The cells were harvested after another 48 h of cultivation (30 °C, 180 rpm).

2.2. Determination of the CDM and PHA Content

To determine the biomass concentration and PHA content in cells, samples (10 mL) were
centrifuged (6000 rpm) and then the cells were washed with distilled water. The biomass concentration
expressed as cell dry mass (CDM) was analyzed as reported previously [23]. The PHA content of
dried cells was analyzed by gas chromatography (GC) (Trace GC Ultra, Thermo Scientific, Waltham,
MA, USA) as reported by Brandl et al. [24]. Commercially available P(3HB-co-3HV) (Sigma Aldrich,
Schnelldorf, Germany) composed of 88 mol% 3HB and 12 mol% 3HV were used as a standard and
benzoic acid (LachNer, Neratovice, Czechia) was used as an internal standard. In addition to the
quantification of total PHA in biomass, GC was also used to determine the monomeric composition
and to determine the molar content of individual monomers in the obtained polymers.

2.3. Polymer Characterization

Following four polymers obtained by Cupriavidus malaysiensis, USMAA2-4 (DSM 19379) using
different substrates and cultivation strategies were selected due to various 4HB content for polymer
characterization: Sample 1—single-stage, fructose (20 g/L); Sample 2—single-stage, 1,4-butanediol +
valeric acid; Sample 3—single-stage, 1,4-butanediol + propionic acid; Sample 4—two-stage, glycerol
(20 g/), and then 1,4-butanediol + valeric acid.

To determine the molecular weight of PHA, approximately 20 mg CDM was washed in 5 mL
chloroform at 70 °C for 24 h under continuous stirring. Solid residues were separated by filtration
and, finally, the solvent was removed by evaporation at 70 °C to a constant weight. The obtained
polymer was also used for DSC analysis. After that, 5 mg of the polymer was solubilized in 1 mL
of HPLC-grade chloroform and passed through syringe filters (nylon membrane, pore size 0.45 um).
Samples were analyzed by gel Size Exclusion Chromatography (Agilent, Infinity 1260 system containing
PLgel MIXED-C column) coupled with Multiangle Light Scattering (Wyatt Technology, Dawn Heleos
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II, Goleta, CA, USA) and Differential Refractive Index (Wyatt Technology, Optilab T-rEX, Goleta,
CA, USA) detection [24]. The weight-average molecular weight (Mw) and polydispersity index
(D) were determined using the ASTRA software (Wyatt Technology, Goleta, CA, USA) based on
Zimm’s equations.

Melting behavior of the isolated PHA polymers was analyzed by means of a differential scanning
calorimeter (DSC) Q2000 (TA Instruments, New Castle, DE, USA) equipped with an RCS90 cooling
accessory as previously described by Kucera et al. [25]. Phase transitions of mercury and indium were
used for the calibration in the applied temperature range. Approximately 5 mg of sample was placed
in hermetically sealed Tzero aluminum pans, and the measurement was carried out under a dynamic
nitrogen atmosphere. To ensure the same thermal history of all samples prior to the evaluation of their
melting behavior, each sample was first heated at 10 °C/min to 190 °C and subsequently cooled down
to —30 °C at the same cooling rate. Then the sample was heated again (10 *C/min to 200 °C) and the
thermogram, recorded in this second heating step, was further evaluated.

Thermogravimetric analysis of the isolated polymers was performed on Q5000 TGA analyzer
(TA Instruments, New Castle, DE, USA). During the analysis, a known weight of a sample (ca 5 um)
was heated at 10 “C/min to 800 °C under oxidative atmosphere (air). The major decomposition step,
characterized by a rapid fall in the sample weight in the temperature range 250 °C to 350 °C, was further
processed using TGA data evaluation software Universal Analysis 2000 (TA Instruments, New Castle,
DE, USA). The automated evaluation of the weight change provided two characteristic temperatures
of the degradation step: onset temperature of the thermal decomposition (Tdonset) and temperature
corresponding to the maximal rate of the weight change (Tdyay).

3. Results and Discussion

3.1. Biosynthesis of P(3HB-co-4HB) Copolymer
Cupriavidus malaysiensis DSM 19379 was employed to produce polyhydroxyalkanoates (PHA)

using different carbon sources. This bacterium was isolated from water samples collected from Sg.
Pinang river, Penang, Malaysia based on its ability to produce various types of PHA, including
copolymers containing 4HB [26]. According to our results shown in Table 1, P3HB or P(3HB-co-4HB)
were produced according to the type of the substrate. The bacterial strain was capable to produce
copolymer P(3HB-co-4HB) only in the presence of precursors structurally related to 4HB such as GBL,
1,4-butandiol, e-caprolactone, or 1,6-hexanediol e.g., diols and carboxylic acids possessing hydroxy
group at last carbon atom which is agreement with results of Rahayu et al. [27] The highest PHA
titers were achieved when four-carbon precursors of 4HB such as 1,4-butanediol or GBL were used.
When such a structural motif was lacking, the strain accumulated homopolymer consisting exclusively
of 3HB subunits. In the results, the strain appears to be unable to utilize oil because the CDM yield
was low, and GC did not reveal PHA in the cell structure. There is a significant difference between
utilization of fructose and glucose. While the yield of CDM and PHA with fructose was 10.78 g/L. and
7.54 g/, respectively, the yield with glucose was only 2.29 g/I. CDM and 0.23 g/L. PHA. This is not
a very surprising result, also the closely related wild-type strain Cupriavidus necator H16 is not able
to efficiently utilize glucose because it does not possess the activity of 6-phosphofructokinase [28].
Cupriavidus malaysiensis USMAA2-4 was also able to utilize glycerol reaching relatively high biomass
titers; nevertheless, PHA production was the lowest among the substrates used which enabled
PHA biosynthesis.
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Table 1. Substrates for P3HB and P(3HB-co-4HB) production by Cupriavidus sp. DSM 19379.

Substrate CDM (g/L) PHA (wt%) PHA (g/L) 4HB (mol%) 3HB (mol%)
fructose 10.78 + 0.06 69.95 + 0.42 754+ 0.10 0 100
glucose 229 +0.06 10.03 + 0.06 0.23 £ 0.02 0 100
glycerol 4.60 £0.04 5.30 + 0.05 0.24 £ 0.02 0 100

sunflower oil 1.33 £0.05 0 0 0 0

GBL 4.50 = 0.02 35.84 + 0.92 1.61 £0.12 2218+ 1.06 77.82 + 1.06
1,4-butanediol 4.01 £0.02 11.67 = 0.06 047 = 0.03 23.12x 1.61 76.88 + 1.61
e-caprolactone 0.22 £0.04 4280 + 0.61 0.10+0.04 68.89 + 1.12 aLli+112
1,6-hexanediol 264 £0.01 39.83 £ 0.95 1.05 + 0.07 34.35+ 0.96 65.65 + 0.96

3.2. Biosynthesis of P(3HB-co-3HV-co-4HB) Terpolymer through Single-Stage Cultivation

The following experiments were focused on the production of the terpolymer P(3HB-co-3HV-co-
4HB). To obtain the desired material, 1,4-butanediol and GBL have been selected as carbon sources
since the bacteria can utilize these substances for growth but also incorporate them into the copolymer
P(3HB-co-4HB). Sodium propionate and valeric acid were tested in this experiment as odd carbon atom
precursors for the synthesis of 3HV monomer incorporated into the terpolymer chain. Results of the
single-stage terpolymer production including yields of CDM and PHA are shown in Table 2.

Table 2. Single stage terpolymer production (72 h cultivation, application of 3HV precursor at the 24 h
of cultivation 1 g/L).

Primary 3HV CDM PHA PHA 3HB 4HB 3HV
Substrate Precursor (g/L) (g/L) (wi%) (mol%) (mol%) (mol%)
none 364+003 081005 2214+001 6840+£023 31.60+023 0
GBL propionicacid 506037 062+£006 1216000 6918022 2341005 741 £016
valeric acid 797 +£185 082+£009 1041+£001 5622+032 2585+040 17.92+007
none 741051 105+£019 1444+002 6897+£226 31.03+£226 0

14-butanediol propionicacid 8.19x035 1.65+043 2001004 63.81 £ 1.71 27.87 £0.10 8.32 £ 1.80
valeric acid 868+014 179+£088 20524010 6063+£290 24724742 1465+453

In the resulting Table 2, CDM column shows that it generally achieved better growth using
1,4-butanediol as carbon sources than with GBL. Surprisingly, with the addition of the precursors for
terpolymer synthesis, the CDM gain was higher. Valeric acid appears to be superior in the production
of the P(3HB-co-4HB-co-3HV) terpolymer. With the addition of this precursor, significant growth was
achieved with both GBL and 1,4-butanediol. The highest biomass concentration was obtained using
1,4-butanediol in combination with valeric acid, with a biomass yield of 8.68 g/L.

The highest PHA production was achieved in combination with valeric acid. The PHA yields were
0.82 g/I. and 1.79 g/1. for GBL and 1,4-butanediol, respectively. Thus, the combination of 1,4-butanediol
with valeric acid again appears to be the best for production terpolymer in the single-stage strategy.
Regarding the composition of the polymers obtained in this experiment, the terpolymer was synthesized
using both precursors of 3HV. However, a higher 3HV fraction was obtained using valeric acid. In the
case of propionate, generation of 3HV requires activity of 3-ketothiolase coupling propionyl-CoA
and acetyl-CoA such as BktB in C. necator H16 [29]. On the contrary, conversion of valerate into
3HV could be relatively simply performed within the first “turn” of B-oxidation. It is likely that
Cupriavidus DSM 19379 reveals relatively lower 3-ketohiolase activity as compared to the activity
of the B-oxidation pathway, and therefore, valerate seems to be superior to the 3HV precursor for
terpolymer synthesis as compared with propionate. In the case of terpolymer composition, the highest
3HV content was achieved using GBL together with valeric acid. The monomeric composition of
the P(BHB-co-3HV-co-4HB) terpolymer was 56.22, 17.92, and 25.85 mol%, respectively. The polymer
produced by Cupriavidus malaysiensis DSM 19379 using 1,4-butanediol in combination with valeric
acid had almost the same composition. Nevertheless, it should be pointed out that the overall PHA
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productivity gained in the single-stage process was relatively low. The PHA content was about 20
weight percent of CDM and gained PHA titers were, therefore, also low. Hence, we attempted to
improve the productivity of the culture by employing the two-stage cultivation.

3.3. Biosynthesis of the P(3HB-co-3HV-co-4HB)T terpolymer through the Two-Stage Cultivation

To enhance PHA productivity, we performed an additional experiment in which cultivation was
performed in two steps. In the first step, we aimed at a cultivation of maximal biomass using glycerol
(20 g/L) as a cheap carbon source. According to our results, glycerol stimulates growth of the bacterium,
but it is not converted into P(3HB) which could be taken as an advantage since the production of a
desirable terpolymer with low 3HB fraction could be achieved in the second step. In addition, glycerol
(12 g/L.) was also mixed with 1,4-butanediol (8 g/L) in a parallel series of cultivations. The second
stage was performed in the cultivation media with nitrogen limitation and 1,4-butanediol, and most
importantly, 1,4-butanediol and valeric acids were used as 4HB and 3HV precursors, respectively.
Valeric acid was chosen as the precursor of the 3HV since it was identified as the superior 3HV
precursor for the investigated culture. The first phase of cultivation served to obtain a high amount of
PHA-poor biomass. PHA production was then achieved by nitrogen limitation in the second phase.

All results are shown in Table 3.

Table 3. Two-stage terpolymer production (48 h at glycerol or glycerol + 1,4-butanediol, after that
transfer to nitrogen-limited medium with precursor of 3HV.

Primary Secondary CDM PHA PHA 3HB 4HB 3HV
Substrate Precursor (g/L) g/L) (wit%) (mol%) (mol%) (mol%)
Glycerol 14-butanediol 160+ 003 084+£002 5225012 B8085+068 1809+026 1.06+043

1.4-butanediol +
valeric aad
Glycerol + 1,4-butanediol 326+011 209x001 64.14 £ 238 77.89 £0.53 21.60 £ 0.54 051 +£0.01

14-butanediol ""\jfl‘:_'::‘:ﬁg‘* 5044014 4142005 69644073 6568+1.02 1646+128 17864026

273+058 142+025 5212+176 5378061 1676 £ 0.87 2946+026

From the results of this experiment shown above, it could be seen that the bacterial strain grew
best when, in the first step, glycerol was used in combination with 1,4-butanediol and in the second
one, 1,4-butanediol with valeric acid. The biomass gain was 5.94 g/l.. Conversely, the smallest growth
was achieved by cultivation using glycerol followed by 1,4-butanediol, where only 1.60 g/L. CDM was
obtained. CDM and PHA analysis was also performed on cultures after the first stage of the two-stage
production. The assumption that at this stage a biomass with a low PHA content would be obtained,
has been fulfilled. The glycerol-based medium reached 3.1 g/l. CDM containing 5.3% PHB. Using a
substrate containing 14-BD, we obtained 3.8 g/l. CDM containing 24.0% P(3HB-co-4HB).

From the results, Cupriavidus malaysiensis DSM 19379 can efficiently synthesize the desired
terpolymer P(3HB-co-3HV-co-4HB), PHA contents in bacterial cells are substantially higher when
two-stage cultivation strategy was adopted. The highest weight fraction, 69.64 wt%, as well as the
highest PHA gain, 4.14 g/1., was achieved when glycerol was used together with 1,4-butanediol in
the first step and 1,4-butanediol with valeric acid in the second. Regarding polymer composition,
good results were achieved when 1,4-butanediol was used in combination with valeric acid in the
second step. When only glycerol was used in the first step, we obtained a terpolymer composed of
53.78 mol% 3HB, 16.76 mol% 4HB, and 29.46 mol% 3HV. Using glycerol together with 1,4-butanediol
in the first step, a terpolymer composed of 3HB 65.68 mol%, 4HB 16.46 mol%, 3HV 17.86 mol% was
subsequently obtained. It seems that a combination of glycerol and 1,4-butanediol in the first step of
cultivation and 1,4-butanediol and valeric acid in the second stage of the cultivation is a very promising
strategy which results in very high PHA titers and high PHA content in the cells and also high portions
of 4HB and 3HV in the terpolymer structure.
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3.4. Characteristics of Isolated Polymers

Differential scanning calorimetry and thermogravimetry were chosen to study the thermal
properties of the polymers; size exclusion chromatography was used to determine molecular weight
and polydispersity index of the polymers. The following samples of isolated polymers were selected
for analysis. Sample No. 1 is a control polymer containing almost exclusively 3HB monomer units.
Sample No. 2 was collected by cultivation using a combination of 1,4-butanediol and valeric acid;
the proportion of 3-hydroxyvalerate in this sample is 14.65 mol%. Sample No. 3 was obtained
from cultivation using 1,4-butanediol and sodium propionate, and the concentration of 3HV was
8.32 mol%. The last sample was isolated from a cell suspension-cultured to produce a terpolymer,
using glycerol followed by 1,4-butanediol together with valeric acid. In this sample, the 3HV molar
ratio was highest at all, namely 29.46 mol%. The results are placed in Table 4. From the thermograms
recorded by differential scanning calorimetry, we determined glass transition temperature (Tg) and
melting point (Tm). The total heat of fusion AH, was also determined via integration of the melting
endotherm. Using thermogravimetry, the degradation onset temperature (Tdonset) and the temperature
that corresponds to the maximal rate of sample decomposition (Tdmax) were determined.

Table 4. Properties of the selected materials.

Sample HB ~ 4HB  3HV  Mw . Tg Tm AH  Tdoset Tlmx

P (mol%) (mol%) (mol%) (kDa) O €O (g O €O
15579 470

1 933 067 0 15597 104 save cagy TV 24

2 60.63 2472 1465 25866 102 2478 16134 280 27148 29349

3 6381 2787 832 31460 101 2619 16167 304 27524  300.83

4 5378 1676 2946 13789 117 2000 16463 1269 27136 29553

Comparison of DSC thermograms of the four isolated polymers is shown in Figure 1. In Sample
No. 1, there is a sharp melting endotherm which appears at about 170 °C, which is typical of
polyhydroxybutyrate. The peak area corresponds to the heat released in this process. The large area of
the melting endotherm indicates a high tendency of the polymer to crystallize spontaneously which in
turn causes no significant signs of glass transition and cold crystallization are found in its thermogram
as compared to the other three analyzed samples. Further, the sample is characterized by a double
peak at the melting point, indicating that the polymer crystallites are present in two forms with distinct
thermal stability. On the other hand, for all the terpolymer samples (Samples 2—4), it can be seen at
first sight that much less intensive melting peak is shown on the curves. Furthermore, apparent glass
transition and cold crystallization of the polymer chains altogether indicates significantly reduced the
tendency for spontaneous crystallization. In other words, involvement of and additional monomer to
the copolymer structure resulted in a more amorphous structure. Incorporating 3HV into the polymer
structure also caused a decrease in melting point to about 161 °C. Fahima Azira et al. [30] produced
terpolymer P(3HB-co-3HV-co-4HB) and the melting points ranged from 160 to 164 °C.

The SEC-MALS technique was used to measure weight average molecular weight (Mw) of
obtained polymers and values ranged from 137 to 314 kDa. The highest value was measured for the
sample with the highest molar ratio of 4HB and the lowest for the sample with the highest molar ratio
of 3HV. The Mw values measured are typical for the bacterial strain used and consistent with other
studies [22].

Thermogravimetric analysis was performed in order to compare the thermal stability of the
produced polymers. In a respective thermogram, decomposition of a polymer is represented by the
onset temperature of the decomposition (the temperature at which the polymer starts to decompose,
Tdonset) and by the temperature which corresponds to the maximal rate of the decomposition (Tdmax).
Among the isolated P(3HB-co-3HV-co-4HB) terpoly mer samples, the highest degradation temperature
(i.e., the highest thermal stability of the polymer) was measured for Sample No. 3 composed of
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63.81 mol% 3HB, 27.87 mol% 4HB, and 8.32 mol% 3HV. This is the sample with the lowest 3HV but the
highest 4HB. This suggests that a higher proportion of 4HB in the terpolymer leads to the higher thermal
stability of the polymer. Thus, sample 3 has the most promising properties from a technological point
of view because its melting point was set at near lowest, 161.67 °C, and the degradation temperature
to highest 300.83 °C. The wide temperature window between melting temperature and degradation

temperature is important for polymer processing. When working with the melt, it is important that it
does not decompose.

T
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Figure 1. Results of DSC analysis of isolated polymers.
4. Conclusions

To sum-up, in flask experiments, we have developed a two-stage cultivation strategy which is based
on the application of glycerol and 1,4-butanediol as the carbon substrates in the first stage of cultivation,
after that the cells are transferred into nitrogen-limited cultivation media with 1,4-butanediol and
valeric acids. This cultivation strategy provides high PHA yields and PHA content in bacterial cells.
Moreover, the P(3HB-co-3HV-co-4HB) terpolymer with low 3HB fraction and high 3HV and 4HB
contents is obtained. The material properties of obtained polymers were consistent with materials
produced in previous studies aimed at the production of P(3HB-co-3HV-co-4HB) terpolymers. In our
future experiments, we will transfer the process into laboratory bioreactors to evaluate its suitability
for industrial production of PHA.
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