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1 Uvod

Mikrobiota sttevniho traktu tvoii hojny a komplexni ekosystém, ve kterém dochézi k nespoctu
interakci mezi mikroorganismy a hostitelem, ale také mezi mikroorganismy navzajem.
Bifidobakterie jsou jednou z dulezitych komenzalnich skupin stfevniho mikrobialniho
spolecenstva. VétSinou jsou dominantné zastoupeny Ve stievni mikrobioté V ranych fazich
zivota hostitele, predevsim u mlad’at saveli na mlééné vyzivé. Prestoze se jejich pocty se
starnutim hostitelského organismu postupné snizuji, zachovavaji si ve sttevnim mikrobiomu
fadu dulezitych funkci a vlastnosti. Je zajimavé, ze byly popsany i takové ekologické niky, ve
kterych je vysoké zastoupeni bifidobakterii stalé az do dospélosti daného hostitele.
Nejtypictéjsim ptipadem je stievni mikrobiota novosvétskych opic. Souvisi to 1 se souc¢asnych
trendem izolace mnoha novych druhti bifidobakterii z tohoto prostredi.

Ptitomnost bifidobakterii ve stfevé je obecné spojovéna s podporou zdravi svého hostitele.
Bifidobakterie jsou schopny utilizovat Sirokou §kalu variabilnich sacharidovych substrata, které
sdm hostitel neni schopen vyuzit. Jako findlni produkty svého metabolismu produkuji t¢kavé
mastné kyseliny a laktat. Rada z téchto metabolitd a meziproduktti metabolismu je poté
zptistupnéna jako zdroj energie pro dalsi ¢leny stfevni mikrobioty, kterym bifidobakterie
V tomto prostiedi umoziuji prospivat. Déle také podporuji udrzeni homeostaze stfeva a podileji
se na modulaci imunity. Pravé na zaklad¢ téchto a mnoha dalSich vlastnosti jsou bifidobakterie
Siroce vyuzivany jako probiotické mikroorganismy. Piestoze je jejich historie pouziti pomérné
dlouhodoba, mnoho jejich vlastnosti, interakci ve stievé a mechanismt Gcinku na zdravi
hostitele stale neni zcela znamo. Rada z nich dokonce velmi &asto byva druhové, kmenove ¢i
hostitelsky specificka. Pravé proto je monitoring vyskytu bifidobakterii u riznych Zivo¢isnych
druhi, nejlépe kombinaci kultivaéné zavislych a kultivaéné nezavislych metod, s naslednou
izolaci a fenotypovou a genotypovou charakterizaci, nezbytny pro pochopeni principu jejich
adaptace k hostiteli a prostfedi. Zaroven je také velmi dilezity pro detekci specifickych
funkcnich vlastnosti bifidobakterii, vybér vhodnych probiotickych kment a testovani jejich
ucinku na hostitelsky organismus. Souvisi s tim 1 nalezeni moZnosti jejich cilené podpory

formou bifidogennich prebiotik.



2 Literarni piehled
2.1  Bifidobacterium spp.

2.1.1 Obecna charakteristika

Francouzsky pediatr Henry Tissier jako prvni popsal nepravidelné bunky bifidobakterii.
Detekoval je ve snizeném mnozstvi ve stolici kojenct s gastrointestinalnimi potizemi ve
srovnani s jejich mnozstvim u kojenct zdravych. V roce 1900 je pojmenoval jako Bacillus
bifidus communis (Tissier 1900). Ve dvacatych letech 20. stoleti bylo poukazovano na moznou
existenci bifidobakterii jako samostatného rodu (Orla-Jensen 1924). Jiz po roce 1960 se
bifidobakterie dostaly do popiedi zajmu fady vyznamnych védct (Reuter 1963; Mitsuoka 1969;
Scardovi et al. 1970). Pro bakterialni taxonomii této doby bylo vyuzivano hlavné popisu
fenotypovych vlastnosti bakterii, jako je morfologie kolonii a bunék, spolu s jejich
fermentacnimi profily. Zlomovym okamzikem pro identifikaci bifidobakterii bylo zahrnuti
detekce pritomnosti specifického enzymu fruktoza-6-fosfat fosfoketolazy (F6PPK) (Scardovi
1965; de Vries & Stouthamer 1968) a méfeni procentualniho obsahu guaninu a cytosinu (G+C)
(Sebald et al. 1965), zejména pro druhy, které vykazovaly netypickou morfologii
bifidobakterialnich bunék a odlisné fermentaéni schopnosti. DNA-DNA hybridizace (DDH)
byla dal$i vyznamnou metodou nezbytnou pro rozliseni jiz popsanych druhd a novych izolata
umoziujici porovnavat podobnost jejich DNA (Scardovi et al. 1970). Piestoze bifidobakterie
byly zajmem mnoha vyzkumnych tymu, teprve az vroce 1974 byly odlouceny od rodu
Lactobacillus a byly klasifikovany jako samostatny rod Bifidobacterium (Buchanan & Gibbons
1974). Po ptelomovém zavedeni sekvenacéni analyzy genu 16S rRNA byl dokonce hierarchicky
pieskupen i cely kmen Actinobacteria (Stackebrandt et al. 1997).

Podle Bergey's Manual of Systematic Bacteriology je rod Bifidobacterium taxonomicky fazen
do celedi Bifidobacteriaceae, tadu Bifidobacteriales, podtiidy Actinobacteridae, tridy
Actinobacteria, kmene Actinobacteria a domény Bacteria (Whitman et al. 2012). Do konce
cervence roku 2021 bylo podle LPSN-PNU (List of Prokaryotic Names with Standing in
Nomenclature-Prokaryotic Nomenclature Up-to-Date; https://lpsn.dsmz.de/) platn€¢ popsano
87 druhti a 10 poddruhti bifidobakterii a v souc¢asné dob¢ je stale popisovano pomérné velké
mnozstvi novych druh. Do c¢eledi Bifidobacteriaceae patii dale jesté rody Alloscardovia,
Aeriscardovia, Bombiscardovia, Gardnerella, Neoscardovia, Parascardovia, Pseudoscardovia

a Scardovia, které jsou bifidobakteriim fylogeneticky velmi blizké (Biavati & Mattarelli 2018).



Bifidobakterie jsou Gram-pozitivni, nepohyblivé, nesporulujici, nehemolytické, F6PPK
pozitivni, katalaza, oxidaza a indol negativni ty¢inkovité bakterie (Kawasaki et al. 2018;
Mattarelli & Biavati 2018). Jejich bunky jsou morfologicky velmi variabilni. Mohou byt kratké
1 dlouhé, rovné, pravidelné 1 nepravidelné, kyjovité ztlustéle, rozdvojené, stocené, prstencovité
¢i tvarem pfipominajici pismena Y, X a V. Vyskytuji se samostatné, ve shlucich nebo fetézcich
(obr. 1). Podminky kultivace nicmén¢ Casto jejich morfologii vyznamn¢ ovliviiuji. Pii kultivaci
na polotuhych médiich obvykle tvoii lesklé konvexni krémové bile az bilé kolonie s hladkym
okrajem majici mékkou konzistenci (Biavati & Mattarelli 2015).

Obr. 1: Variabilita morfologie bifidobakterialnich bunék

K, — D - >

Pozn.: Foceno fazové kontrastnim mikroskopem Nikon Eclipse E 200LED MV RS (Japan);
400krat zvétseno (autorka Nikol Modrackova).

Bifidobakterie jsou vétSinou striktné anaerobni. Nékteré kmeny toleruji kyslik za pfitomnosti
CO; (Biavati & Mattarelli 2015). Pritomnost kysliku je nicméné Casto spojovana se ztratou
jejich Zivotaschopnosti ve fermentovanych mléénych vyrobeich (Li et al. 2010). Rozmezi 36—
38 °C je teplotni optimum pro rast bifidobakterii lidského puvodu, zatimco 41-43 °C pro rist
bifidobakterii animalniho ptvodu (Ventura et al. 2004). Optimalni pH pro jejich rust je



v rozmezi hodnot 6,5-7,0. Je pro né typicky vysoky obsah G+C bazi v rozmezi 47-67 mol%
(Biavati & Mattarelli 2015). Fylogenetickou analyzou sekvenci 233 core genti a odvozenych
proteinti typovych kment Lugli et al. (2019b) definovali deset fylogenetickych skupin
bifidobakterii, konkrétn¢ B. adolescentis, B. boum, B. pullorum, B asteroides, B. longum,
B. psychraerohilum, B. bifidum, B. pseudolongum, B. bombi a B. tissieri.

Bifidobakterie se vyskytuji v riznych ekologickych nikéch. Gastrointestinalni trakt savci,
zejména v obdobi mlécné vyzivy, ptakii a hmyzu zijicim socialnim zptisobem zivota je béZnym
prostiedim jejich vyskytu (Bunesova et al. 2014; Milani et al. 2017b). Jsou spojovany
I s prostiedim dutiny ustni (Toh et al. 2015), krvi (Hoyles et al. 2002), odpadnimi vodami (Dong
et al. 2000) a fermentovanymi potravinami (Laureys et al. 2016; Eckel et al. 2020). Vsechny
zminéné niky jsou piimo nebo nepiimo spojeny s lidskych ¢i zvifecim sttevem. Jejich vyskyt
v dalSich prostiedich je pravdépodobné disledkem fekalni kontaminace z jejich piivodniho
prirozeného zdroje. Existuje predpoklad, ze k distribuci bifidobakterii dochdzi mezi zivymi
organismy, které pecuji o své potomky. Jedna se tedy pravdépodobné o dusledek ptimého
prenosu bunék bifidobakterii z rodi¢e/pecovatele na svého potomka (Turroni et al. 2011; Milani
et al. 2015b; Turroni et al. 2018a).

B. animalis subsp. lactis/animalis, B. adolescentis, B. dentium, B. catenulatum, B. longum
a B. pseudolongum jsou typickymi multi-hostitelskymi druhy bifidobakterii vyskytujicimi se
u ruznych savct (Lamendella et al. 2008; Bunesova et al. 2014; Bunesova et al. 2017; Lugli et
al. 2019a). Se stievni mikrobiotou ¢lovéka je spojovana tada typickych bifidobakterialnich
druhd. B. breve, B. bifidum, B. longum subsp. infantis a B. longum subsp. longum jsou béznymi
dominantnimi druhy/poddruhy bifidobakterii osidlujicimi stievo kojence (Turroni et al. 2012a;
Turroni et al. 2014a), zatimco ve stievé dospélych dominuji druhy B. adolescentis,
B. catenulatum, B. pseudocatenulatum a B. longum (Ishikawa et al. 2013; Arboleya et al. 2016).
Bifidobakterie v lidské mikrobioté vsak nelze striktné rozd¢lit na dospélé a kojenecké druhy.
Piikladem je B. adolescentis, ktery je pfenasen z matky na potomka jiz béhem vertikalniho
transferu a osidluje tak bézné timto zpisobem také novorozenecké stievo (Duranti et al. 2014;
Turroni et al. 2018a).

Prikladem dalsich hostitelsky specifickych druhd jsou B. magnum, B. cuniculi a poddruh
B. gallinarum subsp. saeculare, které byly izolovany z vykalt kralika (Scardovi & Zani 1974;
Scardovi et al. 1979; Biavati et al. 1991). Vyhradn¢ u hlodavctu byly detekovany druhy
B. dolichotidis (mara stepni), B. criceti (kiecek polni) a B. castoris (bobr evropsky) (Lugli et
al. 2018; Duranti et al. 2019b), zatimco pouze u driibeze to byly druhy B. anseris (husa domaéci),

B. pullorum a poddruh B. gallinarum subsp. gallinarum (kur domaci) (Trovatelli et al. 1974;

9



Watabe et al. 1983; Lugli et al. 2018), u divokého prasete B. apri (Pechar et al. 2017), u kaloné
egyptského B. rousetti a B. vespertilionis (Modesto et al. 2021) a u lenochoda dvouprstého
B. choloepi (Modesto et al. 2020). V poslednim desetileti bylo mnoho novych druhi
bifidobakterii objeveno U nehumannich primati. Velké mnozstvi téchto druhti, které byly
izolovany a popsany napiiklad u gorily (Tsuchida et al. 2014), kosmana bélovousého s tamariny
(Modesto et al. 2014; Michelini et al. 2016a; Michelini et al. 2016c; Modesto et al. 2018c;
Duranti et al. 2020) a u lemurd (Modesto et al. 2015; Michelini et al. 2016b), nebylo nikdy
znovu nalezeno u jiného hostitele, at’ uz ¢lovéka nebo dalsich zvirat (Mattarelli & Biavati 2018).
Vyjimkou byla detekce typicky lidskych druhG B. adolescentis a B. dentium u orangutana
a Simpanze (D'Aimmo et al. 2014).

Praptivodni ekologicka nika, ktera je dodnes obyvana bifidobakteriemi, je pravdépodobné
sttevo hmyzu zijicim socialnim zpusobem, zejména blanok¥idlych. Druhy B. asteroides,
B. commune a B. indicum jsou striktné vazany na svého hostitele véelu medonosnou (Scardovi
& Trovatelli 1969; Praet et al. 2015), zatimco B. actinocoloniiforme, B. bohemicum a B. bombi
na ¢melaka (Killer et al. 2009; Killer et al. 2011). Je zajimavé, Ze ptestoze jsou bifidobakterie
vétsinou striktné anaerobni, B. asteroides stale disponuje geny pro respira¢ni drahy ve svém
metabolismu. Tato vybava byla s velkou pravdépodobnosti u bifidobakterialnich druht
navazanych na sav¢i hostitele evolu¢né ztracena (Bottacini et al. 2012). Pravé tento Symbioticky
vztah hmyzich bifidobakterii s jejich hostiteli odrazi jejich spole¢nou dlouhodobou koevoluci
(Mattarelli & Biavati 2018). Je zajimavé, ze bifidobakterie nebyly detekovany jen pouze
u zminovaného hmyzu se socialnim zptisobem zivota. Alberoni et al. (2019) totiz popsali dalsi
dva nové druhy bifidobakterii, B. aemilianum a B. xylocopae, také u drvodélky fialové, ktera je
fazena mezi vcely samotarky.

Hostitelska specifita bifidobakterii nicméné nemusi byt vzdy zcela jednoznacna. Distribuce
bifidobakterii u 291 fekdlnich vzorkli od 67 sav¢ich druhti byla sledovana metodou ITS
profilovani, cilené amplikonové sekvenovani Internal Transcribed Spacer podle Milani et al.
(2014b), ktera je kultivacné nezavislym pfistupem pro screening Sirokého spektra vzorku.
Jednotlivé druhy bifidobakterii byly rozsahle rozsiteny mezi vsemi jednotlivci bez ohledu na
taxonomii nebo dietu hostitele. Vyskyt a zastoupeni bifidobakterii je pravdépodobné znacné
ovlivnén domestikaci zvifat. U domestikovanych kraliki, prasat a psti ve srovnani s populaci
bifidobakterii u divokych zajictu, divoc¢aku a vlki byla zjiSténa jejich vySsi diverzita, ktera je
pravdépodobné zptsobena jejich interakcemi s lidmi, se kterymi ziji v izkém kontaktu, a s tim

souvisejicim modifikovanym zivotnim prostfedim (Milani et al. 2017b).
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2.1.2 Metabolismus

Bifidobakterie maji sacharolyticky typ metabolismu a pti kolonizaci stfevniho traktu jsou pfimo
zavislé na své schopnosti vyuzivat slozité sacharidy v tomto prostredi pfitomné (Egan & Van
Sinderen 2018). Sacharidy, které nejsou hydrolyzovany hostitelskymi enzymy a nejsou tedy ani
absorbovany v tenkém stieve, jsou moznymi substraty pro rust bifidobakterii (Fushinobu 2010),
které je vyuzivaji za ucelem zisku energie a uhliku. Tyto sacharidy mohou byt dietarniho nebo
hostitelského ptivodu (obr. 2) (Milani et al. 2015a).

Obr. 2: Metabolické drahy bifidobakterii p¥i utilizaci sacharida (Bottacini et al. 2017)

HOSTITELSKE SACHARIDY g POLYSACHARIDY
—r.;. AN
i | L v
Sum b ¥
HMOs MUCIN ¢
OLIGOSACHARIDY ROSTLINNE OLIGOSACHARIDY,
a SLADIDLA SKROBY a PEKTINY

DEGRADACE A INTERNALIZACE POLYSACHARIDU

METABOLISMUS METABOLISMUS
AMINOCUKRU b GALAKTOZY
METABOLISMUS METABOLISMUS
1 FRUKTOZY GLUKOZY il
GlcN-6P UDP-glukéza +— UDP-galaktéza

FRUKTOZA-6P GLUKOZA-6P

PENTOZAFOSFATOVY CYKLUS R

Y
: +
METABOLISMUS UHLIKU ) Ribsza-5P
GLYKOLYZA/Bifid Shunt Glyceraldehyd-3P

v
.. Erytréza-4-fosfat
FERMENTACNI PRODUKTY v
ACETAT —}—— Xyluléza-5-fosfat
v
LAKTAT <—T———  PYRUVAT
FORMIAT +—f— ¥
ETANOL/ACETAT 7 Acetyl-CoA

Pozn.: Schématické znazornéni fermentacnich drah bifidobakterii pfi utilizaci hostitelskych
a dietarnich sacharidd. HMOs — oligosacharidy matefského mléka, P — fosfat, Acetyl-CoA —
acetylkoenzym A, GIcN-6P — glukosamin-6-fosfat, UDP — uridindifosfat.

Oligosacharidy (rafindza, melezitéza, maltotridza, stachydza), polyoly (mannitol, sorbitol)
a dietarni vlakninu (rezistentni $kroby, maltodextriny, fruktany, pektiny, inulin, celuloza,
galaktany, xylany, arabinany, arabinogalaktany, arabinoxylany) lze zatradit mezi dietarni
sacharidy (Bottacini et al. 2017). Bézné¢ se vyskytuji v bunécné sténé rostlin (Koropatkin et al.
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2012), jsou soucasti obilovin (Shewry & Hey 2015), ovoce a zeleniny (Posé et al. 2018;
Klaassen & Trindade 2020). Zatimco oligosacharidy matetského mléka (HMOs), O-glykany
a N-glykany patii mezi hostitelské sacharidy, které ma fada bifidobakterii schopnost utilizovat
(Bottacini et al. 2017). Schopnost fermentace téchto substrati je Casto druhové ¢i kmenové
specificka (Palframan et al. 2003; Liu et al. 2021).

V genomu bifidobakterii je kodovano velké mnozstvi specifickych enzymi (Cummings &
Englyst 1995; Cronin etal. 2011; Pokusaeva et al. 2011). Ve srovnani s ostatnimi komenzalnimi
bakteriemi ve stievé ma pangenom bifidobakterii jeden znejvétSich predikovanych
glykobiomu. Az 13,7 % identifikovanych gend se totiz podili na metabolismu sacharid (Milani
et al. 2014a; Milani et al. 2016). Na zaklad¢ dat z Carbohydrate Active Enzymes (CAZy)
databaze bylo zjisténo, ze v pangenomu bifidobakterii je celkem 3 385 predikovanych gend
kodujicich enzymy podilejici se na metabolismu sacharidi, které zahrnuji 57 rodin glykosyl
hydrolaz (GH), 13 glykosyl transferaz a 7 sacharidovych esteraz (Lombard et al. 2014; Milani
et al. 2016). Nejhojnéji zastoupené predikované GH byly detekovany v genomech kmend
B. scardovii JCM12489 (126 GH) a B. dentium Bdl (87 GH), zatimco nejméné jich bylo
zjisténo u kmene B. indicum LMG 22698 (25 GH) (Egan & Van Sinderen 2018).

Obecné je dominantné zastoupenou skupinou enzymi bifidobakterii rodina GH13 (o-
glukosidazy a sachar6za fosforylazy), ktera katalyzuje hydrolyzu Sirokého spektra sacharida
s a-glukopyranézovymi jednotkami jako je skrob, glykogen, amyloza, amylopektin, pullanan,
maltodextrin, cyklomaltodextrin a izomaltuloza (Pokusaeva et al. 2011), které jsou bé&znou
soucasti diety savcu (El Kaoutari et al. 2013a). GH36 (a-galaktosidazy) je dalsi rodinou enzymi
bézn¢ se vyskytujici u bifidobakterii s funkci hydrolyzy a-galaktooligosacharidu, jako je
stachyoza, rafindza a melibidza, pfitomnych v sdje a dalSich rostlinach (Goulas et al. 2009;
O'Connell Motherway et al. 2013). GH2 a GH42 (B-galaktosidazy) patii mezi dalsi
charakterizované a bézn¢ zastoupené GH bifidobakterii (Pokusaeva et al. 2011) umoznujici jim
utilizovat laktozu, galaktany a galaktooligosacharidy a zaroven také odstranovat galaktéozu
z oligosacharidi mléka a mucinti (O'Connell Motherway et al. 2011; James et al. 2016).
S utilizaci dal$ich rostlinnych substratd jsou spojovany GH1 a GH3 (B-glukosidazy), pomoci
nichz bifidobakterie mohou vyuzivat celobiozu, cellodextrin a bioaktivni fenoly a flavonoidy
(Youn et al. 2012), a GH43 (arabinofuranosidazy a xylanazy) $té€pici oligosacharidy buné¢né
stény rostlin (O’Callaghan et al. 2015). Pfitomnost GH32 (B-fruktofuranosidazy — invertazy
a sacharazy) poté umoziuji utilizaci sachardzy a fruktooligosacharidi s kratkym fetézcem
(Ryan et al. 2005). Pro B. longum je napiiklad typicka pfitomnost genti kodujicich GH36
a GH27 (a-galaktosidazy), GH2 a GH42 (B-galaktosidazy), GH1 a GH3 (B-glukosidazy), GH32
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(B-fruktofuranosidazy) a GH127 (L-arabinofuranosidazy), které katalyzuji utilizaci sacharida
rostlinného puvodu (Arboleya et al. 2018). Naopak GH33 (exo-sialidazy), GHZ29
(fukosidazy), GH20 (hexoaminidazy, lakto-N-biosidazy), GH38 (a-mannosidazy) a GH101 (a-
N-acetyl-galaktosaminidazy) jsou piikladem GH katalyzujicich degradaci hostitelskych
sacharidt (Milani et al. 2015a).

Bifidobakterie jsou schopny metabolizovat nejriznéjSi monosacharidy, disacharidy
a polysacharidy nachézejici se v prostiedi stieva. Extracelularni GH degraduji komplexni
sacharidy na oligosacharidy a monosacharidy, které jsou dale importovany do cytoplazmy
internalizaci specifickymi transmembranovymi proteiny, a to zejména ABC transportéry (ATP-
Binding Cassette Transporters) nebo méné cCastéji také MFS transportnimi systémy (Major
Facilitator Superfamily Transport Systems), jako jsou protonové symportéry, permeazy
a fosfoenolpyruvat fosfotransferazovym systémem, za spotieby ATP (Mazé et al. 2007;
Pokusaeva et al. 2011; Turroni et al. 2012b; Bottacini et al. 2017). Nékteré cukry mohou po
vstupu do cytoplazmy podléhat dal§im procesim, jako napiiklad epimerizaci, deacetylaci,
deaminaci nebo fosforylaci, za Géelem produkce fosforylovanych monosacharidd, které poté
vstupuji do hlavni fermenta¢ni drahy bifidobakterii (Pokusaeva et al. 2011).

Hlavni a specifickou metabolickou drahou bifidobakterii je Bifid Shunt Pathway (obr. 3)
s klicovym enzymem FO6PPK (De Vries & Stouthamer 1967). Detekci F6PPK je umoznéna
rodova identifikace bifidobakterii (Orban & Patterson 2000; VIkova et al. 2002). Tento enzym
je navic povazovan za taxonomicky marker ¢eledi Bifidobacteriaceae (Felis & Dellaglio 2007).
Touto metabolickou drahou jsou asimilovany hexézové i pentdzové cukry. Frukt6za-6-fosfat je
enzymem F6PPK rozkladdana na acetyl-1-fosfat a erytroza-4-fosfat s teoretickym ziskem
1,5 mol acetatu, 1 mol laktatu a 2,5 ATP z 1 mol glukdzy, zatimco pent6zy do této metabolické
drahy vstupuji jako ribuloza-5-fosfat nebo xyluldza-5-fosfat s teoretickym ziskem acetatu
s laktatem v poméru 1:1. Tyto poméry metabolitli se nicméné mohou Vv zavislosti na kmenu
bifidobakterie, jeho rtstové bunééné fazi, zdroji uhliku a pH prostiedi zna¢n¢ lisit (De Vries &
Stouthamer 1967; Macfarlane & Macfarlane 2003; Palframan et al. 2003). Bifidobakterie totiz
na zéklad¢ dostupnosti sacharidi pomérné¢ snadno modifikuji své metabolické drahy
(Palframan et al. 2003). Cast uhlikového toku je navic pfimo oddélena od fermentace pro
anabolickou produkci biomasy (Amaretti et al. 2007). Pii testovani fermenta¢niho profilu
22 kment rtiznych druht bifidobakterii byla zjisténa variabilni produkce hlavnich metaboliti
v zavislosti na kmenu bifidobakterie a sacharidovém substratu. VétSina testovanych kmenitl

produkovala acetat jako hlavni fermentacni produkt, nicméné¢ 3 kmeny, konkrétné
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B. pseudocatenulatum NCIMB 8811, B. longum NCIMB 8809 a B. bifidum NCIMB 8810,
produkovaly laktat jako sviij hlavni metabolit (McLaughlin et al. 2015).

Kromé acetatu a laktatu mohou v ramci $tépeni pyruvatu vznikat i dodateéna mnozstvi
formiatu. Navic mohou byt vyprodukovana i mala mnoZzstvi etanolu a sukcinatu, zatimco
k produkci butyratu a propionatu u bifidobakterii nikdy nedochéazi (Whitman et al. 2012).
Produkce laktatu z pyruvatu totiz mize byt odchylena k produkci acetyl-fosfatu a formiatu, kdy
acetyl-fosfat mize byt redukovan az na etanol ve vysledny neprospéch produkce acetatu (de
Vries & Stouthamer 1968). Variabilni poméry kone¢nych produktii metabolismu bifidobakterii
pravdépodobné souvisi také se specifickou rychlosti riistu pii utilizaci sacharidii. Rychlejsi riist
bifidobakterii v pfitomnosti snadno dostupného substratu v ristovém médiu je vétSinou
spojovan s vyznamnou produkci laktatu a relativné men$im mnozstvim vyprodukovaného
acetatu, formiatu a etanolu. Pokud je zdroj energie spotiebovavan pomalu a rlist daného kmene
bifidobakterie je z tohoto diivodu zpomalen, dochazi naopak ke zvySené produkci acetatu,

formiatu a etanolu v neprospéch laktatu (Van der Meulen et al. 2006; Falony et al. 2009).

Obr. 3: Bifid Shunt Pathway — metabolicka draha $tépeni hexoz (Amaretti et al. 2007)

FRUKTOZA-6-FOSFAT

v

[ 0,5 fruktéza-6-fosfat ]

Y l
[ 0,5 fruktéza-6-fosfat ] 0,5 erytroza-4-fosfat

L
xylul6za-5-fosfat
NAD*, 2 ADP D —  acetyl-fosfat |

NADH, 2 ATP

0,5 acetyl-fosfat

v

y
[ 1,5 acetyl-fosfat ]
NADH D ADP D NADH D
NAD* ATP NAD*
v
LAKTAT FORMIAT ACETAT ETANOL

Pozn.: Hexoéza je degradovana na 1 pyruvat a 1,5 acetyl-fosfat, ktery umoziuje vznik

alternativnich kone¢nych produkt (minoritni drahy jsou znazornény Sedymi Sipkami). ATP —

adenosintrifosfat, ADP — adenosindifosfat, NAD*, NADH — nikotinamidadenindinukleotid.
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Obecné jsou mastné kyseliny s kratkym fetézcem (SCFAs), acetat (C2), propionat (C3) a n-
butyrat (C4), hlavnimi koneénymi produkty bakterialniho metabolismu prebiotickych substrati
ve stievé Cloveéka. Jejich produkce a metabolickd aktivita je spojovana se zdravim stiev
audrzenim stfevni homeostaze, spravnou funkci kolonocyti a imunitniho systému,
poskytnutim vyuzitelného uhliku pro zisk energie pro hostitele, spravnou fyziologii ledvin
achuti kjidlu (Roberfroid et al. 2010; O'Keefe 2016; Pluznick 2016). Rada t&chto
metabolickych produktii je limitujicim faktorem pro mnoho dalSich mikroorganismi ve
sttevnim ekosystému (Bottacini et al. 2017). Produkce bifidobakteridlniho acetatu byla
napiiklad spojena se zprostfedkovanim stievni epitelidlni ochrany hostitele proti infekci
(Ventura et al. 2014). Dalsimi produkty metabolismu bakterii jsou také plyny (Hz, H2S, COs,
metan), které ale bifidobakterie netvoti (Whitman et al. 2012).

Zatimco u vétSiny mikroorganismu je v piipadé degradace galaktoézy vyuzivana specificka
draha Leloir Pathway, ve které je galaktoza pfeménéna na glukozu-6-fosfat, u bifidobakterii
byla popsana alternativni energeticky uspornéjsi varianta Galacto-N-biose/Lacto-N-biose
(GNB/LNB) Pathway (Frey 1996; Nishimoto & Kitaoka 2007; Kitaoka 2012; De Bruyn et al.
2013). Tato specificka draha umoznuje bifidobakteriim rist na substratech od galaktozy
odvozenych (Pokusaeva et al. 2011; Bottacini et al. 2014b). Béhem degradace uvolnénych
aminocukrd (napi. N-acetylglukosamin) z hostitelskych sacharidii dochazi ke konverzi na
fruktozo-6-fosfat (Plumbridge & Vimr 1999; Egan et al. 2014b). Pro bifidobakterie je nicméné
z diivodu vyssiho zisku energie vzdy vyhodnd a uptednostinovand fermentace cukri jejich
hlavni metabolickou drahou Bifid Shunt Pathway (Palframan et al. 2003), do které jsou piimo
¢i nepfimo piivadény jednotlivé substraty a meziprodukty dil¢ich souvisejicich metabolickych
drah (James et al. 2016).

Znalost metabolismu bifidobakterii se schopnosti utilizace Sirokého spektra sacharidi je
nezbytna pro zajisténi jejich ristovych vyhod oproti konkurencni stfevni mikrobioté a zvyseni
jejich Zivotaschopnosti pii realizaci komeréniho vyuziti, skladovani a jejich podavani jako

probiotik (Ventura et al. 2007).

2.1.3 Prebiotika pro bifidobakterie

Prebiotika jsou substraty, které jsou selektivné vyuzivany mikroorganismy hostitele. Tyto latky
nemohou byt degradovany cilovymi hostitelskymi enzymy a jejich pfijem musi byt spojovan
se zdravotnim pfinosem pro hostitele. Koncept prebiotik byl nové Mezindrodni védeckou
asociaci pro probiotika a prebiotika (ISAPP; International Scientific Association of Probiotics

and Prebiotics) rozsiten také o dalsi latky, kromé jiz stavajicich definovanych sacharidi
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(obr. 4), a jejich aplikace byla aktualizovana o podavani téchto substratd i jinymi cestami nez
pouze gastrointestinalnim traktem hostitele. Piestoze je vétSina soucasnych prebiotik podédvana
oralné, lze je aplikovat i pfimo do jinych mikrobialné kolonizovanych mist téla, jako je

urogenitalni trakt a kuze (Gibson et al. 2017).

Obr. 4: Schéma rozsiiené definice prebiotik (Gibson et al. 2017)

SELEKTIVNi VYUZITI LATKY OVLIVNUJICI
MIKROORGANISMY HOSTITELE MIKROBIOM

( PresioTickE ) [NEPREBIOTICKE]

Dietni vlaknina l
CLA, PUFA HMOs SNADNO MENE PROTEINY, PROBIOTIKA
fermentovatelné fermentovatelné TUKY
OLIGOSACHARIDY
(FOS, inulin, GOS, FENOLOVE SLOUCENINY, 1
MOS, X05) [ N TOCHENIKALIE ] ( ANTIBIOTIKA | [ VITAMINY |

Pozn.: Na obrazku jsou znazornény jiz uznana a potencialné uznatelna prebiotika. Substraty,

které sice slozeni mikrobioty ovliviiuji (antibiotika, mineralni latky, vitaminy a bakteriofagy),
ale pouze neselektivnim zpisobem, nemohou byt povazovany za prebiotika (Gibson et al. 2017).
CLA — konjugovana linolova kyselina, PUFA — polynenasycené mastné kyseliny, FOS —
fruktooligosacharidy, GOS — galaktooligosacharidy, MOS — mannanooligosacharidy, XOS —

xylooligosacharidy, HMOs — oligosacharidy matef'ského mléka.

Ptestoze je prebioticky t¢inek fady latek na zdravi hostitele stale zkouman, byla zjisténa fada
pozitivni vlivli prebiotik na zdravi jedince. Jako nékteré z nich lze zminit napiiklad inhibici
patogent v gastrointestinalnim traktu (Morrow et al. 2005; Abd El-Hack et al. 2021), stimulaci
imunity (Kulinich & Liu 2016) a prevenci propuknuti alergii (Osborn & Sinn 2013), snizeni
hladiny lipidu v krvi u obéznich lidi (Beserra et al. 2015), podporu mikrobialni rovnovahy
urogenitalniho traktu (Coste et al. 2012), pokozky (Kano et al. 2013; Miyazaki et al. 2014)
a spravné funkce metabolismus kostni tkané (Holloway et al. 2007).

Pro spravnou strategii podavani prebiotik s cilem zlepSeni zdravi lidi a zvifat by nemél byt
pouzivan izolovany pfistup. Je dilezité zvazit i zdravou vyzivu a zivotni styl jedince. Do
budoucna maji prebiotika terapeuticky i preventivni potencidl pro podporu zdravi a snizeni
rizika propuknuti onemocnéni, nicméné je nezbytné dalSi testovani a prokazani jejich
prebiotického ¢inku, bezpecnosti a vhodného davkovani pro konkrétniho cilového hostitele
(Gibson et al. 2017).

Piestoze dnes je cileno prebiotiky leckdy na fadu riznorodych mikroorganismd, pivodné

astale signifikantné¢ prebioticky podporovymi c¢leny stfevni mikrobioty jsou hlavné
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bifidobakterie a laktobacily (Tochio et al. 2018; Zhu et al. 2018; Murakami et al. 2021).
Bifidobakterie totiz disponuji enzymatickym vybavenim nezbytnym k degradaci a nasledné
utilizaci nejbéznéji pouzivanych prebiotickych substratd, které snadno fermentuji (Rastall
2010; Sarbini & Rastall 2011). Metabolicka aktivita a perzistence bifidobakterii ve stievé je
pak pfimo zavisla na dostupnosti dietarnich a hostitelskych sacharida (Turroni et al. 2016).
Nékteré druhy bifidobakterii, jako je naptiklad B. breve, jsou dokonce schopny utilizovat jak
dietarni, tak i hostitelské sacharidy. Tato metabolicka schopnost je pfisuzovana k perzistenci
urcitych bifidobakterialnich druhti ve stfevni mikrobioté bez ohledu na dietu a vék hostitele

(Bottacini et al. 2014a; Kelly et al. 2016).

2.1.3.1 Dietarni sacharidy

Existuje fada fermentovatelnych sacharidd, u kterych byl popsan prebioticky ucinek. Jako
nejlépe prostudovana dietarni prebiotika pro ¢lovéka s prozkoumanymi ucinky jsou nejcastéji
popisovany nestravitelné oligosacharidy fruktany a galaktany (Rastall & Gibson 2015), které
jsou prednostné vyuzivany probiotickymi bifidobakteriemi (Roberfroid et al. 2010). Chemické
vazby mezi fruktooligosacharidy a galaktooligosacharidy jsou relativné snadno $tépeny pomoci
bifidobakterialnich B-fruktanosidaz a B-galaktosidaz (Rastall 2010; Sarbini & Rastall 2011).
Bifidobakterie zaroven disponuji také vhodnym transportnim systémem pro zachyceni
a distribuci téchto substrati do mikrobidlni cytoplazmy, ¢imz je zajiSténa dalsi selektivita
schopnosti utilizace téchto latek v konkurenénim mikrobidlnim prostfedi komplexniho
ekosystému stieva (Goh & Klaenhammer 2015). Nekteré kmeny bifidobakterii jsou navic
schopny utilizovat i1 fadu dalSich podobnych sacharidi, jako jsou naptiklad xylooligosacharidy
(Berger et al. 2021), arabinoxylan (Lagaert et al. 2010), inulin (Ramirez-Farias et al. 2008)
a mannooligosacharidy (Singh et al. 2018).

Po prokazani selektivniho vyuZivani Zadoucimi mikroorganismy hostitele a zajiSténi
prokazatelného zdravotniho benefitu, mohou byt nékteré typy dietarni vlakniny povazovany
také za prebiotické. Nicméné vzhledem k individualité a riznym schopnostem hostitelské
mikrobioty pii utilizaci Sirokého spektra substratli, nelze piesné definovat které. Celuldza je
naptiklad vhodnym prebiotikem pro piezvykavce, nikoliv pro c¢lovéka. Lidska stfevni
mikrobiota totiz neni schopna zcela vyuzit f(1—4) vazby mezi jednotkami D-glukozy (Ben
David et al. 2015; Delcour et al. 2016). Pti definici prebiotik je neméné dilezité i misto ucinku.
Za prebiotikum pro mikrobiotu dutiny ustni je napiiklad povazovan xylitol (Gibson et al. 2004;
Roberfroid et al. 2010).
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Rezistentni Skrob skladajici se z amylozy a amylopektinu je dal$im dietarnim sacharidem
S potencialné prebiotickymi vlastnostmi. Maltodextrin, maltotriéza a amylopektin jsou derivaty
od néj odvozené (Van der Maarel et al. 2002). Bifidobakterie, i kdyz jsou minoritni skupinou
dospélé lidské mikrobioty, se také podileni na $tépeni téchto substratia (Milani et al. 2015a).
B. adolescentis naptiklad disponuje piislusnymi enzymy pro degradaci $krobu (Duranti et al.
2014), jako jsou a-glukosidazy zahrnujici naptiklad konkrétné amylazy, pullanazy
a cyklomaltodextrinazy, pomoci nichz vykazuje vyborny ristovy potencial na rostlinnych

sacharidech ve srovnani s dal$imi lidskymi druhy bifidobakterii (Milani et al. 2016).

2.1.3.2 Hostitelské sacharidy

Mezi hostitelské sacharidy patii HMOs a muciny, které jsou diillezitymi substraty pro kolonizaci
stfeva kojence bifidobakteriemi (Bottacini et al. 2017). Bifidobakterie totiz disponuji adekvatni

sadou enzymt GH, kter¢ utilizaci hostitelskych sacharidi umoznuji (Katoh et al. 2020).

21321 HMOs

HMOs jsou komplexni sacharidy, které jsou produkovany mlécénou zlazou vSech savci,
nicméné jejich profil mezi druhy je velmi variabilni (Tao et al. 2011). Jejich pFitomnost
v savéim mléce je spojovana s piirozenou selekei (Hinde & Milligan 2011; Hinde & German
2012). Jsou prvnimi prebiotiky ve vyzivé ¢lovéka (Oozeer et al. 2013). Laktaci jsou totiz
selektivné vyzivovany geneticky kompatibilni bakterie kojenct prebiotickym komplexem
volnych oligosacharidti (Zivkovic et al. 2011; Turroni et al. 2018b). Ptitomnost HMOs je
spojovana s modulaci imunitni odpovédi, prevenci adheze patogenli na stfevni epitel
a vytvorenim konkuren¢niho prosttedi ve stfevé novorozence, ¢imZ je chranén pred
propuknutim fady infek¢énich onemocnéni (Morrow et al. 2005; Oliveira et al. 2015; Kulinich
& Liu 2016; Plaza-Diaz et al. 2018). Matefské mléko je svym unikatnim slozenim povazovano
za prirozeny a optimalni zplisob vyzivy novorozence a bylo evolu¢né formovano vyhradné pro
tento ucel. Je komplexni vyzivou bohatou na laktézu, mastné kyseliny a proteiny, které kojenci
ptimo dodavaji potiebnou energii (Thomson et al. 2018).

Piestoze pro novorozence maji HMOs malou nutricni hodnotu, jsou v matefském mléce
ptitomny voln¢€ a ve vysokych koncentracich (Smilowitz et al. 2013; Garrido et al. 2016). Po
laktoze a lipidech jsou HMOs tieti nejvice zastoupenou slozkou matetského mléka (5-15g L~
1), kde az stokrat prevysuji koncentrace v mléce kravském a jsou povazovany za jeho klicovy
komponent (Bode 2015; Plaza-Diaz et al. 2018). Jejich zastoupeni v lidském mléce je zaroven

v

rozmanitéjsi (Hinde & German 2012) a vzhledem Kk jejich komplexnosti je stale nemozné je
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zcela dokonale umeéle syntetizovat (Musilova & Rada 2015; Sprenger et al. 2017). Hlavnimi
slozkami HMOs jsou galaktdza, glukéza, N-acetylglukosamin, fukoza a derivaty sialové
kyseliny. Lakt6zové jadro je na redukujicim konci fukosylaci a/nebo sialylaci prodluzovano
0 N-acetyllaktosaminové jednotky (fukoza a sialova kyselina) s vétsi strukturalni diverzitou
(Zivkovic et al. 2011; Bode 2015). HMOs Ize dale rozdélit na neutralni fukosylované, neutralni
nefukosylované (N-acetylglukosamin) a kyselé sialylované (Bode 2015). Stupen polymerace se
pohybuje mezi 3-32 a jejich slozitost spo¢iva v rozmanitosti glykosidickych vazeb a vytvareni
velkého mnozstvi potencialnich kombinaci (Wu et al. 2010; Wu et al. 2011).

HMOs nejsou Stépeny enzymatickym systémem savcl, a proto prochazeji gastrointestinalnim
traktem az do tlustého stieva, kde jsou degradovany stfevni mikrobiotou (De Leoz et al. 2015).
Schopnost vyuzivat HMOs je znama u zastupct z ¢eledi Bifidobacteriaceae a Bacteroidaceae
(De Leoz et al. 2015; Hirvonen et al. 2019). Obecné je utilizace oligosacharidii spojena se
zvySenym zastoupenim Bifidobacteriaceae ve stfevni mikrobioté, vy$§imi hladinami mastnych
kyselin s kratkym fetézcem a snizenym pH (Matsuki et al. 2016). Tvorba stfevniho acetatu
bifidobakteriemi je navic spojovana s vyvolanim ptiznivych G¢inkd na hostitele, véetné
zlepSeni funkce stievni bariéry (Fukuda et al. 2011). Bylo prokazano, Ze v genomech
B. longum, B. bifidum aB. breve jsou obsazeny specifické soubory gent kodujici enzymy
hydrolyzujici uréit¢ HMOs (Marcobal & Sonnenburg 2012; Underwood et al. 2015; James et
al. 2016). Prikladem téchto GH jsou fukosidazy, sialidazy, f-hexosaminidazy, 3-galaktosidazy
a lakto-N-biosidazy (Sela et al. 2008; Kitaoka 2012). Pravé tato enzymaticka vybava je
spojovana S vysokym zastoupenim bifidobakterii ve stievé kojenct (Matsuki et al. 2016), coz
je spolu s vyzivou kojence kli¢ové z hlediska dlouhodobého vlivu na jeho zdravi (Turroni et al.
2018a). Schopnost bifidobakterii vyuzit HMOs je druhové specificka (Sela 2011).

U bifidobakterii jsou znamé dvé strategie degradace HMOs. Intaktni HMOs jsou pomoci fady
transportériit a vazebnych proteini transportovany do bunky, kde jsou degradovany na
monosacharidy, které jsou dale utilizovany. Druhou strategii je extracelularni St¢peni HMOs na
monosacharidy a disacharidy, které jsou az poté transportovany do buiiky a dale
metabolizovany (Garrido et al. 2012; Shani et al. 2018). Velmi homogenni skupinou jsou
kmeny poddruhu B. longum subsp. infantis, které jsou schopny vyuzit vSechny HMOs piitomné
Vv matetském mléce. Z tohoto divodu jsou zpusoby pienosu Sacharidi pies bunétnou
membranu zna¢né rozmanité. ABC transportéry pienasi HMOs, laktozu, lakto-N-bidzu, N-
acetylglukosamin a sialovou kyselinu, permeazy poté fukozu, glukoézu, galaktézu a laktozu
améné cCastéji pak fosfotransferazovy systém mize pienaset glukozu a N-acetylglukosamin.

Intracelularni GH poté katalyzuji rozklad sacharidi na jednotlivé cukerné slozky, které jsou
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dale degradovany specifickymi metabolickymi drahami bifidobakterii (Sela et al. 2008). Timto
zpusobem degraduji HMOs také B. longum subsp. longum a B. breve (Shani et al. 2018).

Odlisny, velmi rozmanity a kmenov¢ specificky je v utilizaci HMOs druh B. bifidum, ktery
S$tépi a do své cytoplazmy pienasi pouze nékteré frakce HMOs (Garrido et al. 2015). Oproti
B. longum subsp. infantis, B. bifidum disponuje fadou riznych extracelularnich GH (Kitaoka
2012). Je schopen stépit HMOs a zptistupiiovat je tak v prostiedi jako substrat pro rust dal$im
bakteriim stfevni komunity kojence. Jeho pfitomnost je navic spojovana se zvySenym
zastoupenim dalSich druht bifidobakterii (Gotoh et al. 2018). Nékteré druhy jsou totiz schopny
vyuzivat pouze malé frakce strukturné odlisnych HMOs. Napiiklad nékteré kmeny B. breve
disponuji enzymy pouze pro $tépeni neutralnich HMOs (Ruiz-Moyano et al. 2013) a sialové
kyseliny (Egan et al. 2014b), ale nejsou schopny piimo vyuZzit mucinové Ssacharidy
a sialyllaktozu. Zminéné sacharidy jsou nejprve extracelularné degradovany druhem B. bifidum
na fukozu a sialovou kyselinu, kterou je poté B. breve jiz schopen vyuzit (Egan et al. 2014a;
Centanni et al. 2019). Kooperativni vlastnosti v ramci ekosystému kojeneckého stfeva pii
vyuzivani HMOs vykazovaly také poddruhy/druhy B. longum subsp. longum, B. longum subsp.
infantis, B. breve a B. pseudocatenulatum, které tak maximalizovaly spotiebu poskytnutych

zivin (Lawson et al. 2020).

2.1.3.2.2 Mucin

Glykoprotein mucin tvofi vétsinu ochranné vrstvy mukézniho povrchu stievni sliznice, ktera je
fyzickou bariérou chranici epitel pfed adhezi patogent, antigenli a toxinll. Genova exprese,
glykosylace a sekrece mucinu je ovliviiovana stitevnimi mikroorganismy (Comelli et al. 2008;
Wrzosek et al. 2013). Symbidza hlenové vrstvy spolu se stievni mikrobiotou je spojovana
s udrzenim homeostaze hostitele (Holzapfel et al. 1998). Narusena vrstva sliznice a mikrobialni
dysbidza jsou totiz v uzké korelaci s propuknutim fady onemocnéni, jako jsou napiiklad
mukositida (van Vliet et al. 2010), zanétliva stifevni onemocnéni (Merga et al. 2014),
kolorektalni karcinom (Baxter et al. 2014) a metabolicky syndrom (Everard et al. 2013). V¢asna
modulace interakci mezi mukozou a mikrobiotou je proto klicova (Rokhsefat et al. 2016).

Mucin je produkovan hlavné mukéznimi a poharkovymi buiikami. V mucinovych granulich
poharkovych bunék jsou muciny ukladany intracelularng, odkud jsou vylu€ovany do prostiedi
(Brockhausen et al. 2009). Prolin, serin a threonin jsou obsazeny v polypeptidové ¢asti mucinu
s O-glykosylovanymi fetézci. N-acetylgalaktosamin, N-acetylglukosamin, fukéza, galaktoza
asialova kyselina jsou hlavnimi slozkami téchto heterogennich O-glykani. Schopnost

metabolizovat mucinové oligosacharidy je pravdépodobné klicovym faktorem pii bakterialni
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kolonizaci sliznice stfeva. Pro jejich degradaci je nicméné nezbytna piitomnost specifickych
enzymu GH (Tran & Ten Hagen 2013; Pelaseyed et al. 2014; Tailford et al. 2015).

Schopnost vyuzivat hostitelské sacharidy jako zdroj uhliku a energie je pravdépodobné
vysledkem koevoluce lidského stieva a stievnich komenzalnich bakterii (Turroni et al. 2010).
Pouze nékteré z nich jsou schopny mucin vyuzit. V ramci rodu Bifidobacterium byla tato
schopnost zjisténa vyhradné¢ u druhu B. bifidum (Duranti et al. 2015). Endo-a-N-
acetylgalaktosaminidazy katalyzuji rozklad O-glykosidickych vazeb mezi galaktosyl-B-1,3-N-
acetylgalaktosaminem a serinovymi nebo threoninovymi zbytky u vétSiny mucinovych
glykoproteind (Fujita et al. 2005). Fukosidazy poté uvoliuji L-fukézu z oligosacharidového
jadra mucinové struktury (Ashida et al. 2009). N-acetyl-pB-hexosaminidazy, p-galaktosidazy
asialidazy se na metabolizaci mucinu také podileji (Nishimoto & Kitaoka 2007).
Oligosacharidové jadro mucinu skladajici se z N-tetradzy je poté degradovano na N-bidzu
(Wada et al. 2008), ktera je do cytoplazmy transportovana specifickymi ABC transportéry,
fosforylovana a nakonec metabolizovana v glykolytickych a aminosacharidovych cestach

(Nishimoto & Kitaoka 2007).

2.1.3.3 DalSi prebiotické zdroje

Rostlinné glykosidy jsou dalsimi potencialné prebiotickymi zdroji pro bifidobakterie. Jedna se
0 derivaty sacharidu skladajici se ze dvou chemicky a funkéné nezavislych casti, glykonu
a aglykonu, které jsou spojeny glykosidickou vazbou (Bartnik & Facey 2017). Né&které
glykosidy pfirozené se vyskytujici v rostlinach jsou pouzivany v tradi¢ni mediciné jiz po cela
staleti. Jejich biologické ti¢inky nicméné nejsou pfipisovany glykosidickym formam, ale jejich
aglykonim (de Arriba et al. 2013; Biernat et al. 2018). Obecné je zhruba 90-95 % téchto
substratd odolnych vici absorpci v tenkém stieveé a dostava se tak v nezménéné formé az do
tlustého streva (Clifford 2004), kde jsou pomoci stfevnich mikroorganismi biotransformovany
na bioaktivni metabolity (Duefias et al. 2015). Bifidobakterie maji Sirokou skélu enzymi GH,
véetné B-glukosidaz (Bottacini et al. 2018). Kmen B. pseudocatenulatum IPLA 36007 napiiklad
disponuje geny kodujicich deglykosylaci sojovych isoflavonovych glykosidu (Alegria et al.
2014). Konkrétn¢ Ctyti tyto B-glukosidazy byly dale charakterizovany jako enzymy uvoliujici
aglykony daidzein a genistein (Guadamuro et al. 2017). Kromé druhu B. pseudocatenulatum,
také B. catenulatum, B. adolescentis a B. breve disponuji B-glukosidazami, které vyuzivaji
napiiklad k degradaci fazolovych isoflavonovych glykosidti daidzinu, genistinu a kemferolu

(Marotti et al. 2007). B-glukosidazovou aktivitu u Sté€peni anthokyaninovych glykosidi

21



delfinidinu a malvidinu poté vykazoval také kmen B. animalis subsp. lactic BB12 (Avila et al.
2009).

Potencialni prebiotické ucCinky s cilenou stimulaci riistu mikroorganismt byly zjistény také
U katechinli, anthokyanti a proanthokyant (Alves-Santos et al. 2020). Rist bifidobakterii
podporuji naptiklad i katechiny zeleného ¢aje (Dey et al. 2019), lignan syringaresinol (Cho et
al. 2016) a polyfenoly z tradi¢niho asijského rostlinného napoje Kudingcha vyrabéného z listt
cesminy (Xie et al. 2018).

Alternativou piijmu prebiotickych rostlinnych sacharidt v lidské dieté¢ by mohlo byt za¢lenéni
chitinu a jeho derivata z jinych zdrojt, jako je hmyz, exoskeletony korysu a houby (Lopez-
Santamarina et al. 2020). Jednou z moznosti je napiiklad biopolymer chitin-glukan, ktery je
obvykle extrahovan z Aspergillus niger a sklada se z chitinu a g-1,3-D-glukanu (Neyrinck et al.
2012). Na zaklad¢ in vitro a in vivo testovani byl shledan novou potencialni bifidogenni
prebiotickou slouceninou, jejiz pridani do lidské diety by mohlo podpoftit kolonizaci stieva
bifidobakteriemi, zejména druhy B. breve a B. bifidum (Alessandri et al. 2019). Chitin je také
vyznamnou slozkou jedlého hmyzu, kdy napiiklad konzumace cvrckt podpotila rist druhu

B. animalis (Stull et al. 2018).

2.1.4 Cross-feeding

Cross-feeding predstavuje ekologickou strategii ziskavani zivin. Slozité slouceniny, napiiklad
dietarni nebo hostitelské polysacharidy, jSou kompetentnimi bifidobakteriemi degradovany na
jednodussi oligosacharidy a monosacharidy, které se tim stavaji dostupnymi i dal$im stievnim
mikroorganismim (De Vuyst & Leroy 2011; Egan et al. 2014a; Egan et al. 2014b). Poskytnuti
konecnych produktii bakterialniho metabolismu, zejména bifidobakterialniho acetatu a laktatu,
jako substratti napiiklad pro butyrat produkujici bakterie, je dal§im z ptikladi cross-feedingu
(Moens et al. 2017). Pritomnost bifidobakterii je obecné spojovana s modulaci stfevniho
mikrobiomu a rozsifovanim jeho sacharolytickych schopnosti (Turroni et al. 2016). Prave
vzajemné zptistupiiovani sacharidi ve stievé je ukazatelem socialniho zptisobu chovani mezi
bifidobakteriemi a lze tim pravdépodobné vysvétlit jejich dominanci v rané mikrobioté (Turroni
et al. 2018b; Luo et al. 2020).

Kolonizace konvenénich mysi in vivo kojeneckymi druhy B. bifidum, B. adolescentis, B. breve
a poddruhem B. longum subsp. infantis obohatila stfevni glykobiom mysi v enzymatickych
schopnostech degradovat rostlinné a hostitelské sacharidy. B. bifidum se ve srovnani
s B. longum subsp. infantis aktivn¢ Gi¢astnil extracelularniho rozkladu hostitelskych sacharidi

a zptistupnoval tak jednoduché cukry ostatnim ¢leniim bifidobakterialni komunity (Turroni et
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al. 2016). B. bifidum kooperuje také s B. breve v ramci cross-feedingovych aktivit pfi utilizaci
mucinu. Enzymy GH kmene B. bifidum PRL2010, zejména endo-a-N-
acetylgalaktosaminidazy, lakto-N-biosidazy, exo-o-sialidazy a o-fukosidazy, které jsou
zodpovédné za degradaci mucinu, zpfistupriuji tento substrat také druhu B. breve (Turroni et al.
2010; Turroni et al. 2014a).

Dalsim z piikladi cross-feedingu bifidobakterii s dal$imi ¢leny stfevni mikrobioty je
metabolizace L-fukozy druhy B. longum subsp. infantis, B. longum subsp. suis a B. breve na
acetat, formiat, laktat a 1,2-propandiol (Bunesova et al. 2016; Schwab et al. 2017), ktery je dale
metabolizovan Eubacterium hallii za vzniku sttevniho propionatu (Engels et al. 2016). Cross-
feeding byl naptiklad objeven i mezi mucin degradujicim druhem B. bifidum a 1,2-propandiol
utilizujicim E. hallii (Bunesova et al. 2018), dale mezi HMOs degradujicim B. longum subsp.
infantis a jeho metabolity utilizujicim Anaerostipes caccae (Chia et al. 2021), B. adolescentis
a laktat utilizujicimi a butyrat produkujicimi E. halii a A. caccae (Belenguer et al. 2006),
B. adolescentis a Faecalibacterium prausnitzii (Moens et al. 2016), B. breve a Bacteroides

cellulosilyticus (Munoz et al. 2020).

2.1.5 Bifidobakterie jako probiotika

Ptitomnost bifidobakterii v gastrointestinalnim traktu hostitele je velmi dilezita, zejména
v ranych fazich zivota. Pfispiva k zachovani mikrobialni rovnovahy ve stievé, s ¢imz je Spojeno
udrzeni zdravi v pozd&jSich fazich Zivota jedince (Rodriguez et al. 2015). Vzhledem
K pozitivnim vlastnostem bifidobakterii jsou nékteré kmeny komeréné pouzivany jako
probiotika. Probiotika jsou zivé mikroorganismy, které pokud jsou podavany hostiteli
v adekvatnim mnozstvi, pozitivné ovliviiuji jeho zdravotni stav (FAO/WHO 2001; Hill et al.
2014). Prave proto jsou za timto ucelem probiotika pouzivana jako dopliiky 1é¢by specifickych
infekénich a zanétlivych onemocnéni. Rada probiotickych vlastnosti je nicméné druhové nebo
kmenove specificka (Hill et al. 2014). Z divodu bézné kmenové specifity, kdy rizné kmeny
stejného druhu mohou vykazovat rizné ucinky, je proto nezbytna charakterizace vlastnosti,
ucinku a také potvrzeni jejich bezpeénosti vzdy az na troven kmene (Jungersen et al. 2014).

Ptestoze mnoho probiotickych kment bakterii bylo shledano jako bezpecné, Evropsky utad pro
bezpeénost potravin (EFSA; European Food Safety Authority) a Uiad pro kontrolu potravin
aléciv (FDA; Food and Drug Administration) nepiisuzuji podavani probiotik schopnost
predchazet nemoci nebo ji 1é¢it. V mnoha zemich jsou tedy probiotika dostupna jako dopliky

stravy, které podléhaji jinym standardiim vyroby a kontroly kvality nez schvalena 1é¢iva, a musi
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tak dodrzovat aktualni pravidla dané trzni politiky (Sanders et al. 2016; EFSA 2017; Plaza-Diaz
et al. 2019).

Vsechny mikroorganismy v probiotickém preparati musi byt vzdy identifikovany az na
kmenovou uroven. Pro testovani potencialné probiotickych kment jsou poté v prvni fazi obecné
doporucovany in vitro testy simulujici nepfiznivé podminky gastrointestinalniho traktu
hostitele. Ptikladem je testovani odolnosti kmene viaci zaludecni kyselosti a zluGovym
kyselinam, antimikrobialni aktivity proti potencidlné¢ patogennim mikroorganismim,
schopnosti snizit adhezi patogenti, hodnoceni hydrofobicity a schopnosti autoagregace. Druhou
fazi by méla byt preklinicka validace na vhodnych zvifecich modelech a jako posledni poté
klinické studie na lidskych subjektech. V ramci testovani bezpecnosti by vzdy mély byt
provedeny testy citlivosti na antibiotika a testovani hemolytické aktivity (Ganguly et al. 2011,
Somashekaraiah et al. 2019; Kim et al. 2020; Nath et al. 2020). Pti podavani probiotik je také
velmi dulezita vhodna davka, hostitel a cileny efekt (Sanders 2008).

Bifidobakterie a laktobacily jsou nejéastéji dostupnymi probiotiky uvedenymi na trh s dlouhou
historii pouziti. Piivodné pochazeji ze stfev nebo tradi¢nich fermentovanych potravin, jako je
napiiklad jogurt, nakladand zelenina a kefirovd zrna (O’Toole et al. 2017). Zejména
bifidobakterie jsou dominantné zastoupenymi mikroorganismy ve stfevé zdravych kojenych
novorozencu (Di Gioia et al. 2014), maji vysokou schopnost kolonizovat kojenecké stievo, jsou
bezpecné, a 1 proto jsou Siroce pouzivany jako probiotika s preventivnim a terapeutickym
ucelem u novorozencl a kojenct (Sanders et al. 2010). Pusobi jako doplnék k prevenci
komplikaci a zlep$eni celkového zdravotniho stavu svého hostitele (Bozzi Cionci et al. 2018).
Svétove a historicky nejdiskutovanéjsi a v rdmci potravinaistvi nejpouzivanéjsi bifidobakterii
je poddruh B. animalis subsp. lactis (Milani et al. 2013a; Jungersen et al. 2014). Jednim
Z nejcastéji aplikovanych kmentt do mléénych vyrobkd a probiotickych suplementi je
konkrétné kmen B. animalis subsp. lactis BB12, u kterého byly popsany probiotické vlastnosti
se schopnosti stimulace imunitni funkce (Jungersen et al. 2014). B. animalis subsp. lactis
ADO11 je dalsim z ptikladii nové popsan¢ho probiotického kmene bifidobakterie, ktery je
bezpecny a vhodny pfi pouziti jako startovaci kultura s probiotickymi vlastnostmi (Ku et al.
2019). Prestoze jsou bifidobakterie pomérné hojn¢ zastoupeny v kazdodenné konzumovanych
mlécnych vyrobcich (Raeisi et al. 2013), nelze nicméné predpokladat, ze touto konzumaci dojde
k trvalému osidleni stfeva. A to zejména z toho dtvodu, Ze vzhledem k animalnimu ptvodu
bézné pouzivanych kment bifidobakterii je pravdépodobny pouze jejich transientni prichod

sttevem hostitele (Sanders 2011; Xiao et al. 2021). U podavani bifidobakterii by tedy mélo byt
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vzdy cileno na vybér kment, které jsou typické pro dané¢ho hostitele (Maldonado-Gomez et al.
2016).

Podavani probiotickych bifidobakterii je spojovano s fadou ptiznivych vlivii na zdravi clovéka.
Jedna se naptiklad o snizeni vyskytu a délky prijmu souvisejicich s antibiotickou 1é¢bou (de
Vrese et al. 2011; Trallero et al. 2019), zmirnéni zazivacich obtizi pti syndromu drazdivého
tracniku (O’Mahony et al. 2005; Whorwell et al. 2006), snizeni vyskyti ekzémi u kojenct
(Kim et al. 2010), zmirnéni prub¢hu a urychleni rekonvalescence pii akutnim infekénim prijmu
u déti (Di Gioia et al. 2014; Cruchet et al. 2015; Escribano et al. 2018) a o prevenci nekrotizujici
enterokolitidy u pfedc¢asné narozenych déti bez zvySené incidence sepse (Underwood 2019;
Zhu et al. 2019). Do budoucna je mozna i probioticka intervence bifidobakteriemi v souvislosti
s redukci vahy u zdravych jedincti (Minami et al. 2018) a u jedinci s neurologickymi problémy
(Kobayashi et al. 2017; Tian et al. 2019).

Mikroorganismy, které indukuji pozitivni ucinky na neuropsychické funkce jsou definovany
jako psychobiotika (Dinan et al. 2013). Tato definice byla rozsitena také o prebiotika, ktera
zprostiedkovavaji tento bakterialni ucinek (Sarkar et al. 2016). Obecné je interakce mezi
mikroorganismy uskuteciiovdna prostfednictvim uvolnénych aminokyselin, peptidd,
biogennich amini a SCFAS, které jim slouzi jako signalni molekuly. Tyto latky jsou zaroven
vlastni i pro hostitelsky organismus, kde funguji jako neurochemikalie, hormony a cytokiny.
Interakce mezi mikrobiotou a hostitelem je tedy obousmérna (Evrensel & Ceylan 2015; Oleskin
& Shenderov 2019). Sekreci neuroaktivnich metabolitt psychobiotik, naptiklad serotoninem,
katecholaminem, gamma-aminomaselnou kyselinou a acetylcholinem, muze byt indukovana
signalizace v enteralnim nervovém systému, ktera nasledné mize regulovat také funkce mozku
a samotné chovani hostitele (Wall et al. 2014). Piikladem psychobiotika podavaného sténatim,
kterym byl vyvolan chronicky stres separaci od matek, je kmen B. pseudocatenulatum CECT
7765. Jeho administraci u nich byla oslabena akutni stresova reakce a tizkost (Moya-Perez et
al. 2017). Také kmen B. breve CCFM1025 signifikantné snizil tizkostné a depresivni stavy
umysi (Tian et al. 2020). Dalsim potencialné psychobiotickym kmenem je B. longum subsp.
infantis 35624, ktery u lidi se syndromem drazdivého tra¢niku normalizoval pomér interleukint
(O’Mahony et al. 2005). Stejny kmen navic vykazoval antidepresivni aktivitu také u krys, ktera
byla srovnatelna s podavanym antidepresivem (Desbonnet et al. 2008; Desbonnet et al. 2010).
Podavani kmene B. longum 1714 zdravym lidem poté snizilo reakci na stres a mirné zlepsilo
jejich kognitivni funkce (Allen et al. 2016).

Probiotické bifidobakterie nejsou podavany pouze lidskym hostitelim. Probioticky potencial

S potvrzenym vlivem na sniZeni vyskytu prujmu u selat byl potvrzen naptiklad u B. animalis
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subsp. lactis (Shu et al. 2001), jehoZz probiotickou intervenci v kombinaci spolu s B. longum
subsp. infantis byla snizena zatéz zpusobena expozici patogenu Salmonella Typhimurium
(Barba-Vidal et al. 2017). B. animalis subsp. animalis, B. thermophilum, B. longum subsp. suis
a B. choerinum jsou poté piikladem potencialné probiotickych druhti/poddruht bifidobakterii
pro telata (Bunesova et al. 2012a; Geigerova et al. 2016), zatimco B. breve a B. longum subsp.
infantis pro brojlery (Santini et al. 2010; El-Sharkawy et al. 2020) a Bifidobacterium animalis
pro psy (Kelley et al. 2009; O’Mahony et al. 2009).

Pro kategorizaci mezi probiotika je nezbytné, aby dany mikroorganismus byl zivotaschopny.
V piipad¢ jiz odumfelych mikrobialnich bunék, jejich fragmentd a metabolitt zahrnujicich
jejich signalni molekuly jsou tyto struktury a latky definovany jako postbiotika (Aguilar-Toala
et al. 2018), n¢kdy oznacovana jako metabiotika (Oleskin & Shenderov 2019). Existuje i dil¢i
detailngjsi rozdéleni téchto latek na postbiotika a parabiotika. V rdmci tohoto dé¢leni je do
postbiotik fazena komplexni smés metaboliti sekretovanych probiotiky v bezbunéénych
supernatantech (enzymy, proteiny, SCFAs, vitaminy, biosurfaktanty, aminokyseliny, peptidy
a organické kyseliny), zatimco do parabiotik jsou zahrnuty inaktivované buiiky probiotik, at’ uz
intaktni, nebo naru$ené, obsahujici bunétné komponenty (peptidoglykan, teichové kyseliny
a povrchové proteiny) (Martin & Langella 2019; Nataraj et al. 2020). Vyhodou vySe zminénych
latek je znalost jejich chemické struktury a dostupnosti v ¢isté formé, také snadnost vyroby
a skladovani, bezpe¢nost, cilenost a moZnost stanoveni davky. Pfi podani hostiteli maji navic
potencial optimalizovat regula¢ni, metabolické a behavioralni reakce organismu souvisejici
s aktivitou pfitomné mikrobioty. Zarovenn maji potencidl se vyrovnat probiotikim prvni
generace (Nataraj et al. 2020; Shenderov et al. 2020). Ptikladem moznosti cilené produkce
postbiotik v praxi je fermentace syrovatky kmenem B. animalis subsp. lactis BB12 s cilenou
produkci potencidlné postbiotické konjugované linolové kyseliny, exopolysacharidi
a bakteriocind (Amiri et al. 2021). Dalsim piikladem postbiotika je lipoteichova kyselina
vyprodukovana kmenem B. animalis subsp. lactis BPL1, ktera ma potencial v redukci ukladani
tuku (Balaguer et al. 2021), nebo napiiklad také rizné frakce bunék B. bifidum BGN4, které

maji pravdépodobné imunoregulacni schopnosti (Lee et al. 2002).

2.1.6 Vyznam bifidobakterii ve stievni mikrobioté

Mikroorganismy jsou vSudyptitomné. Lidské t€lo, stejné jako téla zvitat, je obyvano velkym
mnozstvim mikrobidlnich druhti, které mohou se svym hostitelem koexistovat po celou dobu
jeho zivota (Milani et al. 2017a). Vétsina mikroorganismt zije v komplexnich komunitach

tvoticich mikrobiotu, kterd je slozena z bakterii, archaea, mikroskopickych hub a jejich virQ
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a fagl. Mikrobiota stfevniho traktu neni vyjimkou a tvoii hojny ekosystém, ve kterém dominuji
predevsim bakterie (Rajili¢c-Stojanovi¢ & de Vos 2014). Je dilezitym environmentalnim
faktorem pro lidské zdravi (Clemente et al. 2012), ktery ma evoluéné zachované role
v metabolismu, imunité, vyvoji a chovani hostitele (Cabreiro & Gems 2013; Erkosar et al.
2013). Zptisob porodu a vyzivy maji vyznamny vliv na slozeni a jeji funkci (Backhed et al.
2015).

Od narozeni se stievni mikrobiota dynamicky vyviji spolu se svym hostitelem, a proto ma jeji
rozvoj zasadni vyznam pro zdravi vV pozdéjsim zivoté (Maynard et al. 2012; Gensollen et al.
2016). Je regulovana komplexni souhrou mezi hostitelem a faktory prosttedi zahrnujicimi dietu
a zivotni styl (Rothschild et al. 2018). Pravé dostupnost substrati v dieté béhem prvniho roku
Zivota je stéZejnim faktorem pii vyvoji stievni mikrobioty (Derrien et al. 2019). Stewart et al.
(2018) rozdéluji vyvoj mikrobiomu déti do veéku 46 mésict do tii fazi: vyvojova (3—14 mésict),
prechodna (15-30 mésici) a stabilni (>3 1 mésicti). Béhem prvni faze dochazi k postupné zméné
a-diverzity a k detekci nejvice zastoupenych kment Actinobacteria, Bacteroidetes, Firmicutes,
Proteobacteria a Verrucomicrobia s dominanci bifidobakterii. Pii pfechodné fazi dochazi
k dalsimu rozvoji hlavné Bacteroidetes a Proteobacteria spolu s pfetrvavajici postupnou
zménou o-diverzity. Alfa-diverzita a ptitomné kmeny pak ziistavaji nezménéné ve stabilni fazi,
ve které je zaroven charakteristickd vyssi bakterialni diverzita a predominance Firmicutes.
Dalsi studie nicméné naznacuji, Ze k Gplnému ustaleni stfevni mikrobioty mliZze dochéazet
i 0 mnohem déle (Hollister et al. 2015; Cheng et al. 2016), coz by mohlo byt zohlednéno a dale
vyuzito pii cilenych mikrobialnich intervenci pro podporu zdravi a prevenci nezadouciho
vyvoje stievniho mikrobiomu i u starSich jedinci (Derrien et al. 2019).

Stfevni mikrobiota dospélych je komplexni, relativné stabilni a velmi specifickd pro kazdého
jednotlivce (Claesson et al. 2011; Faith et al. 2013). Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, Fusobacteria a Verrucomicrobia jsou jejimi dominantnimi kmeny, kdy
Firmicutes a Bacteroidetes tvoii az 90 % (Arumugam et al. 2011; Ringel-Kulka et al. 2013;
Rinninella et al. 2019). Struktura stifevni mikrobioty kojencti je naopak obecné nestabilni
a vysoce dynamicka s nizkou diverzitou jednotlivych druhti (Arrieta et al. 2014) se signifikantni
dominanci kmene Actinobacteria, konkrétné rodu Bifidobacterium (Turroni et al. 2012a).
Bifidobakterie jsou dominantni mikrobialni skupinou mikrobioty zdravych kojenct a mlad’at
(Milani et al. 2016; O'Callaghan & van Sinderen 2016; Turroni et al. 2018b). Jejich zastoupeni
postupné klesa az do dospélosti, kde ptedstavuji kolem 5% typické stievni mikrobioty
(Arumugam et al. 2011), ktera je relativné stabilni (Arboleya et al. 2016; Derrien et al. 2019).

K tendenci jejich snizovani dochazi az pii starnuti organismu (Salazar et al. 2013). Zaroven
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také druhové zastoupeni bifidobakterii se méni v pribéhu zivota (Arboleya et al. 2016). Druhy
B. longum, B.breve, B. bifidum a druhy skupiny B. catenulatum jsou prvnimi
bifidobakterialnimi kolonizatory stfeva, které jsou nasledovany B. dentium a B. adolescentis.
Okolo tfetiho roku Zivota je vV mikrobioté kojenct detekovan i druh B. angulatum (Nagpal et al.
2017). Distribuce bifidobakterii ptitomnych v tlustém stieveé hostitelti rtizného véku zdiraznuje
variabilitu mezi jedinci, nicméné také ale vysokou stabilitu v riznych mistech tlustého stieva
u jedince stejného. Toto odpovida wvariabilité stifevni mikrobioty na intraindividualni
a interindividualni rovni (Eckburg et al. 2005; Turroni et al. 2009).

Vzhledem Kk relativné nizkému zastoupeni bifidobakterii v tlustém stievé dospélého jedince je
zajimavé, Ze 1 malé snizeni jejich poctu je spojeno s fadou nezadoucich stavil organismu, jako
jsou naptiklad zanétliva stfevni onemocnéni (Prosberg et al. 2016), obezita (Nakayama et al.
2015; Christensen et al. 2018) a autismus (Wang et al. 2011). Jejich pfitomnost ve stievé je
naopak spojovana s produkci mnoha metabolitd, jako jsou vitaminy (LeBlanc et al. 2013),
antioxidanty (Gagnon et al. 2015), konjugovana linolova kyselina (Gorissen et al. 2012),
bakteriociny (Martinez et al. 2013) a SCFASs (Riviére et al. 2016). Zaroven se bifidobakterie,
vzhledem ke své enzymatické vybave, vyznamné podileji na rozsifeni stievniho glykobiomu
a ucastni se aktivné na rozkladu nestravitelnych polysacharidi (Milani et al. 2015a). Vétsina
téchto funkei je nicméné druhové nebo kmenové specificka (Riviére et al. 2016).
Bifidobakterie maji geny, které koduji syntézu vitamint thiaminu (B1), riboflavinu (B2),
niacinu (B3), pyridoxinu (B6), listové kyseliny (B11l) a neméné dulezitych 19 riznych
aminokyselin (Ventura et al. 2009; Cronin et al. 2011). Kmenové specifickou schopnosti je dale
také syntéza folatu (B9), ktera je spojovana s adaptaci bifidobakterii na dietu hostitele (Pompei
et al. 2007; D'Aimmo et al. 2014). Bakteriocin bifidocin A poté ptisobi antimikrobialné proti
fade patogent, jako je napiiklad Listeria monocytogenes, Staphylococcus aureus a Escherichia
coli (Liu et al. 2015a). Produkci acetatu spolu s laktatem bifidobakterie navic pfispivaji
K udrZeni stfevni homeostaze, snizovani luminalniho pH a tyto substraty poté dale poskytuji
k pfeméné na butyrat jinymi bakteriemi tlustého stieva (Riviere et al. 2016). Bifidobakterialni
acetat navic chrani organismus hostitele ptred infekcemi zplisobené enterohemoragickymi
kmeny E. coli (Fukuda et al. 2011).

Obecné je ptritomnost bifidobakterii v pozitivni korelaci s podporou zdravi svého hostitele.
Bifidobakterie totiz zabranuji adhezi nezadoucich mikroorganismi na sliznici stfeva a jsou
schopny vyvazovat zelezo na ukor stievnich patogent (Vazquez-Gutierrez et al. 2016), ¢imz
podporuji spravnou funkci epitelialni bariéry stfeva (Martin et al. 2016; Westermann et al.

2016). Bifidobakterie dale produkuji také exopolysacharidy modulujici imunitni odpoveéd’
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hostitele (Schiavi et al. 2016; Ruiz et al. 2017), podileji se na stabilizaci ptirozené mikrobioty
(Binda et al. 2018) a snizuji riziko vzniku rotavirovych prijmi (Moreno Muiioz et al. 2011).
Nemén¢ dilezitou vlastnosti nékterych kmentd bifidobakterii je schopnost produkovat
extracelularni struktury, které ovliviiujici nejen proces kolonizace gastrointestinalniho traktu.
Biosyntetizované exopolysacharidy zvysuji odolnost bifidobakterii vici zalude¢nim $tavam
a zlu€ovym kyselinam a zlepsuji tak jejich perzistenci ve strevé hostitele (Hidalgo-Cantabrana
et al. 2014a; Hidalgo-Cantabrana et al. 2014b). Vlaskové piivésky pili a fimbrie, spolu
s extracelularni exopolysacharidovou vrstvou na povrchu kapsuly, se podileji na adhezi bun¢k
bifidobakterii na stievni mukézu a zaroven zprostiedkovavaji interakce mezi mikroorganismy,
jako je naptiklad agregace, a podileji se také na imunomodulaci (Filloux 2010; Foroni et al.
2011; Turroni et al. 2013; Turroni et al. 2014b; Milani et al. 2017c).

2.2  Metody identifikace a charakterizace bifidobakterii

Ptestoze jiz bylo objeveno skoro 90 druht bifidobakterii, jsou Vv souc¢asné dob¢ stale jesté
izolovéna a identifikovana velkd mnozstvi bifidobakteridlnich izolatl z fady ekologickych
stanovist’ s velkym potencidlem popisu nového druhu. Pro popis novych druhii bifidobakterii
je nezbytna jejich fenotypova agenotypova charakterizace. Je velmi dulezitd také pro
identifikaci novych probiotickych kment, u kterych musi byt potvrzena jejich identita a vztah
s jiz diive platné popsanymi druhy (Mattarelli & Biavati 2018). Mattarelli et al. (2014) uvadi
soubor pokyni nezbytnych pro popis novych druhd bifidobakterii, pfi kterém je dilezité
dodrzeni polyfazové charakterizace. Tyto pokyny byly schvaleny Subcommittee on the
Taxonomy of Bifidobacterium, Lactobacillus and related organisms of the International
Committee on the Systematics of Prokaryotes a byly publikovany v ¢asopise International

Journal of Systematic and Evolutionary Microbiology.

2.2.1 Fenotypova charakterizace

Fenotypova charakterizace zahrnuje popis morfologickych, fyziologickych, biochemickych
a nutri¢nich vlastnosti daného bakteridlniho kmene. Obvykle se jednd o popisné mikroskopické
charakteristiky jako je popis tvaru, uspotfadani bunék, jejich schopnosti motility, Gramovy
reakce a schopnosti tvotit endospory spolu s makroskopickym popisem morfologie kolonii.
Soucasti charakterizace je dale stanoveni fermentacnich profili béZzn¢ dostupnych substrati
a stanoveni hlavnich produktii metabolismu s jejich kone¢nymi poméry pii fermentaci glukozy.
Pti popisu musi byt dale uvedeno také vhodné rastové médium a fyziologické vlastnosti daného

kmene, véetné jeho vztahu ke kysliku pro zajisténi optimalnich kultiva¢nich podminek,
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a detekce pritomnosti enzymu katalazy. Dopliujici charakteristikou miize byt testovani
citlivosti k antibiotikiim. Soucasti charakterizace je také uvedeni informace o zdroji a habitatu
daného kmene (Mattarelli et al. 2014). Charakterizace téchto znakti mize byt dale rozsitena
0 chemotaxonomicky popis slozeni buiky, jako je naptiklad analyza mastnych kyselin,
polarnich lipidi a aminokyselin peptidoglykanu bunécné stény (Tindall et al. 2010).
Vzhledem k moznosti ovlivnéni fenotypu kultivacnimi a testovacimi podminkami b&hem
analyzy je doporufeno zahrnuti také typovych kmenu pfiislu$nych referenénich taxond.
Nezbytné je to zvlast€ u kment, které jsou si blizce piibuzné na zaklad¢ sekvence genu
16S rRNA a u kterych musi byt prokdzané rozdilné fenotypové charakteristiky, aby dany novy
druh bylo mozné odlisit (Mattarelli et al. 2014).

2.2.2 Genotypova charakterizace

Genotypové metody pro identifikaci mikroorganismi jsou zaloZeny na sloZeni nukleovych
kyselin a nejsou tedy ovlivitovany prostfedim. Nékteré geny, které jsou zakodovany v genomu
bakterii, totiz nemusi byt exprimovany, a tudiz vysledky fenotypové charakterizace mohou byt
leckdy zna¢né variabilni (Mattarelli et al. 2014).

Procentudlni obsah guaninu a cytosinu jsou zakladni informaci o slozeni DNA bazi (Mattarelli
et al. 2014). Prvni fazi genotypové charakterizace je vétSinou sekvenace genu 16S rRNA
vV minimalni délce 1500 parG bazi (Mattarelli & Biavati 2018). Obecné je gen 16S rRNA
nejpouzivanéj§im molekuldrnim markerem pro stanoveni fylogenetickych vztahii bakterii,
jehoz sekvence jsou dostupné u vétsiny typovych kment a muze tak byt pouzivan k identifikaci
veétsiny izolata (Mattarelli et al. 2014). Mezni hodnota pro odliseni dvou druhti byla stanovena
na 98,65 % (Kim et al. 2014). V piipadé shody genu 16S rRNA u dvou srovnavanych kment
z vice nez 97 % je nezbytné provedeni DDH. Aby totiz mohly byt kmeny v ramci taxonu
povazovany za jeden druh, je nutné potvrdit jejich dostatecny stupen podobnosti (Tindall et al.
2010).

Pokud jsou tyto metody nedostacujici k druhové diskriminaci, je nezbytné osekvenovani také
komplementarnich fylogenetickych markerd. Protein kodujici geny (Housekeeping Genes)
a nekodované regiony jsou mnohem variabiln€j$i a umoziuji proto vyssi stupen rozliSeni
(Santos & Ochman 2004). Vzdy by mél byt také osekvenovan hsp60 a alespon jeden z clpC,
rpoB, rpoC, dnaK nebo dnaG gent (Mattarelli & Biavati 2018). Pti popisu nového druhu
bakterialniho kmene je vzdy nezbytné ulozeni téchto sekvenci do vefejn¢ dostupné databaze
(Mattarelli et al. 2014). Dalsimi aplikovatelnymi genotypovymi metodami jsou napiiklad
Multilocus Sequence Typing (MLST), Multiple Locus Variable Number of Tandem Repeats
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Analysis (MLVA), profilovani plazmidt a genomické fingerprintovani (Mattarelli et al. 2014).
Velmi vyznamnou metodou je poté celogenomové sekvenovani (Mattarelli & Biavati 2018).
Vzhledem ke sniZeni ceny a dostupnosti této metody, ma srovnavani podobnosti genetickych
sekvenci potencial stat se rutinnim taxonomickym nastrojem (Kim et al. 2014). Jednou
Z nejpouzivangjSich zavedenych metod pro srovnani dvou genomu je stanoveni primeérné
nukleotidové identity (ANI; Average Nucleotide Identity), ktera je pouzivana jako dalsi nastroj
pro odliseni bakterialnich druhi (Konstantinidis & Tiedje 2005), a to v piipadé hodnot ANI
95-96 %, které odpovidaji 70 % DDH (Goris et al. 2007; Richter & Rossell6-Mora 2009).

2.2.3 MALDI-TOF hmotnostni spektrometrie

Hmotnostni spektrometrie s laserovou desorpci a ionizaci za ucasti matrice s priletovym
analyzatorem (MALDI-TOF MS; Matrix-Assisted Laser Desorption/lonization Time-of-Flight
Mass Spectrometry) je rutinné pouzivanou analytickou metodou pro identifikaci bakterii
v klinické diagnostice (Croxatto et al. 2012; Hou et al. 2019), potravinaiském primyslu
(Wenning et al. 2014) a environmentalni mikrobiologii (Santos et al. 2016). Je také bézné
pouzivana v nékterych sbirkach mikroorganismui pro taxonomickou kontrolu (Mattarelli et al.
2014). Umoznuje identifikaci s diskriminacni silou bézn¢ az na troven druhu (Zeller-Péronnet
et al. 2013; Yang et al. 2018). MALDI-TOF MS ma navic potencial byt funkéni nahradou za
rutinni sekvenovani genu 16S rRNA pro identifikaci anaerobnich mikroorganismu (Bizzini et
al. 2011). Ptes velkou pocatecni piistrojovou investici je metoda MALDI-TOF MS pfi
identifikaci mikroorganismit velmi rychld, pfesna a nakladové efektivngj$i nez konvencni
fenotypové a molekularni techniky (Pavlovic et al. 2013). Novou perspektivou v MALDI-TOF
MS mikrobialni identifikaci je navic také typizace mikroorganismi az na uroven poddruhu
akmene (Florio et al. 2018), detekce antimikrobialni rezistence (Oviano & Bou 2018)
a generovani MS profili k hodnoceni bakterialnich funkénich znaka (Clark et al. 2018).

Principem MALDI-TOF MS identifikace mikroorganismu je analyza malych molekul proteint
pochazejicich z bunéénych povrchd, intracelularnich membran a ribozomi (Giebel et al. 2010).
Jedna se o mékkou ioniza¢ni techniku, kdy je analyt zabudovéan do krystali matrixu (slaba
organicka kyselina s nizkou molekulovou hmotnosti). Naslednou ionizaci laserem poté dochazi
K vaporizaci slouceniny matrice s analytem. Timto zptisobem jsou generovany jednotlivé nabité
ionty (Karas et al. 2000; Lewis et al. 2000), které jsou nasledné zrychleny Vv elektrickém poli
pii priletu letovou trubici. Hmotnosti analyzator poté méfi ¢as potiebny k pohybu iontu od
zdroje k detektoru (Doroshenko & Cotter 1999). K separaci iontti dochazi na zakladé jejich

poméru molekulové hmotnosti a naboje (m/z). Tento proces je mnohokrat opakovan a vede
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k fadé¢ molekularnich detekci, jejichz vizualizaci je hmotnostni spektrum daného analytu.
Naméifend spektra jsou poté skorovacim algoritmem srovnavana s referenénimi spektry
pfitomnymi v databazi (Jang & Kim 2018; Yang et al. 2018). Jejich diferenciace je zaloZena na
pfitomnosti nebo nepiitomnosti piki a jejich intenzity (Spitaels et al. 2016).

Prestoze jsou MALDI-TOF MS referenéni databaze velmi komplexni, vyzaduji pravidelnou
aktualizaci neustale se ménici mikrobidlni taxonomie a také pridavani novych druhd popsanych

mikroorganismu (Welker et al. 2019).
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3 Védecké hypotézy a cile prace

3.1  Hypotézy

Bifidobakterie jsou sacharolytické bakterie, které disponuji celou fadou gent pro utilizaci
nejruznéjSich komplexnich substratd. Pfitomnost téchto gen je nicméné casto druhoveé
a kmenové specificka a jejich exprese je podminéna dietou a prostiedim vyskytu hostitele.
Hostitelska strava a evoluce ovliviiuji bifidobakteridlni rozmanitost, ktera se zvysSuje od
masozravcu, vezravel az po bylozravce. Monitoring jejich vyskytu u riznych druhti zivo¢icht
je ptredpokladem pro popis novych druhti rodu Bifidobacterium a bakterii z Celedi
Bifidobacteriaceae, jehoz nezbytnou soucasti je genotypova a fenotypova charakterizace.
Predpokladame, Ze bifidobakterie jsou schopny se adaptovat a obohatit své funkéni vlastnosti,
a to zejména v piipadé hostitelskych a dietetickych zmén, nebo dysbidzy, a tudiz izolaty multi-

hostitelskych druhtt mohou vykazovat zna¢nou fenotypovou a genotypovou variabilitu.

3.2 Cile

Hlavnim cilem diserta¢ni prace je poukazat na genetické a funk¢ni vlastnosti bifidobakterii
pomoci genomickych a ekologicky podloZenych informaci se zaméfenim ptedevsim na jejich
adaptaci a specidlni funkéni vlastnosti. Prvotnim cilem této prace je monitoring vyskytu
bifidobakterii u riznych zivo¢isnych druhd zahrnujicich ptedev§im cloveka, primaty, psy
a jedince s dysbidzou, jako je Crohnova choroba, a popis novych druhi rodu Bifidobacterium
a bakterii z ¢eledi Bifidobacteriaceae. Dalsim cilem je fenotypova a genotypova charakterizace
izolovanych bifidobakterii a na ni navazujici detekce kmenové specifickych funkénich
vlastnosti/genti odrézejicich jejich mozZnou adaptaci na hostitelské prostiedi a Selekce novych
prebiotickych substratii vychéazejicich z pfirozenych slozek diety danych hostiteli se
zaméfenim na selektivitu pro rod Bifidobacterium a dalsi probiotické komenzalni

mikroorganismy.
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4

Publikované prace
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Five novel bifidobacterial species isolated from faeces of
primates in two Czech zoos: Bifidobacterium erythrocebi sp. nov.,
Bifidobacterium moraviense sp. nov., Bifidobacterium oedipodis
sp. nov., Bifidobacterium olomucense sp. nov. and Bifidobacterium
panos sp. nov.
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Abstract

Five Bifidobacterium strains, VB23T,VB24",VB257,VB26" and VB31", were isolated from chimpanzee (Pan troglodytes), cotton-top
tamarin (Saguinus oedipus), Goeldi's marmoset (Callimico goeldii), moustached tamarin (Saguinus mystax) and patas monkey
(Erythrocebus patas), respectively, which were kept in two Czech zoos. These strains were isolated from faecal samples and
were Gram-positive, non-motile, non-sporulating, anaerobic and fructose-6-phosphate phosphoketolase-positive. Phylogenetic
analyses based on 16S rRNA revealed close relatedness between VB23" and Bifidobacterium angulatum LMG 110397 (96.0%),
VB24" and Bifidobacterium pullorum subsp. pullorum DSM 20433" (96.1%), VB25" and Bifidobacterium goeldii LMG 309397
(96.5%), VB26" and Bifidobacterium imperatoris LMG 30297" (98.1%), and VB31" and B. angulatum LMG 11039" (99.40%). Inter-
nal transcribed spacer profiling revealed that VB23", VB24', VB25", VB26" and VB31" had highest similarity to Bifidobacterium
breve LMG 13208" (77.2%), Bifidobacterium longum subsp. infantis ATCC 15697" (85.8%), Bifidobacterium biavatii DSM 239697
(76.9%), B. breve LMG 13208" (81.2%) and B. angulatum LMG 110397 (88.2%), respectively. Average nucleotide identity (ANI) and
digital DNA-DNA hybridization (dDDH) analyses with their closest neighbours supported the independent phylogenetic posi-
tions of the strains with values between 86.3 and 94.3% for ANI and 25.8 and 54.9% for dDDH. These genomic and phyloge-
netic analyses suggested that the evaluated strains were novel Bifidobacterium species named Bifidobacterium erythrocebi sp.
nov. (VB31'™=DSM 109960"=CCUG 73843"), Bifidobacterium moraviense sp. nov. (VB25'=DSM 109958™=CCUG 73842"), Bifidobac-
terium oedipodis sp. nov. (VB24"=DSM 109957"'=CCUG 73932"), Bifidobacterium olomucense sp. nov. (VB26'=DSM 109959'=CCUG
73845") and Bifidobacterium panos sp. nov. (VB23'=DSM 109963™=CCUG 73840").

Bifidobacterium (B.) is a genus of Gram-positive bacteria intestinal tracts of mammals, poultry and social insects [2, 3].
belonging to the phylum Actinobacteria, family Bifidobacte- Many newly described bifidobacterial species are associated
riaceae [1]. Bifidobacterial colonization is found in the gastro- with the gastrointestinal tract of non-human primates and

Author affiliations: 'Department of Microbiology, Nutrition and Dietetics, Czech University of Life Sciences Prague, Kamycka 129, Prague 6 — Suchdol,
165 00, Czechia; ?Laboratory of Probiogenomics, Department of Chemistry, Life Sciences, and Environmental Sustainability, University of Parma,
Parma, Italy; *Department of Ethology and Companion Animal Science, Czech University of Life Sciences Prague, Kamycka 129, Prague 6 — Suchdol,
165 00, Czechia; “Department of Food Science and Technology, Institute of Food Science, University of Natural Resources and Life Sciences Vienna
(BOKU), Muthgasse 18, Vienna, A-1190, Austria; ®Institute of Animal Physiology and Genetics v.v.i., Czech Academy of Sciences, Videnska 1083, Prague
4 — Kr¢, 142 20, Czechia.

*Correspondence: Vera Neuzil-Bunesova, bunesova@af.czu.cz
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Abbreviations: ANI, average nucleotide identity; COG, cluster of orthologous group; dDDH, digital DNA-DNA hybridization; FAME, fatty acid methyl
ester; F6PPK, fructose-6-phosphate phosphoketolase; ITS, internal transcribed spacer; ORF, open reading frame; WSP, supplemented Wilkins—
Chalgren medium.

DDBJ/ENA/GenBank under accession numbers (in strain order VB23T, VB24T, VB25T, VB26" and VB317, respectively): JAAIIJO00000000,
JAAIII000000000, JAAIIHO00000000, JAAIIGOO0000000 and JAAIIFOO0000000. 16S rRNA gene sequences under accession numbers: MN707963,
MN707964, MN707965, MN707966 and MN707967. ITS gene sequences under accession numbers: MT859136, MT859137, MT859138, MT859139

and MT859140. Genome sequencing reads under accession numbers: SAMN13944611, SAMN13944612, SAMN13944613, SAMN13944614 and
SAMN13944615.
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most of these species have been isolated from New World
monkeys, such as marmosets and tamarins [4-12]. Despite
efforts to isolate novel species from Old World monkeys, B.
moukalabense is the only such newly identified bacterial spe-
cies, isolated from the faeces of wild western lowland gorilla
[13]. Multi-host species described in chimpanzees, the closest
relatives of humans, include B. angulatum, B. catenulatum, B.
pseudocatenulatum and B. dentium, which are also found in
human stools [14-16]. In addition, B. pseudolongum has been
described in the faeces of captive chimpanzees [14]. Moreover,
B. angulatum and B. pseudocatenulatum were isolated from
faecal samples of patas and Diana monkeys [16].

In the current study, we describe the identification of novel
bifidobacterial species by 16S rRNA gene and internal
transcribed spacer (ITS) profiling, followed by genomic
comparison based on whole-genome sequencing. Genomic
and phylogenetic analyses allowed for the identification of
two proposed novel strains from Old Word monkeys and
three from New World monkeys.

Faecal samples of primates belonging to various New World
and Old World species, kept in two Czech zoos, were analysed
for the presence of bifidobacterial species on Wilkins-Chal-
gren anaerobe agar supplemented with GMO-free soya
peptone (5g1™"), L-cysteine hydrochloride (0.5g ™), Tween
80 (1 ml1™"), acetic acid (1 ml 1), mupirocin (100 mgl™) and
norfloxacin (200 mgl1™), following the methodology described
by Vlkova et al. [17]. Bifidobacterial counts on selective media
were determined to be 8.30, 7.58, 8.74, 9.56 and 7.93 log c.f.u.
g of faeces for the samples from chimpanzee, cotton-top
tamarin, Goeldi’s marmoset, moustached tamarin and patas
monkey, respectively. Colonies of variable cultivation char-
acteristics were isolated. The isolated strains were routinely
cultured in Wilkins-Chalgren agar/broth supplemented with
GMO-free soya peptone (5g 1), L-cysteine hydrochloride
(0.5g1™") and Tween 80 (1 ml1"), used as WSP agar/broth, in
an oxygen-free carbon dioxide environment at 37 °C for 24 h.
Purity and morphology were routinely monitored by phase-
contrast microscopy. Stock cultures were stored at -80°C in
30% glycerol. Isolates were identified to the genus level based
on their fructose-6-phosphate phosphoketolase (F6PPK)
activity [18]. Genomic DNA of the strains were extracted
using the Fast DNA Spin Kit for soil (MP Biomedicals)
according to the protocol for pure culture, which includes
a bead-beating step following the supplier’s instructions.
The partial 16S rRNA genes of FEPPK-positive isolates were
amplified and sequenced from both directions using the
primers Bif285 (5'-GAGGGTTCGATTCTGGCTCAG-3')
and Bif261 (5'-AAGGAGGTGATCCAGCCGCA-3') [19].
The obtained sequences were entered into the EzBioCloud
database [20] to obtain the closest related taxa. Strains with
identity lower than 98.65% [21] or interesting multispecies
bifidobacterial strains were selected for future identification.
The selected strains were used for molecular typing by means
of ITS bifidobacterial profiling using previously described
primer sequences [22]. Using BLAST, the ITS sequences were
compared to a public database containing bifidobacterial ITS
sequences (http://probiogenomics.unipr.it/pbi/). This analysis

allowed the identification of five isolates with ITS identity
values <90% compared to other bifidobacterial type strain
sequences, namely VB23", VB24", VB257, VB26" and VB317,
representing possibly putative novel Bifidobacterium species.
The 16S rRNA gene and ITS sequences were deposited in
the NCBI database using the Banklt application (www.ncbi.
nlm.nih.gov/WebSub/?tool=genbank). Subsequently, genome
sequencing was carried out for the selected strains. The
chromosome sequences of these strains were decoded using
a MiSeq platform (Illumina) at GenProbio srl (Parma, Italy)
according to a previously described protocol [3]. In detail, a
genomic library was generated using the Nextera XT DNA
Library Prep Kit and loaded into a 600-cycle flow cell version
3 (Illumina). The generated reads were subjected to trim-
ming of adapter sequences, then quality filtered and assem-
bled through the MEGAnnotator pipeline [23]. In specific,
sequences were filtered and trimmed using the command-line
fastq-mcf software with the option -w 5 -q 201 100 (https://
expressionanalysis.github.io/ea-utils/). Then, the SPAdes
program (version 3.13.0) was used for de novo assembly of
genome sequences with the pipeline option ‘--careful’ and
a list of k-mer sizes of 21, 33, 55, 77, 99, 127 [24]. Contigs
were then employed by MEGAnnotator for the prediction of
protein-encoding open reading frames (ORFs) using Prodigal
[25]. Predicted ORFs were functionally annotated by means
of RAPSearch2 (Reduced Alphabet based Protein similarity
Search; cutoft E-value, 1x107% minimum alignment length,
20 amino acids) performed against the NCBI nr database [26]
coupled with hidden Markov model profile searches (http://
hmmer.org/) performed against the manually curated Pfam-A
database (cutoff E-value, 1x107'). Furthermore, tRNA genes
were identified using tRNAscan-SE version 1.4 [27], while
rRNA genes were detected using RNAmmer version 1.2 [28].

The highest 16S rRNA sequence identity values for VB237,
VB24T, VB25T, VB26" and VB31" were 96, 96.1, 96.5,98.1 and
99.4% with B. angulatum LMG 110397, B. pullorum subsp.
pullorum DSM 204337, B. goeldii LMG 309397, B. imperatoris
LMG 302977 and B. angulatum LMG 110397, respectively. ITS
bifidobacterial profiling (in the same order) revealed highest
similarities with B. breve LMG 13208" (77.2%), B. longum
subsp. infantis ATCC 156977 (85.8%), B. biavatii DSM 23969
(76.9%), B. breve LMG 13208" (81.2%) and B. angulatum
LMG 11039" (88.2%), respectively.

In addition, genetic similarities between VB23T, VB24",
VB25%, VB26" and VB31" isolates and other currently recog-
nised bifidobacterial (sub)species were evaluated on the
basis of average nucleotide identity (ANI) analysis using the
program JSpecies version 1.2.1, which is based on MUMmer
(ANIm) [29]. This analysis highlighted bifidobacterial type
strains having the highest ANI value with respect to genome
sequences of the novel isolates, i.e. genome pairs VB23"/B.
dentium LMG 110457 (86.3%), VB24'/B. rousetti DSM
1060277 (86.5%), VB25T/B. avesanii DSM 100685" (88.6%),
VB26"/B. scaligerum DSM 1031407 (94.3%) and VB317/B.
angulatum JCM 70967 (88.9%) (Tables 1 and S1, available in
the online version of this article). In this context, it is worth
mentioning that the two (bifido)bacterial strains displaying
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Table 1. General genetic features

VB23T VB24" VB25" VB26" VB31"

Bifidobacterium sp. nov. B. panos B. oedipodis B. moraviense B. olomucense B. erythrocebi

Biological origin Pan troglodytes Saguinus oedipus Callimico goeldii Saguinus mystax Erythrocebus patas

Sequencing coverage 60 79 90 79 203

(x)

Number of assembled 44 14 39 38 23

contigs

Genome length 1886785 2990182 2563591 2977969 2293450

Average G+C content 59.95 57.74 67.49 58.94 61.22

(mol%)

Number of predicted 1465 2449 1955 2372 1787

ORFs

tRNA 38 51 58 61 52

rRNA* 1 3 3 4 3

ANI value 86.3% B. dentium LMG ~ 86.5% B. rousetti DSM 88.6% B. avesanii DSM 94.3% B. scaligerum DSM ~ 88.9% B. angulatum JCM
11045" 106027 100685" 103140" 7096"

dDDH value 25.8% 26.3% 29.4% 54.9% 31.7%

ITS identity 77.2% B. breve LMG 85.8% B. longum subsp. 76.9% B. biavatii DSM 81.2% B. breve LMG 88.2% B. angulatum LMG
13208" infantis ATCC 15697 23969" 13208" 11039"

Similarity of 16S rRNA  96% B. angulatum LMG  96.1% B. pullorum subsp. 96.5% B. goeldii LMG ~ 98.1% B. imperatoris LMG  99.4% B. angulatum LMG

gene 11039" pullorum DSM 20433 30939" 30297 11039"

Accession no. (genome) JAAIIJ000000000 JA AII1000000000 JAAITH000000000 JAAIIG000000000 JAAIIF000000000

Accession no. (16S MN707963 MN707964 MN707965 MN707966 MN707967

rRNA gene)

Accession no. (ITS MT859136 MT859137 MT859138 MT859139 MT859140

gene)

*Predicted number of rRNA loci.

ANI, average nucleotide identity; dDDH, digital DNA-DNA hybridization; ITS, internal transcribed spacer; ORF, open reading frame.

ANI values <94% are considered as two distinct species
[30, 31]. Remarkably, based on the concatenation of 165 core
gene sequences, VB26" exhibited a close phylogenetic related-
ness with B. scaligerum DSM 103140%, and when the whole
genome sequences were taken into account, these two strains
exhibited ANI values of 94.3% (Table S1). Thus, we decided
to employ the Genome-to-Genome Distance Calculator
formula two for estimating the digital DNA-DNA hybridi-
zation (ADDH) values between these two taxa. The analysis
yielded an estimated dDDH value <70% (dDDH estimate
GLM-based: 54.9%). Thus, we propose this isolate as a novel
bifidobacterial species (Table S2). A complete overview of
dDDH values between all bifidobacterial type strains is shown
in Table S2.

In order to evaluate the phylogenetic relationships between
VB23T, VB24", VB25", VB26" and VB31" and other type strains,
we analysed 16S rRNA genes, ITS sequences and amino acid
sequences of genes representing the so-called core genome of
the genus Bifidobacterium. These genetic data allowed the recon-
struction of a 165 rRNA gene-based phylogenetic tree (Fig. 1), an

ITS gene-based phylogenetic tree built using the hypervariable
ITS region between conserved sequences 5'-YYBTTGKG-3"and
5'-TGGACGCG-3' (Fig. S1) and a phylogenomic tree (Fig. 2)
based on the amino acid sequences of the Bifidobacterium core
genome [30, 32]. In order to precisely map bifidobacterial core
genome sequences, comparative genome analysis involving
the chromosome sequences of all the currently recognised 84
(sub)species belonging to the genus Bifidobacterium, as well
as the genome sequences of VB23", VB24", VB25", VB26" and
VB31", was carried out. The ORF contents of the bifidobacte-
rial genomes were organised in functional gene clusters using
BLAST (E value cut off of 1x107'? and 50% identity across at least
80% of sequence length) with the gene family method of the
Pan-Genome Analysis Pipeline (PGAP) [33]. Sequences were
then clustered into protein families using a graph theory-based
Markov clustering algorithm [34]. In silico analysis identified 191
clusters of orthologous groups (COGs) shared by all genomes
analysed in this study, representing the updated core genome
of currently sequenced Bifidobacterium representatives. Thus,
26 paralogs were excluded from the analysis in order to collect
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Bifidobacterium hapali DSM 100202T [MWWY00000000]
Bifidobacterium leontopitheci LMG 31471 [WBVT00000000]

_|:Bxdobactenum myosotis DSM 100196" [MWWW00000000]
Bifidobacterium jacchi DSM 1033627 [RQSP00000000]

91 Bifidobacterium stellenboschense DSM 23968 [JGZP00000000]
i‘_:Biﬂdobacterium parmae LMG 30295T [NMWT00000000]
Bifidobacterium aesculapii DSM 26737 [BCFK00000000]
Bifidobacterium scardovii LMG 21589T [JGZ000000000]
Bifidobacterium aerophilum DSM 100689" [WHZW00000000]
Bifidobacterium ramosum DSM 100688 [WBSM00000000]
Bifidobacterium biavatii DSM 23969 [JGYN00000000]
Bzfzdobacterlum goeldii LMG 30939" [QXGL00000000]
Bifidobacterium gallicum LMG 11596 [JGYW00000000]
Bifidobacterium dolichotidis LMG 30941T [QXGM00000000]
Bifidobacterium cuniculi LMG 10738 [JGYV00000000]
Bifidobacterium choerinum LMG 105107 [JGYU00000000]
Bifidobacterium castoris LMG 309377 [QXGI00000000]
Bifidobacterium italicum LMG 30187 [MVOG00000000]
Bifidobacterium anseris LMG 30189T [NMYC00000000]
Bifidobacterium criceti LMG 30188T [MVOH00000000]
Bifidobacterium animalis subsp. animalis LMG 10508 [JGYM00000000]
Bifidobacterium animalis subsp. lactis DSM 101407 [CP001606.1]
Bifidobacterium pseudolongum subsp. pseudolongum LMG 115717 [JGZH00000000]
Bifidobacterium pseudolongum subsp. globosum LMG 115697 [JGZG00000000]
Bifidobacterium magnum LMG 115917 [JGZB00000000]
100 Bifidobacterium coryneforme LMG 189117 [CP007287.1]
Bifidobacterium indicum LMG 11587 [CP006018.1]
Bifidobacterium asteroides LMG 107357 [CP003325.1]
Bifidobacterium actinocoloniiforme DSM 22766 [JGYK00000000]
Bifidobacterium xylocopae DSM 104955T [PDCH00000000]
L Bifidobacterium tsurumiense JCM 13495T [JGZU00000000]
10— Bifidobacterium porcinum LMG 21689 [JGZS00000000]
Bifidobacterium thermophilum DSM 20210 [JHWM00000000]
100 Bifidobacterium thermacidophilum LMG 21395T [JGZT00000000]
Bifidobacterium boum LMG 10736 [JGYQ00000000]
51 Bifidobacterium apri DSM 100238 [WBS000000000]
Bifidobacterium reuteri DSM 23975 [JGZK00000000]

: Bifidobacterium bifidum LMG 11041 [JGY000000000]
VB25T

Bifidobacterium tissieri DSM 100201 [MWWV00000000]
Bifidobacterium vansinderenii LMG 30126 [NEWD00000000]
Bifidobacterium callimiconis LMG 30938T [QXGJ00000000]
Bifidobacterium primatium DSM 100687* [PEBI00000000]
Bifidobacterium catulorum DSM 103154T [QFFN00000000]
Bifidobacterium margollesii LMG 30296 [NMWU00000000]

Bifidobacterium samirii LMG 30940 [QXGK00000000]
— Eﬁdobacrerium avesanii DSM 100685 [WBSN00000000]
54 Bifidobacterium vespertilionis DSM 106025" [RZNZ00000000]

88— Bifidobacterium longum subsp. suis LMG 21814T [JGZA00000000]
Bifidobacterium longum subsp. longum LMG 131977 [JGYZ00000000]
Bifidobacterium longum subsp. infantis ATCC 15697 [AP010889.1]
Bifidobacterium breve LMG 13208" [JGYR00000000]

VB26™
Bifidobacterium saguini DSM 23967 [JGZN00000000]

Bifidobacterium imperatoris LMG 302977 [NMWV00000000]
Bifidobacterium felsineum DSM 103139" [PEBJ00000000]
Bifidobacterium cebidarum LMG 31469 [WBVS00000000]
Bifidobacterium scaligerum DSM 103140 [PGLQ00000000]

Bifidobacterium callitrichidarum DSM 103152T [QFFM00000000]
Bifidobacterium eulemuris DSM 100216" [MWWZ00000000]

Bifidobacterium lemurum DSM 28807T [MWWX00000000]
Bifidobacterium pullorum subsp. saeculare LMG 149347 [JGZM00000000]
Bifidobacterium pullorum subsp. gallinarum LMG 115867 [JGYX00000000]
Bifidobacterium pullorum subsp. pullorum DSM 20433 [JDUI00000000]
VB24*

64 Bifidobacterium minimum LMG 115927 [JGZD00000000]
VB23T
Bifidobacterium mongoliense DSM 21395" [JGZE00000000]
10— Bifidobacterium crudilactis LMG 23609 [JHAL00000000]
Bifidobacterium psychraerophilum LMG 21775T [JGZ100000000]

Bifidobacterium aquikefiri LMG 287697 [MWXA00000000]
Bifidobacterium aemilianum DSM 104956 [PDCG00000000]
Bifidobacterium subtile LMG 11597 [JGZR00000000]
Bifidobacterium tibiigranuli DSM 108414 [QLZA00000000]
Bifidobacterium bohemicum DSM 22767 [JGYP00000000]
Bifidobacterium commune R-52791T [FMBL00000000]
Bifidobacterium bombi DSM 19703 [ATLK00000000]
100— Bifidobacterium angulatum LMG 110397 [JGYL00000000]
VB31"
Bifidobacterium merycicum LMG 113417 [JGZC00000000]
Bifidobacterium ruminantium LMG 218117 [JGZL00000000]
Bifidobacterium adolescentis ATCC 15703 [AP009256.1]
Bifidobacterium callitrichos DSM 23973 [JGYS00000000]
Bifidobacterium rousetti DSM 106027* [PEBH00000000]
Bifidobacterium pseudocatenulatum LMG 10505 [JGZF00000000]
Bifidobacterium ! subsp. ¢ I LMG 11043* [JGYT00000000]
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Fig. 1. Phylogenetic relationships between strains VB23T, VB24T, VB25", VB26" and VB31" and members of the genus Bifidobacterium
based on 16S rRNA gene sequences. The complete nucleic acid sequence of each rRNA gene was extracted from whole-genome
sequencing data. The 16S rRNA-based tree was reconstructed by the maximum-likelihood method, and the 16S rRNA gene sequence
of Scardovia inopinata JCM 125377 was used as an outgroup. Bootstrap percentages above 50 are shown at node points based on 1000
replicates of the phylogenetic tree.
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Fig. 2. Phylogenetic tree of the genus Bifidobacterium based on the concatenation of 165 amino acid sequences representing the
Bifidobacterium core genome. The phylogenetic tree was reconstructed by the maximum-likelihood method, and COG sequences of
Scardovia inopinata JCM 125377 shared with members of the genus Bifidobacterium were used as an outgroup. Bootstrap percentages
above 50 are shown at node points based on 1000 replicates of the phylogenetic tree. The amino acid-deduced core gene-based tree
shows the division of the genus Bifidobacterium into 10 phylogenetic groups as represented by different colours.
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COGs identified in a single copy in each bifidobacterial type
strain genome. Thus, Bifidobacterium core genome sequences
based on the concatenation of 165 protein sequences identified
in each chromosome were used to build a phylogenomic core
tree (Fig. 2). Both the concatenated core genome sequences
and the complete 16S rRNA gene sequences were aligned
using MAFFT software [35], and corresponding phylogenetic
trees (Figs 1 and 2) were reconstructed using the maximum-
likelihood method in ClustalW version 2.1 [36]. Accordingly,
phylogenetic trees were built using FigTree (http://tree.bio.ed.
ac.uk/software/figtree/).

Bifidobacterial species have previously been subdivided into
ten phylogenetic groups [37], and the strains characterized
herein indicated that the isolates VB23", VB24", VB26" and
VB317T belonged to the B. longum group, while VB25" exhib-
ited close relatedness with B. avesanii DSM 100685 and B.
vespertilionis DSM 106025" (Fig. 2).

Fermentation characteristics of the isolated strains were deter-
mined using the API 50 CHL kit (bioMérieux) according to
manufacturer’s instructions; the strains were tested in biologi-
cally independent triplicates. The obtained results were evalu-
ated based on colour and pH change. In addition, we evaluated
growth on/in WSP agar/broth with different pH values at vari-
able temperatures and oxygen conditions (Table 2).

The growth and cultivation characteristics were similar for
all five novel species (Table 2). Only strain VB31" was able to
grow at 46 °C with low density but not at 49 °C. The optimal
conditions for the growth of these five novel species were pH
of 6.0-6.5, temperature of 37 °C and anaerobic conditions,
with the exception of VB31", which was able to grow also
under microaerophilic conditions. The fermentation profiles
of all five novel species were variable, corresponding to taxo-
nomic differences and the different origin and diet of their
primate hosts [38, 39].

Cellular fatty acid methyl esters (FAMEs) were obtained
from cells grown in WSP broth. Cellular fatty acids were
analysed after conversion into FAMEs by saponification,
methylation and extraction using minor modifications of the
method described by Miller [40] and Kuykendall et al. [41]
by the DSMZ (Germany). Cellular fatty acid contents of the
described isolates representing the novel species are shown in
Table 3. The major fatty acids of characterised isolates (VB23",
VB247, VB25", VB26" and VB31") were 16:0 FAME, 18:1 CIS
9 FAME and 18:1 CIS 9 DMA, which are also dominant fatty
acids in B. catenulatum, B. pseudocatenulatum, B. catenulatum
subsp. kashiwanohense, B. dentium and B. moukalabense
[42, 43].

On the basis of novel strain characterization, including
phylogenetic analyses based on 16S rRNA gene sequences,
ITS profiling and whole-genome-based comparisons, all the
studied strains were genetically discernible from each other as
well as from the currently recognised bifidobacterial species.
Thus, they represent five novel taxa for which the names
Bifidobacterium erythrocebi sp. nov. (VB31"), Bifidobacterium
moraviense sp. nov. (VB25%), Bifidobacterium oedipodis sp.

nov. (VB247), Bifidobacterium olomucense sp. nov. (VB26")
and Bifidobacterium panos sp. nov. (VB237) are proposed.

Strains VB23" and VB31" are the first novel bifidobacterial
species identified in chimpanzee and patas monkey, and exhibit
close genotypic similarities with bifidobacterial species typically
found in humans. Strains VB24", VB25" and VB26" are another
novel bifidobacterial species identified in tamarins.

DESCRIPTION OF BIFIDOBACTERIUM
ERYTHROCEBI SP. NOV.

Bifidobacterium erythrocebi (e.ry.thro.ce’bi. N.L. gen. n. eryth-
rocebi of Erythrocebus, the generic name of the patas monkey,
Erythrocebus patas).

Cells are Gram-positive, non-motile, non-sporulating, F6PPK-
positive and grow only under anaerobic conditions. After 48h
of growth on WSP agar under anaerobic conditions at 37 °C,
colonies appear as white and circular with a second slimy layer,
while embedded colonies are white and elliptical. The diameters
of these colonies range from 2 to 3 mm on the surface and 2mm
in the agar. These cells are able to grow under temperatures from
30-37°C, with limited growth observed at 46 °C; notably, these
cells are unable to grow at 10, 15, 20 and 49°C. Moreover, the
cells grow at pH 4-9. Optimal growth occurs under conditions
of pH 6 and 37 °C. Cells grown in WSP broth are irregular
shorter rods.

Fermentation profiles revealed that strain VB31" is able to
grow well and can produce acids from amygdalin, p-fructose,
D-galactose, D-glucose, lactose, maltose, melibiose, raffinose,
D-ribose, D-sorbitol, sucrose, turanose, aesculin iron citrate,
gentiobiose, glycogen, L-arabinose and starch. Further-
more, weak growth was observed on trehalose, inulin and
methyl a-D-glucopyranoside. The cells are not able to grow
on arbutin, p-adonitol, p-arabinose, p-arabitol, cellobiose,
D-fucose, b-mannitol, D-mannose, melezitose, D-tagatose,
D-xylanose, D-xylose, dulcitol, erythritol, glycerol, inositol,
L-arabitol, 1-fucose, L-rhamnose, L-sorbose, L-xylose,
methyl a-p-mannopyranoside, methyl B-p-xylopyranoside,
N-acetylglucosamine, potassium-2-ketogluconate,
potassium-5-ketogluconate, potassium gluconate, salicin
and xylitol.

Cellular fatty acid composition was dominated by palmitic
acid—16:0 FAME (24.46%), stearic acid—18:0 FAME
(6.09%), elaidic acid—18:1 CIS 9 FAME (20.90%) and 18:1
CIS 9 DMA (23.48%).

The type strain, VB31" (=DSM 109960"=CCUG 73843"), was
isolated from the faecal sample of a patas monkey (Eryth-
rocebus patas). The DNA G+C content is 61.22mol%.

The Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under accession number
JAAIIF000000000, while 16S rRNA gene and ITS sequences
were deposited under accession numbers MN707967 and
MT859140, respectively. Genome sequencing reads have
been deposited under accession number SAMN13944615.
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Table 2. Fermentation and cultivation characteristics of tested strains representing the putative novel species

Fermentation characteristics were determined using the APl 50 CHL kit (bioMérieux): +, positive reaction (yellow colour, pH <5); +/-, weak reaction
(greenish colour, pH 5.0-5.5); -, negative reaction (purple colour, pH 5.6-6.6), basic media pH 6.5, other substrates of the API 50 CHL kit were negative
for all tested strains. None of the strains produce acids from p-adonitol, b-arabinose, b-arabitol, L-arabitol, dulcitol, erythritol, b-fucose, L-fucose,
glycerol, inositol, methyl a-bD-mannopyranoside, potassium gluconate, potassium-2-ketogluconate, potassium-5-ketogluconate, L-rhamnose, L-
sorbose, D-tagatose, xylitol, b-xylanose or L-xylose. Growth in variable conditions such as at different pH levels, temperatures and in the presence/
absence of oxygen were determined based on optical density: +, good growth 0D, , >0.2; +/-, weak growth 0.1< 0D, , <0.2; -, no growth 0.1< 0D, . The
results were read after 48h.

Characteristic VB23" VB24" VB25" VB26" VB31"
Amygdalin - +/- _ + +
Arbutin - - - + -
Cellobiose - +/— - + _
D-Fructose + + + + +
D-Galactose + + + + +
D-Glucose + + + + +
Lactose (bovine origin) + + + + +
Maltose + + + + +
D-Mannitol - + — — _
D-Mannose + + - + _
Melezitose - + - + _
Melibiose + + - + +
Raffinose + + — + +
p-Ribose + + _ _ +
D-Sorbitol - - - - +
Sucrose + + + + +
Trehalose - +/- - - /-
Turanose + + - - +
D-Xylose + + + + _
Aesculin iron citrate + + - + +
Gentiobiose - - - + +
Glycogen - - - _ +
Inulin - - - - +/—
L-Arabinose + + + + +
Methyl o-p-glucopyranoside +/- - - +/- +/-
N-Acetylglucosamine - +/— — — _
Salicin - + — + _
Starch - - - _ +
pH3.5 - - - - _
pH4 - - - - +
pH 4.5 + + + + +
pHS5 + + + + +
pH6 + + + + +
Continued
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Table 2. Continued

Characteristic VB23"

VB24"

VB25" VB26" VB31"

pH6.5

pH7.5

pH 8.5

pHO

10°C

15°C

20°C

30°C

37°C

46°C

49°C
Anaerobically
Microaerophilically

Aerobically

DESCRIPTION OF BIFIDOBACTERIUM
MORAVIENSE SP. NOV.

Bifidobacterium moraviense (mo.ra.vi.en'se. M.L. neut. adj.
moraviense pertaining to Moravia, the region in the Czechia
from which the strain originates).

Cells are Gram-positive, non-motile, non-sporulating and
F6PPK-positive. These cells grow under anaerobic and
microaerophilic conditions. After 48h of growth on WSP
agar under anaerobic conditions at 37 °C, colonies appear as
white and circular, while embedded colonies are white and
elliptical. The diameters of these colonies range from 2 to
3 mm on the surface and is 2mm in the agar. The cells are
able to grow at temperatures of 30-37 °C, but are unable to
grow at 10, 15, 20, 46 and 49 °C. Moreover, the cells grow at
pH 4.5-9. Optimal growth occurs at pH 6.5 and 37 °C. Cells
grown in WSP broth are rods of various shapes, forming a
branched structure with Y’ on both sides.

Fermentation profiles revealed that strain VB25T is able to grow
well and produce acids from D-fructose, D-galactose, b-glucose,
lactose, maltose, sucrose, b-xylose and L-arabinose.

Cells are not able to grow and produce acids from amygdalin,
arbutin, D-adonitol, D-arabinose, D-arabitol, cellobiose,
D-fucose, D-mannitol, b-mannose, melezitose, melibiose,
raffinose, D-ribose, D-sorbitol, D-tagatose, trehalose, tura-
nose, D-xylanose, dulcitol, erythritol, aesculin iron citrate,
gentiobiose, glycerol, glycogen, inositol, inulin, L-arabitol,
L-fucose, L-rhamnose, L-sorbose, L-xylose, methyl
a-D-glucopyranoside, methyl a-pD-mannopyranoside,
methyl B-p-xylopyranoside, potassium-2-ketogluconate,
N-acetylglucosamine, potassium-5-ketogluconate, potas-
sium gluconate, salicin, starch and xylitol. Cellular fatty acid

composition is dominated by saturated palmitic acid—16:0
FAME (33.11%) and myristic acid—14:0 FAME (5.53%),
unsaturated elaidic acid—8:1 CIS 9 FAME (16.92%) and 18:1
CIS 9 DMA (11.92%), as well as by the polyunsaturated forms
of some acids.

The type strain, VB25T (=DSM 109958"=CCUG 738427), was
isolated from a faecal sample of a Goeldi’s marmoset (Calli-
mico goeldii). The DNA G+C content is 67.49mol%.

The Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under accession number
JAAITH000000000, while 16S rRNA gene and ITS sequences
were deposited under accession numbers MN707965 and
MT859138. Genome sequencing reads have been deposited
under accession number SAMN13944613.

DESCRIPTION OF BIFIDOBACTERIUM
OEDIPODIS SP. NOV.

Bifidobacterium oedipodis (oe.di.po’dis. N.L. gen. n. oedipodis
of oedipus, referring to the first isolation source, the tamarin
Saguinus oedipus).

Cells are Gram-positive, non-motile, non-sporulating and
F6PPK-positive. Cells grow under anaerobic and microaero-
philic conditions. After 48h of growth on WSP agar under
the anaerobic condition at 37°C, colonies are white and
circular, while embedded colonies are white and elliptical.
The diameter of each colony ranges from 2 to 3mm on the
surface and is 2mm in the agar. The cells are able to grow from
30-37°C, yet are unable to grow at 10, 15, 20, 46 and 49 °C.
Moreover, the cells grow at pH 4.5-9. Optimal conditions of
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Table 3. Cellular fatty acid content (%) of tested strains representing the putative novel species

FAME, fatty acid methyl ester; DMA, dimethyl acetal; ALDE, aldehyde. Summed features represent groups of two or more fatty acids that could not be

separated by GLC with the miDI system.

Fatty acids VB23" VB24" VB25" VB26" VB31"
10:0 FAME 0.06 0.39 0.21 0.28 0.26
11:0 DMA 0.52 0.62 0.6 0.55 0.6
12:0 FAME 0.38 0.48 1.2 0.47 0.62
14:0 FAME 0.4 1.09 5.53 1.29 0.86
14:0 DMA 0.22 0.6 222 1.07 1.03
16:0 FAME 18.3 21.02 33.11 22.53 24.46
16:0 DMA 1.02 0.94 1.45 1.12 1.16
16:0 ALDE 0.14 - 0.19 0.17 0.14
16:1 CIS 7 FAME 0.26 0.45 0.81 0.37 0.33
16:1 CIS 9 FAME 1.59 1.83 0.7 0.94 0.96
16:1 CIS 9 DMA 1.49 0.62 0.37 0.91 0.94
17:0 FAME 0.26 - 0.35 - -
18:0 FAME 5.48 4.47 2.63 5.02 6.09
18:0 DMA - - 0.52 0.22 0.38
18:1 CIS 9 FAME 45.74 36.23 16.92 20.33 23.48
18:1 CIS9 DMA 8.63 18.56 11.92 29.22 23.48
18:1 CIS 11 DMA 1.64 1.07 1.01 1.82 1.35
19 CYC9, 10/:1 FAME - 0.73 3.73 - 0.37
19:0 CYC9, 10 DMA - - 7.27 - 4.06
Summed feature 1* - 0.13 0.55 0.21 0.19
Summed feature 4t 0.27 - - 0.16 0.14
Summed feature 7% 1.48 2.89 1.69 6.13 4.09
Summed feature 10§ 10.69 6.79 6.26 6.44 6.77
Summed feature 124 1.44 1.09 0.76 0.75 0.83

*Summed feature 1: 13:1 CIS 12 FAME/14:0 ALDE.
tSummed feature 4: 15:2 FAME.

tSummed feature 7: 17:1 CIS 8 FAME/ 17:2 FAME at 16.760.
§Summed feature 10: 18:1c11/t9/t6 FAME.

Summed feature 12: 19:0 1ISO FAME.

growth occur at pH 6.5 and 37 °C. Cells grown in WSP broth
are irregular rods without typical bifidobacterial branching.

Fermentation profiles showed that strain VB24T is able to
grow well and produce acids from D-fructose, p-galactose,
D-glucose, lactose, maltose, D-mannitol, D-mannose,
melezitose, melibiose, raffinose, b-ribose, sucrose, turanose,
D-xylose, aesculin iron citrate, L-arabinose and salicin. In
addition, weak growth was observed on amygdalin, cello-
biose, trehalose and N-acetylglucosamine. Cells are not able to
grow and produce acids on arbutin, p-adonitol, b-arabinose,
D-arabitol, D-fucose, D-sorbitol, D-tagatose, D-xylanose,

dulcitol, erythritol, gentiobiose, glycerol, glycogen, inositol,
inulin, L-arabitol, L-fucose, L-rhamnose, L-sorbose, L-xylose,
methyl a-p-glucopyranoside, methyl a-p-mannopyranoside,
methyl B-p-xylopyranoside, potassium gluconate, potassium-
2-ketogluconate, potassium-5-ketogluconate, starch and
xylitol.

Cellular fatty acid composition was dominated by palmitic
acid—6:0 FAME (21.02%), stearic acid—18:0 FAME (4.47%)
and elaidic acid—18:1 CIS 9 FAME (36.23%) and 18:1 CIS
9 DMA (18.56%).
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The type strain, VB24T (=DSM 109957"=CCUG 739327),
was isolated from a faecal sample of a cotton-top tamarin
(Saguinus oedipus). The DNA G+C content is 57.74mol%.

The Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under accession number
JAATII000000000, while 16S rRNA gene and ITS sequences
were deposited under accession numbers MN707964 and
MT859137. Genome sequencing reads have been deposited
under accession number SAMN13944612.

DESCRIPTION OF BIFIDOBACTERIUM
OLOMUCENSE SP. NOV.

Bifidobacterium olomucense (o0.lo.mu.cen’se. N.L. neut. adj.
olomucense pertaining to Olomoug; city of Czechia where the
type strain was isolated).

Cells are Gram-positive, non-motile, non-sporulating and
F6PPK-positive. Cells grow under anaerobic and microaero-
philic conditions, and exhibit limited aerobic growth. After
48h of growth on WSP agar under anaerobic conditions
at 37°C, colonies are white and circular, while embedded
colonies are white and elliptical. The diameter of each colony
ranges from 1 to 2mm on the surface and is 2mm in the
agar. The cells are able to grow at 30-37°C, yet are unable to
grow at 10, 15, 20, 46 and 49 °C. Moreover, the cells grow at
pH 4.5-9. Optimal conditions of growth occur at pH 6.5 and
37 °C. Cells grown in WSP broth are irregular rods without
typical bifidobacterial branching.

Fermentation profiles revealed that strain VB26" is able to
grow well and produce acids from amygdalin, arbutin, cello-
biose, p-fructose, D-galactose, D-glucose, lactose, maltose,
p-mannose, melezitose, melibiose, raffinose, sucrose,
D-xylose, aesculin iron citrate, gentiobiose, L-arabinose and
salicin. In addition, weak growth was observed on methyl
a-D-glucopyranoside.

Cellsarenotabletogrowonp-adonitol, b-arabinose, b-arabitol,
D-fucose, D-mannitol, D-ribose, D-sorbitol, D-tagatose,
trehalose, turanose, D-xylanose, dulcitol, erythritol, glycerol,
glycogen, inositol, inulin, L-arabitol, L-fucose, L-rhamnose,
L-sorbose, L-xylose, methyl a-pD-mannopyranoside, methyl
B-p-xylopyranoside, N-acetylglucosamine, potassium-2-
ketogluconate, potassium-5-ketogluconate, potassium gluco-
nate, starch and xylitol.

The cellular fatty acid composition is dominated by palmitic
acid—16:0 FAME (22.53%), stearic acid—18:0 FAME (5.02%)
and elaidic acid—18:1 CIS 9 FAME (20.33%) and 18:1 CIS 9
DMA (29.22%).

The type strain, VB26" (=DSM 109959"=CCUG 73845"),
was isolated from a faecal sample of a moustached tamarin
(Saguinus mystax). The DNA G+C content is 58.94mol%.

The Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under accession number
JAAIIG000000000, while 16S rRNA gene and ITS sequences
were deposited under accession numbers MN707966 and
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MT859139. Genome sequencing reads have been deposited
under accession number SAMN13944614.

DESCRIPTION OF BIFIDOBACTERIUM PANOS
SP. NOV.

Bifidobacterium panos (pa'nos. L. gen. n. panos of Pan, the
generic name of the chimpanzee).

Cells are Gram-positive, non-motile, non-sporulating and
F6PPK-positive. Cells grow under anaerobic and microaero-
philic conditions. After 48h of growth on WSP agar under
anaerobic conditions at 37°C, colonies are transparent
white and slightly irregular. The colonies are very small, and
their diameter is around 1 mm. The cells are able to grow at
30-37°C, yet are unable to grow at 10, 15, 20, 46 and 49 °C.
Moreover, the cells grow at pH 4.5-9. Optimal conditions of
growth occur at pH 6.5 and 37 °C. Cells grown in WSP broth
are rods of various shapes, forming a branched structure with
Y’ on both sides.

Fermentation profiles revealed that strain VB23" is able to
grow well and produce acids from p-fructose, p-galactose,
D-glucose, lactose, maltose, D-mannose, melibiose, raffi-
nose, D-ribose, sucrose, turanose, D-xylose, aesculin iron
citrate and L-arabinose. Weak growth was observed on
methyl a-p-glucopyranoside. Cells are not able to grow
and produce acids from amygdalin, arbutin, p-adonitol,
D-arabinose, D-arabitol, cellobiose, D-fucose, D-mannitol,
melezitose, D-sorbitol, D-tagatose, trehalose, D-xylanose,
dulcitol, erythritol, gentiobiose, glycerol, glycogen, inositol,
inulin, L-arabitol, L-fucose, L-rhamnose, L-sorbose, L-xylose,
methyl a-p-mannopyranoside, methyl -p-xylopyranoside,
N-acetylglucosamine, potassium-2-ketogluconate, and
potassium-5-ketogluconate, potassium gluconate, salicin,
starch and xylitol.

The cellular fatty acid composition is dominated by palmitic
acid—16:0 FAME (18.3%), stearic acid—18:0 FAME (5.48%),
elaidic acid—18:1 CIS 9 FAME (45.74%) and 18:1 CIS 9
DMA (8.63%).

The type strain, VB23T (=DSM 109963"=CCUG 73840"), was
isolated from a faecal sample of a chimpanzee (Pan troglo-
dytes). The DNA G+C content is 59.95mol%.

The Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under accession number
JAAIIJ000000000, while 16S rRNA gene and ITS sequences
were deposited under accession numbers MN707963 and
MT859136. Genome sequencing reads have been deposited
under accession number SAMN13944611.
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Abstract

A fructose-6-phosphate phosphoketolase-positive strain (GSD1FST) was isolated from a faecal sample of a 3weeks old German
Shepherd dog. The closest related taxa to isolate GSD1FS' based on results from the EZBioCloud database were Bifidobacte-
rium animalis subsp. animalis ATCC 255277, Bifidobacterium animalis subsp. lactis DSM 101407 and Bifidobacterium anseris LMG
301897, belonging to the Bifidobacterium pseudolongum phylogenetic group. The resulting 165 rRNA gene identities (compared
length of 1454 nucleotides) towards these taxa were 97.30, 97.23 and 97.09%, respectively. The pairwise similarities of strain
GSD1FST using argS, atpA, fusA, hspé0, pyrG, rpsC, thrS and xfp gene fragments to all valid representatives of the B. pseudo-
longum phylogenetic group were in the concatenated range of 83.08-88.34%. Phylogenomic analysis based on whole-genome
methods such as average nucleotide identity revealed that bifidobacterial strain GSD1FST exhibits close phylogenetic relat-
edness (88.17%) to Bifidobacetrium cuniculi LMG 10738". Genotypic characteristics and phylogenetic analyses based on nine
molecular markers, as well as genomic and comparative phenotypic analyses, clearly proved that the evaluated strain should
be considered as representing a novel species within the B. pseudolongum phylogenetic group named as Bifidobacterium canis

sp. nov. (GSD1FS™=DSM 105923"=LMG 30345"=CCM 8806").

Bifidobacteria are saccharolytic Gram-stain-positive bacteria
that colonize different ecological niches connected primar-
ily to the gastrointestinal tract of social mammals, poultry
and insects [1, 2]. Their occurrence seems to be common in
the gastrointestinal tract of dogs too [3-5]. Over time, the
dog diet has changed, starting from carnivorous behaviour
with a high protein diet to a carbohydrate-rich diet with the
tendency to live an urban lifestyle [6, 7]. Cohabiting dogs and
humans share more bacterial operational taxonomic units
compared with hosts from separate households [8]. Despite
this human-dog co-evolution, multi-host bifidobacterial

species such as Bifidobacterium animalis and Bifidobacterium
pseudolongum are frequently detected in dog faeces [3-5].
Moreover, detailed profiling of the bifidobacterial population
of dogs based on ITS-based sequencing approaches has iden-
tified the occurrence of putative new bifidobacterial taxa [4].

In total, 49 dog faecal samples (Table 1) were analysed for
bifidobacterial occurrence on Wilkins—Chalgren anaerobe
agar supplemented with GMO-free soya peptone (5g 1
both Oxoid), L-cysteine (0.5g 1'!) and Tween 80 (1 m I'%;
both Sigma-Aldrich), mupirocin (100 mgl™) and norfloxacin
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soya peptone.
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Table 1. Strains isolated on bifidobacterial media identified using MALDI-TOF MS and their detected counts

ND, Not detected; NRI, not reliable identification; F, female; M, male; w, weeks; m, month(s); NORF-MUP agar, Wilkins—-Chalgren anaerobe agar
supplemented with GMO-free soya peptone (5g |”'; both Oxoid), acetic acid (1 ml I"), L-cysteine (0.5g '), and Tween 80 (1 ml I"; all Sigma-Aldrich),

mupirocin (100 mg ") and norfloxacin (200 mg I"; both Oxoid).

No. Dog breed Age (years) Sex Bacterial isolates from NORF-MUP agar identified by NORF-MUP agar
MALDI-TOF MS (log CFU/g+SD)
1 German Shepherd 3w M Bifidobacterium animalis, NRI (GSD1FS") 7.56 + 0.32
2 German Shepherd 3w M Bifidobacterium animalis, NRI 7.48 + 0.79
3 German Shepherd 3 F Bifidobacterium pseudolongum 6.37 + 0.12
4 Golden Retriever 1.5 F Clostridium perfringens 5.76 + 0.25
5 Samoyed 3 M Clostridium perfringens 5.85 + 0.01
6 German Shepherd 10 M Clostridium sordellii 5.88 + 0.03
7 German Shepherd 4 M Bifidobacterium pseudolongum 5.88 + 0.03
8 German Shepherd 7.5 M Clostridium perfringens, Clostridium sordellii 6.66 + 0.06
9 German Shepherd 3 M Clostridium perfringens 4.00 + 0.01
10 Czechoslovakian Wolfdog 4.5 M Clostridium perfringens 3.62 + 0.06
11 Crossbreed 9 M Clostridium sordellii 3.51 + 0.01
12 German Shepherd 3 F Escherichia coli, Clostridium sordellii, Lactobacillus murinus 4.52 + 0.07
13 Swiss Shepherd 3 M Bifidobacterium adolescentis, Bifidobacterium longum, 8.54 + 0.09
Bifidobacterium animalis
14 German Shepherd 5 M Bifidobacterium animalis 7.46 + 0.01
15 Labrador Retriever 3 F No isolates <2
16 Fox Terrier 7 F Bifidobacterium catenulatum/pseudocatenulatum 9.16 * 0.08
17 Belgian Shepherd 4m M Bifidobacterium c latum/pseudocatenulatum 5.21 + 0.00
Bifidobacterium pullorum
18 Czechoslovakian Wolfdog 7.5 M Bifidobacterium pseudolongum 4.78 + 0.12
19 Swiss Shepherd 4 M Clostridium sordellii 6.88 + 0.27
20 Crossbreed 1.5 M Bifidobacterium pseudolongum 5.51 + 0.02
21 Crossbreed ND M Clostridium perfringens 431 + 0.00
22 German Shepherd ND M Clostridium perfringens 8.79 + 0.00
23 German Shepherd 5 F No isolates <2
24 Belgian Shepherd 6m M No isolates <2
25 Havanese ND F Bifidobacterium catenulatum/pseudocatenulatum, 2.58 + 3.64
Bifidobacterium pullorum
26 Havanese 2w ND Clostridium perfringens 1.45 + 2.05
27 Havanese 2w ND Pediococcus acidilactici 2.08 + 2.93
28 Crossbreed ND F Clostridium sordellii, Clostridium perfringens 6.28 + 0.01
29 Crossbreed ND M Bifidobacterium longum, Lactobacillus murinus, Clostridium 8.17 + 0.02
perfringens
30 Crossbreed ND M Bifidobacterium catenulatum/pseudocatenulatum 7.14 + 0.01
Bifidobacterium longum, Lactobacillus murinus, Clostridium
perfringens
31 Crossbreed ND F Clostridium perfringens 6.29 + 0.01
Continued
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Table 1. Continued

No. Dog breed Age (years) Sex Bacterial isolates from NORF-MUP agar identified by NORF-MUP agar
MALDI-TOF MS (log CFU/g+SD)

32 Golden Retriever 6 F Propionibacterium acnes <2

33 German Shepherd 7 M Clostridium perfringens 4.89 + 0.01
34 German Shepherd 5 M Escherichia coli 7.60 + 0.00
35 German Shepherd 1 M Bifidobacterium longum 4.84 + 0.01
36 German Shepherd 7.5 F Bifidobacterium longum 5.43 + 0.02
37 German Shepherd 3.5 F Bifidobacterium pseudolongum 6.66 + 0.00
38 German Shepherd 1 F Bifidobacterium pseudolongum 5.39 + 0.04
39 German Shepherd 8.5 F Bifidobacterium pseudolongum 9.03 + 0.01
40 German Shepherd 8.5 F Bifidobacterium pseudolongum, Clostridium perfringens 7.13 + 0.01
41 German Shepherd 8.5 F Bifidobacterium pseudolongum, Clostridium perfringens 5.93 + 0.02
42 German Shepherd 8.5 F Bifidobacterium pseudolongum 6.81 + 0.01
43 German Shepherd 7 F No isolates 1.65 + 2.33
44 German Shepherd 7 F Clostridium perfringens 3.50 + 0.01
45 German Shepherd 6 F Clostridium sordellii 5.92 + 0.02
46 German Shepherd 5 F Bifidobacterium pseudolongum, Bifidobacterium animalis 8.04 + 0.01
47 German Shepherd 4 F Bifidobacterium pseudolongum, Bifidobacterium animalis, 6.32 + 0.07

Lactobacillus murinus

48 German Shepherd ND F Clostridium perfringens 1.81 + 2.56
49 German Shepherd ND F Clostridium perfringens 3.69 + 0.02

(200mgl™; both Oxoid) according to Vlkova et al. [9], which
was used as an norfloxacin-mupirocin (NORF-MUP) agar.
Isolates with variable cultivation characteristics were subcul-
tivated in Wilkins—Chalgren anaerobe broth/agar (Oxoid)
supplemented with GMO-free soya peptone (5g 1), acetic
acid (1 ml 1"), L-cysteine (0.5g1™"), and Tween 80 (1 ml 1)
under anaerobic conditions, used as Wilkins—Chalgren with
soya peptone (WSP broth)/agar. Obtained cultures were iden-
tified using MALDI-TOF MS (ethanol-formic acid extraction
procedure with an HCCA matrix according to the manufac-
turer’s instructions; Bruker Daltonik) and by the detection
of fructose-6-phosphate phosphoketolase (F6PPK) activity
[10]. From 285 bacterial isolates, 155 were identified as Bifido-
bacterium species and other isolates belonged to Clostridium
perfringens, Clostridium sordellii, Lactobacillus murinus,
Escherichia coli, Pediococcus acidilactici and Propionibacte-
rium acnes. The most-detected bifidobacterial species were
Bifidobacterium animalis and Bifidobacterium pseudolongum,
followed by Bifidobacterium catenulatum/pseudocatenulatum,
Bifidobacterium longum, Bifidobacterium adolescentis and Bifi-
dobacterium pullorum (Table 1). An F6PPK-positive strain,
GSDI1FST, was not reliably identified using MALDI-TOF MS
and selected for precise identification and characterization.

The 16S rRNA gene of isolate GSD1FS" was amplified and
sequenced from both directions using the Bif285 (5'-GAGG

GTTCGATTCTGGCTCAG-3') and Bif261 (5'-AAGGAG-
GTGATCCAGCCGCA-3’) [11] primers. The obtained
sequence (MG028631; 1454 nts long) was inserted into the
EZBioCloud database [12] to obtain the closest related taxa.
Representatives of the Bifidobacterium pseudolongum phylo-
genetic group [13] including Bifidobacterium animalis subsp.
animalis ATCC 255277, Bifidobacterium animalis subsp. lactis
DSM 101407, Bifidobacterium anseris LMG 30189", Bifidobac-
terium castoris LMG 309377, Bifidobacterium italicum LMG
301877, Bifidobacterium pseudolongum subsp. globosum DSM
20092, Bifidobacterium pseudolongum subsp. pseudolongum
LMG 11571" and Bifidobacterium choerinum DSM 20434"
were revealed as the closest relatives with pairwise identities
in the range of 96.12-97.30%. These results suggested that the
examined strain could represent a novel species within the
B. pseudolongum phylogenetic group. Multilocus sequence
analysis on the basis of eight housekeeping genes was used to
confirm the status of a novel species. The partial sequences
of the fusA, hsp60, pyrG, thrS and xfp genes were amplified
and sequenced using specific primers and PCR conditions,
as described in previous studies [14-18]. New primers and
PCR conditions for amplification and sequencing of the argS
(encoding the arginyl-tRNA synthase), atpA (encoding the
ATP synthase alpha subunit) and rpsC (encoding the 30S
ribosomal protein S3) gene regions applicable to the entire
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family Bifidobacteriaceae were designed and optimized in this
study (Table S1, available in the online version of this article).
Methods for primer design and optimization of PCR condi-
tions were described in our previous studies [17, 18]. The
consensus sequences were obtained using Geneious version
7.1.7 software based on the sequences of 12 complete genome
representatives belonging to the family Bifidobacteriaceae
(Table S2).

Sequences of the 16S rRNA gene and eight housekeeping
genes were obtained for strain GSD1FST using the methods
mentioned above and deposited in the NCBI database using
the Banklt application (www.ncbi.nlm.nih.gov/WebSub/?
tool=genbank). Sequences of the same genes were retrieved
from the complete genomes of the 13 representatives
belonging to the B. pseudolongum phylogenetic group [13, 19]
to provide gene comparative and phylogenetic analyses (Table
S3). To ensure better phylogenetic tree topology, two species
classified to the Bifidobacterium boum phylogenetic group
(B. boum and Bifidobacterium porcinum) and Aeriscardovia
aeriphila DSM 22365" were exploited as a root of trees and
included in Table S3.

Gene comparative and phylogenetic analyses were performed
using individual and concatenated gene alignments. The 16S
rRNA (length of 1425 nt), argS (741), atpA (642), fusA (774),

hsp60 (588), pyrG (798), rpsC (288), thrS (726) and xfp (477)
gene alignments, created using the cLusTAL_w algorithm in
the Geneious version 7.1.7 software package, were used for
this purpose. Gene pairwise identities of novel strain GSD1FS™
towards all valid taxa classified into the B. pseudolongum
group have been automatically computed by the Geneious
software package. All phylogenetic trees were reconstructed
in MEGA 5.05 software [17] using the maximum-likelihood
method, the best fit AIC (Akaike information criterion) ML
model and 1000 bootstrap replicates.

The pairwise similarities of strain GSDIFS™ using the argS,
atpA, fusA, hsp60, pyrG, rpsC, thrS and xfp gene fragments to
all valid representatives of the B. pseudolongum phylogenetic
group were at intervals 77.73-87.72, 83.65-90.65, 87.08—
90.70, 82.82-86.91, 79.45-85.09, 85.42-94.79, 81.41-89.53
and 83.23-92.24%, respectively (Table S3). These results
markedly suggest that strain GSD1FST should be considered
as representing a novel species [14-18].

A separated position and the closest affinity of strain GSD1FS*
to B. animalis subspecies within the B. pseudolongum phyloge-
netic group is obvious from a phylogenetic tree reconstructed
using an alignment of concatenated sequences of the argS,
atpA, fusA, hsp60, pyrG, rpsC, thrS and xfp genes (Fig. 1).
An almost identical tree topology was obtained based on

0.06

100

g0 [ B. italicum LMG 301 87"

B. castoris LMG 309377

100 B. choerinum DSM 204347

100
B. anseris LMG 30189"

B. criceti LMG 301887

100 B. pseudolongum subsp. globosum DSM 200927

B. pseudolongum subsp. pseudolongum DSM 200997

B. cuniculi LMG 107387

Bifidobacterium canis sp. nov. GSD1FST
100

100 I:B. animalis subsp. animalis DSM 201047
B. animalis subsp. lactis DSM 101407

T
100,75. boum DSM 20432

B. dolichotidis LMG 309417

I— B. porcinum DSM 177557

B. magnum LMG 115917

B. gallicum DSM 200937

Aeriscardovia aeriphila DSM 223657

Fig. 1. Maximum-Llikelihood phylogenetic tree reconstructed using an alignment consisting of concatenated sequences of the argS (741
nts), atpA (642), fusA (774), hspé0 (588), pyrG (798), rpsC (288), thrS (726) and xfp (477) genes, respectively (total 5034 nts). The GTR
+G+| best fit AIC (Akaike information criterion) model in the MEGA version 5.05 software package was used for the reconstruction.
Bootstrap values (>70), expressed as percentages of 1000 replicates, are given at nodes. The tree was rooted by Aeriscardovia aeriphila
DSM 22365". Bar, 0.06 substitutions per nucleotide position. The phylogeny clearly documents the close affinity of strain GSD1FST to B.
animalis subspecies within the B. pseudolongum phylogenetic group.
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Table 2. General genetic features of strain GSD1FST

Feature

GSDI1FS"

Biological origin

Average coverage

Number of assembled contigs
Genome length

Average G+C content (mol%)
Number of predicted ORFs
tRNA

rRNA*

Similarity of 16S rRNA gene

ANI value

Canis lupus f. familiaris

58x

22
2270696

57.5

1883
56
4

97.3% Bifidobacterium animalis subsp.
animalis ATCC 255277

88.17% Bifidobacterium cuniculi LMG
10738"

*Predicted number of rRNA loci.

100

100

100

GSD1FS

amino-acid (aa) alignment derived from the concatenate (Fig.
S1). The close relatedness of strain GSD1FS' to B. animalis
subspecies within the B. pseudolongum phylogenetic group
was revealed in almost all individual phylogenetic trees recon-
structed based on 16S rRNA, argS, atpA, fusA, hsp60, pyrG,
rpsC, thrS and xfp gene alignments (Figs S2-S10).

Genomic DNA of strain GSD1FS™ was isolated using DNeasy
UltraClean Microbial DNA kit (Qiagen). The genome was
sequenced with Ion Torrent technology on a Proton sequencer
at the Seqme.eu company (Czechia). The generated reads were
depleted of adapter sequences, quality-filtered and assem-
bled through the MEGAnnotator pipeline [20]. In addition,
OREF identification and functional annotation of ORFs were
carried out as previously reported [20]. Table 2 shows the
basic genome features of strain GSD1FS”. The Whole Genome
Shotgun project has been deposited at DDBJ/ENA/GenBank
under accession number WNLP00000000. Genetic similarity
at the genomic level of GSD1FST with respect to the other
currently recognized bifidobacterial (sub)species was evalu-
ated based on average nucleotide identity (ANTI) analysis, and

Bifidobacterium dolichotidis LMG 309417 [QXGMO00000000]
Bifidobacterium gallicum LMG 11596 (JGYW00000000)

Bifidobacterium magnum LMG 115917 (JGZB00000000)

100|:Biﬁdobacterium animalis subsp. animalis LMG 10508T (JGYM00000000)
100 Bifidobacterium animalis subsp. lactis DSM 10140" (CP001606.1)

Bifidobacterium cuniculi LMG 107387 (JGYV00000000)

100

100|:Bifidobacterium pseudolongum subsp. globosum LMG 11569 (JGZG00000000)
Bifidobacterium pseudolongum subsp. pseudolongum LMG 115717 (JGZH00000000)
—— Bifidobacterium criceti LMG 30188" (MVOH00000000)

Bifidobacterium choerinum LMG 105107 (JGYU0O0000000)

100 Bifidobacterium anseris LMG 301897 (NMYC00000000)

93 Bifidobacterium castoris LMG 309377 (QXGI00000000)

100

Bifidobacterium italicum LMG 301877 (MVOG00000000)

Bifidobacterium adolescentis ATCC 157037 (AP009256.1)

Fig. 2. Phylogenetic tree of bifidobacteria based on the concatenation of 619 protein sequences that represent the B. pseudolongum
phylogenetic group core genome sequences. The phylogenetic tree was reconstructed by the maximum-Llikelihood method and the gene
sequences of Bifidobacterium adolescentis ATCC 15703" were used as outgroups. Bootstrap percentages above 50% are showed at node
points, based on 1000 replicates of the phylogenetic tree.
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Table 3. Phenotypic characteristic of GSD1FST and species of the closest-related Bifidobacterium taxa and species common for dogs

Strain: 1, B. anseris LMG 301897; 2, B. animalis subsp. lactis DSM 101407, 3, B. animalis subsp. animalis DSM 201047, 4, GSD1FST; 5, B. cuniculi DSM
204357, 6, B. pseudolongum subsp. pseudolongum DSM 200997; 7, B. pseudolongum subsp. globosum DSM 20092". The results were read after 48h.
Fermentation characteristics were determined using APl 50 CHL kit (bioMérieux): +, positive reaction (yellow colour, pH <5); +/-, weak reaction
(greenish colour, pH 5.0-5.5); -, negative reaction (purple colour, pH 5.6-6.6), v, variable. Basic media pH 6.5. Other substrates in the API 50 CHL kit
were negative for all tested strains.

Growth in variable conditions such as pH level, temperature and presence of oxygen were determined based on optical density: +, good growth

OD600>0.2; +/-, weak growth 0.1< OD60050.2; -, no growth 0.1< ODGUO.

Characteristic 1 2 3 4 5 [3 7
Starch + - - v + + +
Amygdalin - + - - - - _
Cellobiose - - - +/= +/= +/— +/=
p-Fructose - +/- +/- +/- +/- +/— +/-
p-Galactose - + + + + + +
D-Glucose + + + + + + +
Lactose (bovine origin) + + + +/- +/- + +
Maltose + + + + + + +
D-Mannose - - - - + _ _
Melibiose + + + + - + +
Raffinose + + + + - + +
Dp-Ribose - + + + + + —
Sucrose + + + + +/- + +
Turanose - - - +/= - +/- +/—-
D-Xylose - - + + + + -
Esculin iron citrate - + + + + + +
Gentibiose - - - - + — _
Glycogen + - - v + + +
L-Arabinose - - + + + + _
L-Fucose + - - v - — _
Xylitol - - - - +/— - _
pH 3.5 - - - - - - -
pH 4 - - - - - - —
pH4.5 + + - + - — _
pH5 + + - + — + +/-
pH6 + + + + + + +
pH 6.5 + + + + + + +
pH7.5 + + + + + + +
pH 8.5 + + + + + + +
10°C - - - - - - —
15°C - - - - - - _
20°C - - - - - - —
30°C + + + + + + +

Continued
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Table 3. Continued

Characteristic 1 2 3 4 5 6 7
37°C + + + + + + +
46°C + +/- +/- + +/= + +
Anaerobic growth + + + + + + +
Microaerophilic growth + + + + + + +
Aerobic growth - +/- +/- - - _ _

the Genome-to-Genome Distance Calculator (GGDC) was
used to estimate the DNA-DNA hybridization (DDH) values
(Table S4). The highest sequence identity value of GSDI1FST
was 88.17% when compared to the chromosome sequences of
Bifidobacterium cuniculi LMG 10738", which belongs to the
B. pseudolongum phylogenetic group. The estimated DDH
value below 70% between these two taxa (DDH estimate
generalized linear model-based, 27.8%) led to the proposal
of GSD1FST as representing a novel bifidobacterial species.

In order to evaluate the phylogenetic relationship of GSD1FS”
with other currently recognized bifidobacterial (sub)species,
we investigated the core genome of members belonging
to the B. pseudolongum phylogenetic group, allowing the
reconstruction of a genomic-based tree, i.e. phylogenomic
tree (Fig. 2) [19, 21, 22]. Accordingly, a comparative genome
analysis involving the chromosome sequences of the currently
recognized 13 (sub)species belonging to the B. pseudolongum
phylogenetic group [23], as well as the genome sequences of
GSDIFS’, was carried out. The ORF content of each genome
was organized in functional gene clusters using the gene
family method of the PanGenome Analysis Pipeline (PGAP)
[24], involving the Basic Local Alignment Search Tool (BLAST;
E value cutoff of 1x10-10 and 50% identity across at least
80% of sequence lengths). Sequences were then clustered
into protein families, using a graph theory-based Markov
clustering algorithm [25]. This in silico analysis identified
642 clusters of orthologous groups that are shared by the
genomes used in this study. Therefore, the B. pseudolongum
phylogenetic group core genome sequences, based on the
concatenation of 619 protein sequences with the exclusion of
paralogs, identified in each chromosome sequence were used
to build a phylogenomic core tree (Fig. 2).

The rod-shaped cell morphology of strain GSD1FS" culture
was observed using phase-contrast microscopy (Figs S11 and
S12). The cell-wall peptidoglycan composition was examined
according to Schumann [26] and was found to comprise
L-Orn(Lys)-L-Ala(L-Ser)-L-Ala,.

Fermentation characteristics of GSD1FST and the most related
species, and at the same time the most common species for
dogs (B. animalis subsp. animalis DSM 20104", B. animalis
subsp. lactis DSM 101407, B. anseris LMG 30189", B. pseudo-
longum subsp. pseudolongum DSM 20099, B. pseudolongum
subsp. globosum DSM 20092 and B. cuniculi DSM 20435%),
were determined using API 50 CHL kit (bioMérieux)

according to manufacturer's instructions. Strains were
tested in biologically independent triplicates. The obtained
results were evaluated based on colour and pH change. The
fermentation profile of strain GSD1FS” corresponded closely
to the profiles of the tested strains of B. pseudolongum and
B. animalis; B. anseris and B. cuniculi differed more (Table 3).
Other tested cultivation characteristics were similar between
strain GSD1FS" and the other tested type strains. The cultiva-
tion temperature of 37°C, at pH 6-6.5 and under anaerobic
conditions, appeared to be optimal.

Strain GSDI1FST seemed to be highly genotypically and
phenotypically similar to B. animalis and B. pseudolongum,
species which are known to be frequent bifidobacterial species
of the dog microbiota.

DESCRIPTION OF BIFIDOBACTERIUM CANIS
SP. NOV.

Bifidobacterium canis [ca'nis. L. gen. n. canis of a dog; common
scientific name of a domestic dog (Canis lupus f. familiaris)].

Cells are Gram-stain-positive, non-motile, non-sporulating
and F6PPK-positive. Cells grow under anaerobic and micro-
aerophilic conditions. Colonies grown on the surface of
modified Wilkins—Chalgren agar are white and circular, while
embedded colonies are white and elliptical. The diameter of
each colony ranges from 1.0 to 1.5mm after 48h growth
on modified Wilkins—Chalgren agar. Cells are able to grow
from 30-46°C, yet are unable to grow at 10, 15, and 20°C.
Moreover, cells grow at pH 4.5-8.5. Optimal conditions of
growth occur at pH 6.5 and 37 °C. Cells grown in WSP broth
are rods of various shapes, forming a branched structure with
Y’ at both sides.

Fermentation profiles show that strain GSD1FS" is able to grow
well and produce acids on p-galactose, D-glucose, maltose,
melibiose, raffinose, D-ribose, sucrose, D-xylose, esculin iron
citrate, and L-arabinose. Variable or weak growth was found
on cellobiose, D-fructose, lactose, turanose, glycogen, L-fucose
and starch. Furthermore, cells are not able to utilize amyg-
dalin, arbutin, p-adonitol, p-arabinose, b-arabitol, b-fucose,
D-mannitol, D-mannose, melezitose, D-sorbitol, D-tagatose,
trehalose, D-xylanose, dulcitol, erythritol, gentibiose, glycerol,
inositol, inulin, L-arabitol, L-rhamnose, L-sorbose, L-xylose,
methyl o.-D-glucopyranoside, methyl o-D-mannopyranoside,
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methyl f-D-xylopyranoside, N-acetylglucosamine, potassium-
2-ketogluconate, potassium-5-ketogluconate, potassium
gluconate, salicin and xylitol.

The peptidoglycan type is L-Orn(Lys)-1-Ala(r-Ser)-1-Ala,.

The type strain, GSDIFS' (=DSM 105923"=LMG
30345"=CCM 8806"), was isolated from a faecal sample of a
3 weeks old German Shepherd dog (Canis lupus f. familiaris).
The DNA G+C content is 57.5mol%. The Whole Genome
Shotgun project has been deposited at DDBJ/ENA/GenBank
under accession number WNLP00000000 and the accession
number of the 16S rRNA gene sequence is MG028631.
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The bifidobacterial distribution

in the microbiome of captive
primates reflects parvorder

and feed specialization of the host

Nikol Modrackova?, Adam Stovicek?, Johanna Burtscher?, Petra Bolechova®*, Jiri Killer*5,
Konrad J. Domig? & Vera Neuzil-Bunesova'**

Bifidobacteria, which commonly inhabit the primate gut, are beneficial contributors to host
wellbeing. Anatomical differences and natural habitat allow an arrangement of primates into two
main parvorders; New World monkeys (NWM) and Old World monkeys (OWM). The number of newly
described bifidobacterial species is clearly elevated in NWM. This corresponds to our finding that
bifidobacteria were the dominant group of cultivated gut anaerobes in NWM, while their numbers
halved in OWM and were often replaced by Clostridiaceae with sarcina morphology. We examined

an extended MALDI-TOF MS database as a potential identification tool for rapid screening of
bifidobacterial distribution in captive primates. Bifidobacterial isolates of NWM were assigned
mainly to species of primate origin, while OWM possessed typically multi-host bifidobacteria.
Moreover, bifidobacterial counts reflected the feed specialization of captive primates decreasing
from frugivore-insectivores, gummivore-insectivores, frugivore-folivores to frugivore-omnivores.
Amplicon sequencing analysis supported this trend with regards to the inverse ratio of Actinobacteria
and Firmicutes. In addition, a significantly higher diversity of the bacterial population in OWM was
found. The evolution specialization of primates seems to be responsible for Bifidobacterium abundance
and species occurrence. Balanced microbiota of captive primates could be supported by optimized
prebiotic and probiotic stimulation based on the primate host.

Primates are a remarkably species-rich order of mammals'. Their anatomical differences and natural habitat allow
their arrangement into two main parvorders. Platyrrhines, referred as New World monkeys (NWM), naturally
occurring in central and southern American tropical and subtropical regions and catarrhines (Cercopithecoidea
and Hominoidea), referred as Old World monkeys (OWM), coming from tropical, subtropical, and temperate
regions of Asia and Africa®. Many primate species are endangered® and they must be protected. The conserva-
tion of threatened species is a complex and demanding process consisting of elaborated breeding programs and
providing of habitat sanctuaries in captive or semi-captive centres, e.g. zoological institutions or forest corridors,
which usually aim to reintroduce these species back into their natural habitat*®. Unfortunately, health of captive
animals is compromised by emerging recurring infectious diseases mediated through human contact and habitat
modifications, and frequent therapeutic doses of antibiotics®’. Furthermore, captive breeding modifies primate
microbiome®? and these microbial shifts can substantially affect the host’s health!®!. Captivity may be also
associated with the occurrence of potential pathogens that further increase risk of gut dysbiosis and illnesses'>"*.

Besides exposure to antibiotics, dietary changes and lifestyle seem to be significant modifiers of primate
gut microbiome'*. To provide nutritional needs, primates consume a wide range of plants and animal tissues
and possess a variety of dietary specializations based on the proportion of individual dietary components (one
type of feed component is dominating only), such as generalist feeders or omnivores, e.g. Cercopithecines'>™'5.

!Department of Microbiology, Nutrition and Dietetics, Faculty of Agrobiology, Food and Natural Resources,
Czech University of Life Sciences Prague, Kamycka 129, Prague 6 165 00, Czechia. ZInstitute of Food Science,
Department of Food Science and Technology, BOKU - University of Natural Resources and Life Sciences Vienna,
Muthgasse 18, 1190 Vienna, Austria. 3Department of Ethology and Companion Animal Science, Czech University
of Life Sciences Prague, Kamycka 129, Prague 6 165 00, Czechia. “Zoo Liberec, Lidove sady 425/1, Liberec 1 460
01, Czechia. °Institute of Animal Physiology and Genetics V.V.|, The Czech Academy of Sciences, Videnska 1083,
Prague 4 142 20, Czechia. *email: bunesova@af.czu.cz
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The generalist feeders are adapted to receive a wide variety of feed components, depending on their avail-
ability in the environment, and can be split by extension into groups classified by their majority feeds, with
seasonal variation in their ratio. Among the generalist feeders, there are highly frugivorous representatives,
namely chimpanzees'*-2!. If there is a lack of fruit, these primates consume various feed reaching from plants,
nectar, seeds to insects or small vertebrates. Such a feeding type can be described as frugivore-omnivore. If
the preferred fruit is less available during the season, primates start to consume more leaves or other parts of
plants. Gibbons, for instance pursue this frugivore-folivore feeding strategy®*~>°. Similarly, if the second major
component alongside fruit consists of insects, primates are classified as frugivores-insectivores (tamarins)**-.
Exudates are another important nutritious feed apart from fruit and animal prey. Some primate species have
specially adapted teeth for gum intake®"*2 This type of feeding behaviour is called gummivory. It is typical for
marmosets and can either be dominant or it can be supplemented with insect intake**~*”. These primates are
counted in the gummivore-insectivore feeding category.

Unfortunately, despite all efforts of breeders, composition of diet in captivity does not completely simulate
that in the wild, in which primates consume a wider range of natural local plant and animal species®?®. In addi-
tion, Amato et al.*? points out the seasonality that is one of the natural phenomena of wild primate diet, which
results in a seasonal variation of the gut microbiome.

Deviation from the natural lifestyle in captivity and associated modified diet led to a shift of native gut micro-
biota and a decrease in diversity and an increased relative abundance of Bacteroidetes®>**4!. Furthermore, the
microbiome of captive primates displays a reduction in Actinobacteria compared to wild groups'**!. However,
members of the Bifidobacteriaceae family (Actinobacteria phylum) are important natural commensals, which
possess a large amount of adaptive genes involved in carbohydrate metabolism*?~**. Moreover, bifidobacteria
can utilize a diverse range of dietary carbohydrates that escape degradation in the upper parts of the intestine*.

Although, bifidobacterial abundance in the gut microbiota usually decreases with host aging*, bifidobacteria
persist throughout the lifespan of primates*>*”. Moreover, their abundance is confirmed by a recent boom of novel
bifidobacterial species isolation and characterization connected to primate gut environment*-*.

However, data are still scarce about the bifidobacterial microbiota of captive primates and the impact of
different diets. We hypothesize that the quantity and species richness of bifidobacteria in captive primates are
affected by the host and feed classification. The aim of this study was to compare the quantity and diversity of
bifidobacteria in faecal microbiota of captive NWM and OWM by a combination of culture-dependent and
culture-independent approaches.

Results

Cultivation analysis. Quantification of cultivable bifidobacteria in primate faecal samples. Non-selective
and selective media were used for the quantification of anaerobic bacteria and bifidobacteria in primate fae-
cal samples (FS) (Table 1). Cultivation counts significantly varied between the NWM and the OWM in each
monitored group of bacteria (Fig. 1A, Suppl. Tab. 1). NWM harboured significantly more anaerobic bacteria
(9.52£0.62 log CFU g') compared to OWM (8.62+0.71 log CFU g) (t(5p)=4.84, p=1.30e-05). A similar statis-
tically significant trend was found in colony forming units cultivated on WPS-MUP medium intended for bifi-
dobacteria that reached 8.91+1.38 log CFU g in the NWM compared to 7.02+0.93 log CFU g in the OWM
(t(s0)=5.87, p=3.50e-07). In case of FS with lower numbers of bifidobacteria and the presence of clostridia, this
medium was not sufficiently selective also allowing the growth of clostridia®"*2. Consequently, a notably greater
statistically significant difference was detected between primate parvorders on more selective WSP-NORF me-
dium with bifidobacterial counts of 8.57+2.13 log CFU g! for the NWM and 4.32+2.04 log CFU g"! for the
OWM (Z=5.17, p=2.38¢-07). Cultivation differences between parvorders were also reflected within the primate
sub-division based on feed specialization (Fig. 1B). Specifically, gummivore-insectivores (9.63+0.71 log CFU
g and frugivore-insectivores (9.46 £0.57 log CFU g') exhibited significantly higher numbers of anaerobic
bacteria including bifidobacteria than frugivore-folivores (8.72+0.49 log CFU g') and frugivore-omnivores
(8.60+0.78 log CFU g). The same statistically significant trend was found on WPS-MUP in gummivore-in-
sectivores (8.99+1.19 log CFU g') and frugivore-insectivores (9.19+0.96 log CFU g) in comparison with
frugivore-folivores (6.58 +1.05 log CFU g') and frugivore-omnivores (7.07+1.01 log CFU g), as well as on
WSP-NORF in gummivore-frugivores (8.46 +2.34 log CFU g') and frugivore-insectivores (9.15+0.76 log CFU
g!) compared to frugivore-folivores (4.29 +1.95 log CFU g!) and frugivore-omnivores (4.22+2.13 log CFU g™)
(Supplementary S5).

Bifidobacterial species detected by MALDI-TOF MS.  Bacterial colonies with variable cultivation characteristics
from bifidobacterial selective media were isolated for further identifications (Suppl. Tab. 1). From a total of 326
isolates, 210 were F6PPK-positive bifidobacteria and the remaining 116 isolates (isolated mainly from WSP-
MUP) were F6PPK-negative gas producing clostridial rods or cells with sarcina morphology. All F6PPK-positive
strains were also identified with MALDI-TOF MS using an expanded custom database for bifidobacterial iden-
tification. 54% of the strains (n=112) were assigned to 18 different bifidobacterial species, 36% (n="76) were
assigned only to the Bifidobacterium genus, and 11% (n=22) were not identified reliably (Fig. 24, C).

B. parmae, B. imperatoris/saguini, and B. ramosum were the most frequently identified species in the NWM,
whereas B. dentium and B. catenulatum/pseudocatenulatum were most common in the OWM. Interestingly,
B. adolescentis was equally represented in both primate parvorders. A more diverse species representation of
bifidobacteria was found in the NWM (14 spp.) compared to the OWM (5 spp.). Genus-level assignment and
the presence of not reliable identifications (NRI) was mainly detected in the NWM. Related presumed species
compliance and the closest match of Bifidobacterium spp. strains was found predominantly with B. parmae and
B. stellenboschense in the NWM, and B. angulatum/merycicum in the OWM (Fig. 2B).

Scientific Reports |

(2021) 11:15273 | https://doi.org/10.1038/s41598-021-94824-y nature portfolio



www.nature.com/scientificreports/

ID Primate host species Family Parvorder | Zoo Feed category

PR1 Common Marmoset (Callithrix jacchus) Calitrichidae NWM Pilsen, CZ Gummivore-insectivore
PR2 Common Marmoset (Callithrix jacchus) Calitrichidae NWM Pilsen, CZ Gummivore-insectivore
PR3 White-faced Saki (Pithecia pithecia) Pitheciidae NWM Pilsen, CZ Frugivore-omnivore
PR4 Emperor Tamarin (Saguinus imperator) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR5 Moustached Tamarin (Saguinus mystax) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR6 Brown-mantled Tamarin (Saguinus fuscicollis) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR7 Red-handed Tamarin (Saguinus midas) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR8 Red-handed Tamarin (Saguinus midas) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR9 Emperor Tamarin (Saguinus imperator) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR10 | Silvery Marmoset (Mico argentatus) Calitrichidae NWM Pilsen, CZ Gummivore-insectivore
PR11 | Silvery Marmoset (Mico argentatus) Calitrichidae NWM Pilsen, CZ Gummivore-insectivore
PR15 Silvery Marmoset (Mico argentatus) Calitrichidae NWM Pilsen, CZ Gummivore-insectivore
PR16 | Emperor Tamarin (Saguinus imperator) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR17 | Emperor Tamarin (Saguinus imperator) Calitrichidae NWM Pilsen, CZ Frugivore-insectivore
PR18 | Chimpanzee (Pan troglodytes) Hominidae OWM Liberec, CZ Frugivore-omnivore
PR19 gsztt)gz;;;\/hite—cheeked Gibbon (Nomascus Hylobatidae OWM Liberec, CZ Frugivore-folivore
PR20 oGg(;li:g-bellied Mangabey (Cercocebus chrys- Cercopithecidae | OWM Liberec, CZ Frugivore-omnivore
PR21 | Diana Monkey (Cercopithecus diana) Cercopithecidae | OWM Liberec, CZ Frugivore-omnivore
PR22 | Lion-tailed Macaque (Macaca silenus) Cercopithecidae | OWM Liberec, CZ Frugivore-omnivore
PR23 | Hamadryas Baboon (Papio hamadryas) Cercopithecidae | OWM Liberec, CZ Frugivore-omnivore
PR24 | Pygmy Marmoset (Cebuella pygmaea) Calitrichidae NWM Liberec, CZ Gummivore-insectivore
PR26 | Cotton-top Tamarin (Saguinus oedipus) Calitrichidae NWM Liberec, CZ Frugivore-insectivore
PR27 | Golden Lion Tamarin (Leontopithecus rosalia) Calitrichidae NWM Olomouc, CZ Frugivore-insectivore
PR28 | Common Marmoset (Callithrix jacchus) Calitrichidae NWM Olomouc, CZ Gummivore-insectivore
PR29 | Patas Monkey (Erythrocebus patas) Cercopithecidae | OWM Olomouc, CZ Frugivore-omnivore
PR30 | Goeldi’s Marmoset (Callimico goeldii) Calitrichidae NWM Olomouc, CZ Frugivore-insectivore
PR31 | White-headed Marmoset (Callithrix geoffroyi) Calitrichidae NWM Olomouc, CZ Gummivore-insectivore
PR32 | White-headed Marmoset (Callithrix geoffroyi) Calitrichidae NWM Olomouc, CZ Gummivore-insectivore
PR33 | Moustached Tamarin (Saguinus mystax) Calitrichidae NWM Olomouc, CZ Frugivore-insectivore
PR34 | Patas Monkey (Erythrocebus patas) Cercopithecidae | OWM Olomouc, CZ Frugivore-omnivore
PR35 | Silvery Marmoset (Mico argentatus) Calitrichidae NWM Olomouc, CZ Gummivore-insectivore
PR36 i%%i?zlil))s Mona Monkey (Cercopithecus Cercopithecidae | OWM Dvur Kralove, CZ | Frugivore-omnivore
PR37 | Putty-nosed Monkey (Cercopithecus nictitans) Cercopithecidae | OWM Dvur Kralove, CZ | Frugivore-omnivore
PR38 IO\;O;‘::;!;? Talapoin Monkey (Miopithecus Cercopithecidae | OWM Dvur Kralove, CZ | Frugivore-omnivore
PR39 | De Brazza’s Monkey (Cercopithecus neglectus) Cercopithecidae | OWM Pilsen, CZ Frugivore-omnivore
PR40 i]zz[t){glz;s\)/\/hite—cheeked Gibbon (Nomascus Hylobatidae OWM Liberec, CZ Frugivore-folivore
PR41 | Chimpanzee (Pan troglodytes) Hominidae OWM Liberec, CZ Frugivore-omnivore
PR42 | Chimpanzee (Pan troglodytes) Hominidae OWM Liberec, CZ Frugivore-omnivore
PR43 | Chimpanzee (Pan troglodytes) Hominidae OWM Liberec, CZ Frugivore-omnivore
PR44 Chimpanzee (Pan troglodytes) Hominidae OWM Liberec, CZ Frugivore-omnivore
PR45 | Patas Monkey (Erythrocebus patas) Cercopithecidae | OWM Olomouc, CZ Frugivore-omnivore
PR46 ;2;:1.}5];2; ellow-cheeked Gibbon (Nomascus Hylobatidae OWM Olomouc, CZ Frugivore -folivore
PR47 ESE;EIZZ)Y ellow-cheeked Gibbon (Nomascus Hylobatidae OWM Olomouc, CZ Frugivore -folivore
PR51 ;2;:1.}5122;( ellow-cheeked Gibbon (Nomascus Hylobatidae OWM Bratislava, SK Frugivore -folivore
PR52 | Green Monkey (Chlorocebus sabaeus) Cercopithecidae | OWM Hodonin, CZ Frugivore-omnivore
PR55 | Hamlyn’s Monkey (Cercopithecus hamlyni) Cercopithecidae | OWM Bojnice, SK Frugivore-omnivore
PR56 | Roloway Monkey (Cercopithecus roloway) Cercopithecidae | OWM Bojnice, SK Frugivore-omnivore
PR57 ;::s;;ig;;t-nosed Monkey (Cercopithecus Cercopithecidae | OWM Bojnice, SK Frugivore-omnivore
PRSS zsg‘:i};ilzzfellow'c}‘eeked Gibbon (Nomascus | b1y 1opatidge OWM Bojnice, SK Frugivore-folivore
Continued
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ID Primate host species Family Parvorder | Zoo Feed category

PR59 i\lorthern White-cheeked Gibbon (Nomascus Hylobatidae OWM Liberec, CZ Frugivore-folivore
eucogenys)

PR60 ?Iorthern White-cheeked Gibbon (Nomascus Hylobatidae OWM Liberec, CZ Frugivore-folivore
eucogenys)

PR61 Golden Lion Tamarin (Leontopithecus rosalia) Calitrichidae NWM Olomouc, CZ Frugivore-insectivore

Table 1. List of monkey hosts kept in zoological gardens. General information about primate taxonomy,
parvorder and feed classification. Primate general feeders (n=52) were grouped to 4 individual feed categories
based on proportion of dominating feed components - frugivore-omnivore, frugivore-folivore, frugivore-
insectivore, and gummivore-insectivore. Zoo, zoological garden; CZ, Czechia; SK, Slovakia; NWM, New World
monkey; OWM, Old World monkey.
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Figure 1. Quantification of cultivable anaerobic bacteria (log CFU g) in primate faecal samples. (A)
Cultivation counts of bacteria per parvorder: New World monkeys (n=24) and Old World monkeys (n=28).
(B) Cultivation counts of bacteria per feed category: frugivore-folivore (n=8), frugivore-omnivore (n=21),
frugivore-insectivore (n=13), gummivore-insectivore (n=10). Asterisks (*) denote statistically significant
differences as determined by t-test and ANOVA (p <0.05).

Species assignment verification by 16S rRNA gene sequencing. The MALDI-TOF MS identification was verified
by 16S rRNA gene Sanger sequencing of 46 strains, whose selection was randomly executed based on deter-
mined species frequency and identification scores (Suppl. Tab. 2). Due to similar MALDI-TOF MS spectra, some
bifidobacterial species could not be distinguished. However, the results consistently suggest an assignment to
either of the two indistinguishable species. These indistinguishable groups were merged to produce consistent
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Figure 2. MALDI-TOF MS identification of primate bifidobacterial isolates. (A) MALDI-TOF MS
identification of 210 bifidobacterial strains. (B) The closest probable species match of isolates with unambiguous
genus MALDI-TOF MS identification (Bifidobacterium spp). (C) Proportion of species assignment, genus
assignment and not reliable identification (NRI) of bifidobacterial isolates. Bruker criteria (scores) for
assignment: 0.000-1.699 not reliable identification, 1.700-1.999 probable genus identification, 2.000-3.000
genus and species identification.

MALDI-TOF MS assignment and are presented together in the following groups: B. angulatum/merycicum, B.
breve/indicum, B. catenulatum/pseudocatenulatum, and B. imperatoris/saguini.

An agreement between the MALDI-TOF MS species assignment and the sequencing of 16S rRNA gene was
confirmed for 38 strains. Only 3 strains were identified differently by the two methods. Namely, strain N127
identified as B. faecale by 16S rRNA gene sequencing was mistaken for B. adolescentis by the MALDI-TOF MS,
B. imperatoris for NRI (N40), and PEBJ_s for B. imperatoris/saguini (N50). Interestingly, mentioned strain
N50 together with N74, N94, N97, and N115, exhibiting MALDI-TOF MS NRI score (< 1.69), were considered
potential novel species of bifidobacteria. In addition, this sample set also contained 5 problematic strains (N16,
N70, N81, N119, and N125), whose 16S rRNA gene sequencing failed repeatedly and thus their MALDI-TOF
MS identity was not confirmed.

Amplicon sequencing analysis. Amplicon sequencing profiles of the FS collected from captive primates
were determined by sequencing the V4 region of the 16S rRNA gene. The bacterial a-diversity was expressed
as an ASV count, Shannon diversity, and Pielou evenness. Each diversity parameter between the primate par-
vorders was significantly higher in the OWM (ASV count: F, 5,=30.47, p=1.21x1075, n*=0.379, Shannon:
F(,50=38.01, p=121e-07, n?=0.432, Pielou: F, 5, =38.41, p=1.08¢-07, n>=0.434) (Fig. 3A). Similarly, there
was a significantly higher diversity, evenness, and richness of the bacterial population in the frugivore-folivores
and frugivore-omnivores compared to the frugivore-insectivores and gummivore-insectivores (Fig. 3B, Sup-
plementary SI).

Microbial community shifts were found between the NWM and OWM parvorders. The relative abundance
of phylum Actinobacteriota (W =13) and Campylobacterota (W = 12) was significantly higher in the NWM
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Figure 3. Alfa-diversity of primate gut microbiota. (A) Bacterial a-diversity per parvorder: New World
monkeys and Old World monkeys. (B) Bacterial a-diversity per feed category: frugivore-folivore, frugivore-
omnivore, frugivore-insectivore, gummivore-insectivore. Asterisks (*) denote adjusted statistically significant
differences (adj. p<0.05).

compared to the OWM as confirmed by the ANCOM statistics. Meanwhile, the phylum Firmicutes showed an
opposite trend, which was however not statistically significant (Fig. 4A). The difference in the Actinobacteriota
can be attributed specifically to the family Bifidobacteriaceae which was significantly higher in the NWM (16%)
compared to the OWM (3%) (W =139) (Fig. 4B, Supplementary S2). These findings corroborate the cultivation
results.

The proportion of the phylum Actinobacteriota was statistically significantly different among the primate
feed categories (W =12) and it was the highest in the frugivore-insectivores followed by gummivore-insectivores,
frugivore-omnivores, and frugivore-folivores. Furthermore, the phyla Proteobacteria and Campylobacterota were
statistically significantly different among the categories (W =8, W =7 respectively) with a notable enrichment of
both in the frugivore-insectivores followed by gummivore-insectivores compared to frugivore-omnivores and
frugivore-folivores. Moreover, although not statistically significant, the opposite ratio of Firmicutes was also
detected (Fig. 4C). The relative abundance of Bifidobacteriaceae was significantly different across the categories
(W =140); the most abundant in the frugivore-insectivores (19%), followed by the gummivore-insectivores
(12%), the frugivore-omnivores (4%), and the frugivore-folivores (2%) (Fig. 4D).

By comparing 16S rRNA gene sequencing data of cultured bifidobacterial isolates with the results of 16S
rRNA gene amplicon sequencing of the FS, we retrospectively confirmed the presence of 18 species within this
sample set. B. callitrichos and B. parmae were significantly enriched in the NWM (W =38, W =38 respectively),
followed by B. saguini (W =34), B. biavatii (W =34), B. vansinderenii (W = 34), B. aerophilum (W =34), unclas-
sified I ASV (W =33) and sp. I ASV (W =30). The distribution of bifidobacteria corresponds to the proportion
of Bifidobacteriaceae among the total relative bacteria in samples normalized to 42 134 sequences/sample in the
primate feed categories as determined by amplicon sequencing.
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Figure 4. Relative abundance of primate gut microbiota. (A) Relative abundance of bacteria within parvorders
on phylum level. (B) Relative abundance of bacteria within parvorders on family level. (C) Relative abundance
of bacteria within feed categories on phylum level. (D) Relative abundance of bacteria within feed categories on
family level. ANCOM statistically significant differences are denoted with grey links.
Discussion
Dynamic microbial communities aid the living and surviving of animals in changing environmental conditions,
including habitat degradation, captive breeding, and diet. If microbial balance of the host is disturbed and dys-
biosis occurs, there is a presumption of disease development®>***. Among others, commensal microorganisms,
such as bifidobacteria, play a crucial role in maintaining the gut homeostasis®~>’. Bifidobacterial diversity and
adaptation are connected to their hosts and environments with possession of specific genomic traits®*-*° which
includes primates*.

Two independent approaches, cultivation with subsequent MALDI-TOF MS identification and amplicon
sequencing of the V4 region of the 16S rRNA gene, were used to analyse the microbiome composition and the
prevalence of bifidobacterial species in primate gut microbiota. NWM are a significant source of cultivable
bifidobacteria with average counts of 103 CFU g of faeces compared to the OWM with four orders of mag-
nitude lower counts. Interestingly, although no health complications were evident, FS of primate individuals
with reduced or undetectable cultivation counts of bifidobacteria contained Clostridiaceae, mainly displaying
sarcina morphology. This was mainly observed in individuals belonging to the OWM parvorder (Suppl. Tab.
1). Spore-forming bacteria identified as Sarcina ventriculi (syn. Clostridium ventriculi) were previously isolated
also from primates without apparent health problems®!-*. Although they are considered pathogens®, this may
indicate sarcina as common bacteria of the primate gut microbiota. In the gut of NWM, the abundance of
sarcina is probably decreased by the presence of bifidobacteria, which exhibit potential to hamper growth of
clostridia®-%". The inverse ratio and balancing of the bifidobacteria and clostridia are typically described in the
gut microbiome of infants®~7°,
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Timperio et al.”! showed that the screening of bacterial isolates from environmental samples can be performed

efficiently, quickly, and inexpensively using MALDI-TOF MS and should be refined by implementation of envi-
ronmental strains into the database. Within our study, the use of an extended custom database for MALDI-TOF
MS allowed reliable species differentiation and identification of wild bifidobacterial isolates. Higher species
diversity was observed in NWM. Interestingly, the multi-host species B. adolescentis was present among most
screened captive primates. In OWM B. dentium and B. catenulum/pseudocatenulatum, that are common species
of the human gut microbiota, as well as B. adolescentis, were found’>. Lugli et al.** detected B. adolescentis and B.
dentium in OWM as well, and indicated possible joint development and evolutionary relatedness. In contrast,
NWM exhibited the presence of cultivable bifidobacteria mainly with primate origin. Interestingly, Brown et al.”?
pointed out that marmoset bifidobacteria are closely related to those in tamarins. Furthermore, we found that
bifidobacterial species variability in NWM significantly exceeds that in OWM. Furthermore, we hereby con-
firmed that we can re-isolate recently described primate Bifidobacterium spp. also from primate species with
various captive locations other than those from which bifidobacteria were originally isolated.

Moreover, MALDI-TOF MS screening allowed us to identify 5 potential novel species of bifidobacteria iso-
lated from tamarins that were confirmed by 16S rRNA gene sequencing. That indicates primate gut as a promis-
ing environment for the discovery of novel species of bifidobacteria*>**. To achieve an accurate identification
of potential novel species, a combination with other methods, such as sequencing of phylogenetic markers’s,
multi-locus sequence typing’’, and genome sequencing’®, should be included.

The significantly lower species richness and high relative abundance of bifidobacteria in NWM compared
to OWM was confirmed by sequencing of the V4 region of 16S rRNA gene. The relative abundance of Bifido-
bacteriaceae reached 16% in the NWM and only 3% in the OWM. The same trend was also detected for Prevo-
tellaceae and Veillonellaceae. In particular, marmosets and tamarins exhibited 32% bifidobacterial abundance
compared to 0.03% in the OWM?*. This high relative bifidobacterial proportion in adult marmosets could be
a consequence of their housing as family groups and their constant subjection to the gut microbiota of other
individuals”. Conversely, Lachnospiraceae, Oscillospiraceae, Ruminococcaceae, and Spirochaetaceae showed an
opposite trend with high abundances in OWM. Interestingly, we showed that the captive NWM have high rela-
tive levels of bifidobacteria, which is similar to what they display in the wild*7*-%!. It indicates that NWM gut
is a rich bifidobacterial environment that is also supported by other studies**$>®. In contrast to our results in
captive individuals, some microbiome studies point to a slightly increased bifidobacterial relative proportions
in wild OWM as well3*#. Although the captivity was previously described as a factor influencing the presence
of Actinobacteria in the primate gut microbiome'**!, our results suggest that it is probably not as strong as the
affiliation to the primate parvorder, which seems to be considerably more significant.

Primate gut microbiome seems to be significantly modified by dietary changes of the host species and
geography'*. Frugivore-insectivores and gummivore-insectivores possessed significantly more abundant Bifi-
dobacteriaceae compared to frugivore-omnivores and frugivore-folivores. Interestingly, if insects constitute an
important component of the diet, bifidobacteria are highly abundant. Ecologically beneficial symbionts leading to
host evolutionary dependence have been previously described in other animal taxa, such as sap-feeding insects,
which generate essential amino acids exclusively for their microbial symbionts®. Bifidobacteria are known as a
commensal bacterial group of insects with social life®”, whereas the importance of insects in the diet of primates
in relation to bifidobacterial occurrence remains unclear.

Although captive feeding inevitably modifies primate gut microbiome to decreased diversity, the feed opti-
mization could improve the animals health condition®’. In contrast to Amato et al.®¢, who state that the host
phylogeny is stronger driver in shifts of microbial composition than the diet and geographic location, our results
suggest that both diet and the host itself affect the microbiome composition, especially the relative abundance
of Bifidobacteriaceae. Moreover, it is important to mention, that the diet of captive animals usually includes
fruits, vegetables, and leaves that may not completely match the available components present in the wild. In
addition, the natural microbiota reflects diet seasonality and location that may affect trophic interactions in the
gastrointestinal tract of the host®®.

Clayton et al.”! confirms that modified diet in captive primates is related to the alteration of microbiome
composition and host health. Captive primate individuals susceptible to health disorders may show clinical signs
including chronic diarrhoea, weight loss, lethargy, cardiac disease, and poor reproductive success”'>°>*. There-
fore, it is necessary to further monitor the relationship between the microbiome, diet, and the health of captive
primates*’. Microbiota modulation is an effective and affordable strategy for host health support of threatened
animals®. Therefore, applicable mitigation strategies such as optimized dietary*’ and prebiotic interventions™
could be pursued towards supporting balanced microbiota in captive primates. Moreover, probiotic supplementa-
tion with focus on bifidobacteria, that naturally colonize primate guts, can be a further promising approach*#>%,
Furthermore, this may provide a potential approach in human probiotic intervention. Due to the ever-decreasing
diversity of the human microbiome through diet and antimicrobial intake, the microbiome of originally living
evolutionarily close relatives has the potential to design a probiotic that is no longer part of the human microbiota
and could have the potential to strengthen health®. Probiotic intervention should be optimized according to the
gut microbiota composition and should be supported by appropriately selected prebiotic stimulation in synbiotic
mixtures for long-term maintenance of balanced microbiome and host health.

Materials and methods

Sampling and cultivation analysis. Faecal samples of primate hosts (n=>52) belonging to two par-
vorders, NWM (n=24) and OWM (n=28), were preliminary screened for quantitative content of cultiva-
ble bifidobacteria. The list of primate hosts and classification into parvorders and feed category is shown in
Table 1. Sampling was performed in zoological gardens in Dvur Kralove, Hodonin, Liberec, Olomouc, Pilsen
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(all Czechia), Bojnice, and Bratislava (both Slovakia) between 2017-2019. FS were collected in tubes containing
dilution buffer (5 g L' tryptone, 5 g L nutrient broth No. 2, 2.5 g L yeast extract (all Oxoid, Basingstoke, UK),
0.5 g L! L-cysteine, 1 mL L Tween 80 (both Sigma-Aldrich, St. Louis, Missouri, USA), 30% glycerol (VWR,
Radnor, Pennsylvania, USA), and glass pearls for homogenization. Media were prepared in an oxygen-free car-
bon dioxide environment®” and then sterilized. After sampling, the tubes were stored at -20 °C and within the
14 days transported into the laboratory for analysis. Then, decimal serial dilutions of FS were spread on the
following media.

Wilkins-Chalgren Anaerobe Agar was supplemented with 5 g L' GMO-Free Soya Peptone (both Oxoid),
0.5 g L' L-cysteine, and 1 mL L™ Tween 80 to determine total counts of anaerobic bacteria (WSP medium).
Moreover, two selective media were used for bifidobacterial quantification and isolation: WSP-NORF (WSP
agar supplemented with 100 mg L of mupirocin, 200 mg L of norfloxacin (both Oxoid), and 1 mL L™ of acetic
acid (Sigma-Aldrich)*) and WSP-MUP (WSP agar supplemented with 100 mg L' of mupirocin and 1 mL L™!
of acetic acid®®). All plates were incubated anaerobically using GENbag anaer (bioMérieux, Craponne, France)
at 37 °C for 2 days.

Isolation and culture identifications. Based on variable cultivation characteristics, the isolation of colo-
nies from selective media and consecutive sub-cultivation was performed in tubes containing WSP broth under
anaerobic conditions®” at 37 °C for 1 day. Whether a culture belonged to Bifidobacterium spp. was verified by
fructose-6-phosphate phosphoketolase (F6PPK) test with cetrimonium bromide for cell disruption according
to Orban and Patterson (2000)*. Subsequently, bifidobacterial isolates were identified to the species level using
Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-TOF MS) with ethanol-formic acid
extraction procedure with HCCA matrix solution according to the manufacturer’s instructions (Bruker Daltonik
GmbH, Bremen, Germany). An extended custom database (based on Bruker Biotyper software tools), which
included 50 additional bifidobacterial species in addition to the already available entries, was used for identifica-
tion. An overview about the database entries is provided in Suppl. Tab. 3. Stock cultures of bifidobacteria were
stored at —80 °C in 30% glycerol.

Selected isolates (n=46) were further identified by 16S rRNA gene amplicon sequencing. DNA was iso-
lated from freshly grown bifidobacterial cultures in WSP broth using PrepMan Ultra™ (Applied Biosystems,
Waltham, Massachusetts, USA) according to manufacturer’s instructions and stored at -20 °C. Primers 285F
(5-GAGGGTTCGATTCTGGCTCAG-3') and 261R (5'-AAGGAGGTGATCCAGCCGCA-3') were used for
PCR amplification of nearly the full 16S rRNA gene according to Kim et al.'” enabling longer reads and thus
more precise taxonomic identification. PCR products were purified using the E.Z.N.A. Cycle Pure Kit (Omega
Bio-Tek, Norcross, Georgia, USA) and sequenced by Eurofins Genomics (Ebersberg, Germany). The obtained
sequences were processed in Chromas Lite 2.5.1 (Technelysium Pty Ltd., Tewantin, Australia), BioEdit!°! with
ClustalW algorithm'%?, and compared with 16S rRNA gene sequences in BLAST rRNA/ITS (https://blast.ncbi.
nlm.nih.gov/) and EZBioCloud databases (https://www.ezbiocloud.net/). The sequences of the 16S rRNA gene
are available in the GenBank database under accession numbers MN736337-341, 342, 344-346, 348, 350-355,
357-360, 363-365, 367, 369, 372-378, 381, 387-388, 390-392, and MW 678772-74.

Amplicon sequencing analysis. Total genomic DNA was extracted from 200 mg of FS using the Fast DNA
SPIN kit for soil (MP Biomedicals, Illkirch-Graffenstaden, France) according to the manufacturer’s instructions.
The DNA concentration of each sample was determined using the Qubit 1X dsDNA HS Assay Kit (Invitrogen,
Paisley, UK) and a Qubit fluorometer. Subsequent library preparation and sequencing were performed by Novo-
Gene (Cambridge, UK). As amplicon sequencing method supports only shorter fragments, the V4 region of the
16S rRNA gene (300 bp fragments) was amplified using primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3')
and 806R (5-GGACTACHVGGGTWTCTAAT-3") and a Phusion High-Fidelity PCR Master Mix (New Eng-
land Biolabs, Ipswich, Massachusetts, USA). The library was prepared using the NEB Next® UltraTM DNA
Library Prep Kit for Illumina and paired-end 250 bp sequencing was performed using the NovaSeq machine
(Illumina, San Diego, California, USA). The resulting sequences were submitted to the NCBI database with the
accession number ERP128111. Amplicon sequence variants (ASV) were obtained using the DADA2 pipeline
(bioconductor-dada2 v1.16.0)' and Silva non redundant database v138' (Supplementary S3) with custom
manual species assignment. The depth of sequencing of the resulting data was normalized by rarefaction to the
lowest sequencing depth (42 134 sequences/sample) and a relative abundance on several taxonomic levels in
different variable groups were explored (Supplementary S4). Total bacterial diversity was expressed as Shan-
non entropy'®, the population richness was expressed as simple feature or ASV counts and the evenness was
expressed as Pielou’s index!%.

Statistical analyses. Counts of bacterial colonies in log CFU g'! within the parvorders and feed catego-
ries are shown as boxplots. The normality of data was evaluated by Shapiro-Wilk W test (a=0.05). Differences
in bacterial counts were assessed using a Mann-Whitney U Test (a=0.05) within the parvorders, and a one-
way ANOVA within the feed categories (a=0.05) using STATISTICA software (StatSoft, Prague, Czechia) and
Microsoft Office Professional Plus 2016.

To detect differentially abundant taxa between the sample categories, the ANCOM statistical test'”” was used
from the package skbio v0.5.2 (scikit-bio.org). The one-way F statistics from the scipy package v1.4.1'% was
used to determine that statistical significance with a=0.05. Several categories of the data were explored on both
the Phylum and Family level. Furthermore, the bifidobacterial sub-population was extracted for each sample
and the differentially abundant species were calculated. Statistically significant results are presented in form of
boxplots (Supplementary S2).
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The statistical significance of difference in means of the diversity metrics (Shannon, Pielou, and ASV counts)
was assessed using the ordinary least squares method coupled with a pairwise T-test. The data was Box-Cox
transformed and the resulting residuals were normally distributed (Jarque-Berra and Omnibus probability >0.05),
however, the groups were highly heteroskedastic. To mitigate this, we have used the ordinary least square method
from the package statsmodels v0.11.0'*” with MacKinnon and White’s heteroscedasticity robust standard errors!*
(Supplementary S1).

Ethical approval. The sampling of primate faeces was performed during routine daily procedures. All pro-
cedures involving animals adhered to recommendations of the “Guide for the Care and Use of Animals” by the
Czech University of Life Sciences Prague. The research conducted herein was approved by Ethic and Animal
Care Committee of the Czech University of Life Sciences Prague (protocol number: CZU/17/19) and was per-
formed in accordance with the relevant guidelines and regulations. All zoological institutions have rigorous
standards for animal welfare and are accredited by the European Association of Zoos and Aquaria. The research
adhered to the legal requirements of the Czech Republic for the ethical treatment of nonhuman primates as well
as in accordance with European Directive 2010/63/EU.
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ARTICLE INFO ABSTRACT

Keywords: Complex polysaccharide polymers of natural origin are widely used as natural food thickeners. They are useful
Bifidobacterium for their technological properties, and at the same time they are biodegradable and safe for consumers. In
Origi'n . addition, natural food thickeners, such as natural gums (NGs) and starch, may also represent suitable potentially
l;zi:ﬁ:; prebiotic substrates for probiotic genera such as the genus Bifidobacterium. Therefore, 204 bifidobacterial strains

Natural gums of 60 species and subspecies were tested for their ability to utilize 6 NGs (locust bean, guar, tragacanth, arabic,

Starch xanthan, and karaya gums) and starch.

SCFAs Here we observed that the ability to utilize these substrates as a single carbon source is species and strain
specific trait reflecting the host origin and diet. The utilization was evaluated based on the pH change, metabolite
formation, and detection of viable bifidobacterial counts. In conclusion, 114 strains of human and animal origin
(37 bifidobacterial species and subspecies) were able to utilize starch. Compared to that, mostly bifidobacteria of
the animal origin were able to utilize a wider range of available natural substrates compared to the human
bifidobacteria. In total, 29 strains were able to use NGs (10 species and subspecies). Most often used locust bean,
guar, tragacanth, and arabic gums represent possible prebiotic sources for bifidobacteria in animal nutrition,
ideally in synbiotic applications. Natural food thickeners were found to be useful potential prebiotics. However, a

suitable combination with probiotic Bifidobacterium strains is required.

1. Introduction

Natural food thickeners are predominantly complex polysaccharide
polymers with a hydrocolloid nature and the capability of gel formation
and emulsion stabilization. These are mainly natural gums (NGs) and
starches. Their application can affect the binding of water and structural
properties of modified products. For this reason, the NGs, such as locust
bean (E 410), guar (E 412), tragacanth (E413), arabic (E 414), xanthan
(E 415), and karaya (E 416) gums, are widely used also as emulsifiers,
stabilizers, foaming agents, and edible coatings and films (Bashir, Warsi,
& Sharma, 2016; FAO/WHO, 2017; Mirhosseini & Amid, 2012; Saha,
Tyagi, Gupta, & Tyagi, 2017). NGs have advantages over the synthetic
additives, since they are chemically inert, nontoxic, less expensive,
biodegradable, and widely available. They can also be modified in

Abbreviations: NGs, natural gums; SCFAs, short chain fatty acids.

different ways to obtain tailor-made materials for drug delivery systems
and thus can compete with the available synthetic excipients (Choudh-
ary & Pawar, 2014). These features are used in the encapsulation and
administration of probiotic bacteria (Eratte et al., 2015; Weinbreck,
Bodnar, & Marco, 2010). For supporting of these probiotic bacteria can
be used prebiotics, which are defined as substrates that are selectively
used by host’s microorganisms at the site of action with health benefit of
the host; without previous target host enzyme degradation (Gibson
et al., 2017). NGs are considered to be potential substrates for probiotic
bacteria such as bifidobacteria, lactobacilli and lactococci (Mudgil,
Barak, Patel, & Shah, 2018; Salavati Schmitz & Allenspach, 2017), their
fermentation has impact on the faecal microbiota and short chain fatty
acid production (Alarifi, Bell, & Walton, 2018), and their prebiotic
properties are documented (Calame, Weseler, Viebke, Flynn, &
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Siemensma, 2008; Slavin, 2013).

Bifidobacteria are commensal microorganisms with probiotic nature,
which are strictly anaerobic or facultative anaerobic pleomorphic rods.
They occur in many ecological habitats and belong to phylum Actino-
bacteria and family Bifidobacteriaceae (Biavati & Mattarelli, 2015, pp.
1-57; Bottacini, van Sinderen, & Ventura, 2017). A variety of bifido-
bacterial species have been isolated from warm-blooded mammals
including human and various animals; presently, the novel described
species are mainly from primates (Michelini et al., 2018; Modesto et al.,
2018). Nevertheless, their occurrence also includes insects living in so-
cial life (Killer et al., 2011; Praet et al., 2015), fermented milk products
(Delcenserie et al., 2013; Laureys, Cnockaert, De Vuyst, & Vandamme,
2016), and sewage (Scardovi & Trovatelli, 1974). Bifidobacteria have a
long history of safe use (Abe et al., 2010; Doron & Snydman, 2015), and
their presence is associated with the health benefits of the host (Awasti
et al., 2016; Hidalgo-Cantabrana et al., 2017). For instance, strain
B. animalis subsp. lactis BB12 (Merenstein et al., 2015) and species
B. adolescentis, B. bifidum, B. breve and B. longum are considered safe as
addition to food and feed (Ricci et al., 2017). Bifidobacterial genome
encodes enzymes that are required for the metabolism of complex car-
bohydrates, and the ability to utilize these specific polysaccharides de-
pends on the species and origin of bifidobacteria (Bunesova, Joch,
Musilova, & Rada, 2017; Milani et al., 2016).

We hypothesized that natural food thickeners could be possible
sources of potential prebiotics for bifidobacteria of different species and
origins. The aim of this study was to test the utilization of NGs and starch
by bifidobacterial strains of human, animal, insect, sewage, fermented
milk, probiotic and infant formula product origin.

2. Materials and methods
2.1. Bacterial strains

A total of 60 bifidobacterial species and subspecies with 204 indi-
vidual strains were selected for testing. The selected strains were
comprised of type and collection strains from DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Germany), CCM (Czech
Collection of Microorganisms, Czechia), BCCM/LMG (Belgian Coordinated
Collections of Microorganisms, Belgium), and wild strains originating
from various ecological niches stored in collection of the Department of
Microbiology, Nutrition and Dietetics (CULS, Czechia) are listed in
Table 1. Most strains have been identified and characterized previously
(references in Table 1) and other new strains were identified using
MALDI-TOF MS (ethanol-formic acid extraction procedure and mixed
with HCCA matrix, both according to the manufacturer’s instructions;
Bruker Daltonik GmbH, Germany) and sequencing 16S rRNA (B. J. Kim,
Kim, Yun, & Kook, 2010). Stock cultures of bifidobacteria were main-
tained at —80°C in 30% glycerol. The strains were cultivated in
Wilkins-Chalgren broth (Oxoid, UK) supplemented with soya peptone
(5 g/L, Oxoid), 1-cysteine (0.5 g/L, Sigma-Aldrich, USA), and tween 80
(1 mL/L, Sigma-Aldrich) in an oxygen-free carbon dioxide environment
at 37 °C for 48 h. To prepare working cultures, the freshly grown cul-
tures were sub-cultivated overnight and used as an inoculum for future
testing.

2.2. Testing of ability to utilize prebiotic substrates by bifidobacteria

Bifidobacterial strains were investigated for their ability to utilize
different sources of potentially prebiotic substrates. Locust bean gum
from Ceratonia siliqua seeds, guar gum, tragacanth gum, gum arabic,
xanthan gum from Xanthomonas campestris, karaya gum, and starch from
wheat (all, Sigma-Aldrich) were used as a single carbon source in the
final concentration at 2 g/L in API 50 CHL medium (API medium) pre-
pared according to manufacturer’s instructions (BioMérieux, France).
The pH of the medium was adjusted to 7.5 before subsequent steriliza-
tion by autoclaving at 121 °C for 1h. The pH after sterilization was
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2.2.1. 96-Well microtiter plate assay

Bifidobacterial ability to utilize given substrates was performed in
96-well microtiter plates in triplicates. Overnight bifidobacterial cul-
tures were washed and resuspended in bifidobacterial phosphate buffer;
KoHPO4 1.2 g/L, KHyPO4 0.333 g/L (both Lachner, Czechia). Bifido-
bacteria (20 pl) were inoculated into 180 pl API medium supplied with
the tested substrate. Thus prepared microtiter plates were incubated
under anaerobic conditions created by the GENbag anaer (bioMérieux,
France) at 37 °C for 48 h. Glucose (Penta, Czechia) was used as a positive
control for bifidobacteria that were able to grow under given assay. A
negative control without substrate addition was also used. The growth
and utilization of the carbohydrate source was judged by colour change
of the medium from purple to yellow. In addition, the purity and
morphology of positive cultures were checked by phase-contrast
microscopy.

2.2.2. Hungate tube assay

Based on the same principle, the second test was repeated in larger
volumes. API media supplied with the carbohydrate substrates
(mentioned above in Section 2.2.) were prepared and filled with 10 mL
into Hungate tubes using the roll-tube technique in an oxygen-free
carbon dioxide environment and were then sterilized. The overnight
cultures of bifidobacteria were inoculated in volume of 0.5 mL (5% w/v)
and cultivated at 37 °C for 48 h. After that, the colour changes and
morphology of the cultures were observed and pH values were measured
using pH tester Checker Plus (Hanna Instruments, Czechia). For the
selected strains, metabolite formation was assessed via ion-exchange
chromatography (IC) with suppressed conductivity. Moreover, the
growth ability of bifidobacterial strains on the tested substrates was
detected by desk plate method, both as outlined below.

2.3. Microbiological plate assay

After cultivation on tested substrates in Hungate tubes, the bifido-
bacterial counts of the selected strains were evaluated using the plate
method according to Musilova, Rada, Vlkova, Bunesova, and Nevoral
(2015) on Wilkins-Chalgren Anaerobe Agar supplemented with soya
peptone (5 g/L), L-cysteine (0.5 g/L), and tween 80 (1 mL/L). The plates
were cultivated in anaerobic conditions created by the GENbag anaer
(bioMérieux, France) at 37 °C for 48 h.

2.4. Measurement of short chain fatty acid and lactate levels

After testing the bifidobacterial ability to utilize the provided sub-
strates in vitro, primary metabolites such as lactate, acetate and formate,
in the chosen samples were determined by IC with suppressed conduc-
tivity using a ion chromatograph ICS 1600 (Dionex, Sunnyvale, CA,
USA) equipped with an IonPac AS11-HC (Dionex) guard and analytical
columns. The eluent comprised 1-35.5 mM KOH (Erba Lachema) with a
gradient of 1-65min and a flow rate of 1 mL/min. The ASRS 300
(—4 mm) suppressor (Dionex) was used to suppress the eluent conduc-
tivity. Chromatograms were processed and evaluated using the software
Chromeleon 6.80 (Dionex). Standards were prepared from 1 g/L anion
or cation concentrates (Analytika, Czechia; Inorganic Ventures, USA)
and deionised water (conductivity < 0.055 pS/cm; Adrona, Latvia) in
the range of 0.1-40 mg/L. Limits of detection were calculated from a 3:1
signal-to-noise ratio (Shabir, 2003) and for determined anions and cat-
ions the limits of detection.

3. Results
3.1. Bifidobacterial utilization of natural substrates

In total, 204 strains of 60 species and subspecies of bifidobacteria
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Table 1
Utilization of natural substrates by bifidobacteria.
Species Strain code Origin n  Substrates
GLU STA LOC GUAR TRAG ARAB XANT KARA
B. actinocoloniiforme DSM 22766 Bumblebee digestive 1 + - - - - - -
tract
B. adolescentis DSM 20083 Intestine of adult 1 + + - - - - -
DSM 24849 Human faeces 1 + + - - - - -
DSM 20087 Bovine rumen 1 + + - - - - -
CCM 4987 Human intestine 1 + - - - - - -
(B3/8, 1MBif, MB9/3)" Human faeces 3 4+ - - - - _ _
(B1/1, B2/7, B9/1 1)1 Human faeces 3 + + — - - - -
JK7 Infant faeces 1 + + - - - - -
(1/3A, 1/5)% Elephant faeces 2+ + - - - - -
B. aesculapii DSM 26737 Marmoset faeces 1 + + - - + - -
B. angulatum DSM 20098 Human faeces 1 + + - - - - -
PR21/6E Diana Monkey 1+ - - - - -
PR34/7A Patas monkey 1 + + — - - - —
PR23/5D Hamadryas baboon 1 + + + + - - -
B. animalis subsp. animalis DSM 20104 Rat faeces 1 + — — - - _ _
DSM 26074 Wildtype mouse 1+ - - - - - -
(L3, L4, L5, L7)® Lamb faeces 4+ + + + - - -
(02311, 3/10, 012111, 1/11, Calf faeces 6 + + + + - — —
8051112, 813P2)*
L1? Lamb faeces 1+ + + + - - -
805p4* Calf faeces 1+ + + + + - -
B. animalis subsp. lactis DSM 10140 Yoghurt 1+ - - - - - -
Danone — BLAC® Milk product 1+ - - - - - -
Nestlé — BLAC® Infant formula 1 —+ - - - - — _
(ZDK7, ZDK8)® Okapi faeces 2+ - - - - _ _
PR36/2NA Campbell’s mona 1 + - - - - - -
monkey
MUF1°, MUF2 Mouflon faeces 2+ - - - - . _
ZDK1° Cameroon sheep faeces 1 + - - - - - -
ZDK4® Barbary sheep faeces 1+ - - - - - -
s757 Ovine cheese 1 + - - - - _ _
P2N1%, 3N/1, 10/7C, 11/6A German shephard dog 4 + - - - - _ _
MB4/1! Human faeces 1+ - - - - - -
B. asteroides DSM 20089 Hindgut of honeybee 1+ - - - - - -
B. avesanii DSM 100685 Tamarin faeces 1 + - - - - - -
B. biavati DSM 23969 Tamarin faeces 1 + - - - - _ _
B. bifidum DSM 20456 Infant faeces 1 + - - - - _ _
DSM 29521 Stool of breastfed infant 1 + - - - - - -
DSM 20082 Intestine of adult 1 + — — - — _ _
DSM 20239 Infant faeces 1 + - - - — _ _
DSM 20215 Human intestine 1 + - - - - - -
CCM 3762 Human intestine 1 + — - - - _ _
(B10/1, BifiX)* Human faeces 2+ - - - - - -
MA1, V33N, MAS5, KI300, KISM Infant faeces 5 + - - - - - -
NUTRA BONA-BBIF Probiotic product 1 + - - - - - -
B. bohemicum DSM 22767 Bumblebee digestive 1 —+ + - - - - -
tract
B. bombi DSM 19703 Bumblebee digestive 1+ + - - - - -
tract
B. boum DSM 20432 Bovine rumen 1 + + - - - - -
2/3A% Elephant faeces 1 + + - - - _ _
P6° Pig faeces 1+ + - - - - -
P3, P7 Pig faeces 2 + + + + - - -
B. breve DSM 15700 Infant faeces 1 + + - - — _ _
VB-TA1° Infant faeces 1+ + - - - - -
BRO3, Yakult Probiotic product 2+ + - - - - -
B. callitrichos DSM 23973 Common marmoset 1 + - - - - _ _
faeces
B. catenulatum DSM 16992 Human faeces 1 + - - - - - -
CCM 4989 Human faeces, sewage 1 + - - - - - -
(B8/2, B9/1)l Human faeces 2 + — — - — - -
20ToBifN Infant faeces 1 + - - - — _ _
(MB6/2, B3/10)" Human faeces 2 4+ + - - - - -

(continued on next page)



N. Modrackova et al.

Table 1 (continued)
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Species Strain code Origin n  Substrates
GLU STA LOC GUAR TRAG ARAB XANT KARA
MA3 Infant faeces 1 + + - - - — _ _
B. choerinum DSM 20434 Piglet faeces 1 + + - - - — _ _
L6, L7, L9, L12, L13)%, L24 Lamb faeces 6 + + - - - - - -
2312* Calf faeces 1+ + - - - - . -
B. coryneforme DSM 20216 Hindgut of honeybee 1 + - - - - - - -
B. crudilactis LGM 23609 Raw milk, raw milk 1+ - - - - - - -
cheese
(813, 517)7 Ovine cheese 2+ - - - - - - -
B. cuniculi DSM 20435 Rabbit faeces 1 + + - - - - - -
B. dentium DSM 20436 Dental caries 1 + + + + - - - -
J36 Infant faeces 1 + + + + = - - -
PR18/8A, PR42/7C, PR44/7D Chimpanzee 3+ + + + - - - -
PR22/6B Lion-tailed macaque 1 + + + + + - - -
B. eulemuris DSM 100216 Lemur faeces 1 + - - - - - - -
B. faecale PR30/8C Goeldi’s marmoset 1 + + - - - — — _
B. gallicum DSM 20093 Human faeces 1 + + - - - - - -
B. gallinarum DSM 20670 Chicken caecum 1 + - - - — _ _
B. hapali DSM 100202 Faeces of baby common 1 + - - - - - - -
marmosets
B. indicum DSM 20214 Hindgut of honeybee 1 + + - - - - - -
B. kashiwanohense DSM 21854 Infant faeces 1 + - - - - — _ _
BCK-INF Infant faeces 1 + + - - - — _ _
B. lemurum DSM 28807 Ring-tailed lemur faeces 1  + - - - - - - -
B. longum subsp. infantis DSM 20088 Infant faeces 1 + - - - - - - -
DSM 20218 Intestine of infant 1 + - - - - - - —
DSM 20090 Intestine of infant 1 + — — - — — — —
CCM 4990 Human intestine 1 + - - - - - - _
KI13a, KI13b, KI81a, KI82 Infant faeces 4+ - - - - — _ _
Nestlé-BINF Nestlé infant formula 1 + — — - — — — —
NUTRA BONA-BINF Probiotic product 1+ - - - - - - -
B. longum subsp. longum DSM 20219 Intestine of adult + - - - - — _ _
(B1/7, B10/4, B3/5, MB2/1, B10/ Human faeces + - — - — — - _
5, MB6/3, B6/1)", KH36, KH37
B5/8! Human faeces 1 + + - - — _ _ _
K147 Infant faeces 1 + - - - - _ _ _
MA2 Infant faeces 1 + + - - - — _ _
T49 Calf faeces 1 + + - - - — _ _
B. longum subsp. suillum DSM 28597 Pig faeces 1+ - - - - - - -
B. longum subsp. suis DSM 20211 Pig faeces 1 —+ + - - - - - -
(T5/9, 0221D)* Calf faeces 2+ - - - - - . .
B. magnum DSM 20222 Rabbit faeces 1 + - - - - - - -
MOR1/2, MOR2/4 Guinea pig faeces 2+ - - - - - - _
B. merycicum CCM 6492 Rumen of cattle 1 —+ - - - - - - -
B. minimum DSM 20102 Sewage 1 + - - - - — —
B. mongoliense DSM 21395 Airag, Mongolian 1 + - - - - _ _
traditional beverage
B. moukalabense DSM 27321 Wild western lowland 1 + + + + - - - -
gorilla faeces
B. myosotis DSM 100196 Baby common marmoset 1 + + - - — — - -
faeces
B. pseudocatenulatum DSM 20438 Infant faeces 1 —+ + - - - - - -
MA7 Infant faeces 1 + + — — — - _ _
T63 Calf faeces 1 + + - - - - - -
(L15, L17)% Lamb faeces 2 4+ + - - - - - -
PR21/5NC Diana Monkey 1 + + - - - — _ _
PR23/4NA Hamadryas baboon 1 + + - - — — — —
PR25/6NB Black lemur 1 + + - - - - - -
PR19/6A Chinese white-cheeked 1 + + — - — — - -
gibbon
B. pseudolongum* D15/4A, W1, W11 Dog faeces 3 + + + + - - - -
T46, T71, T113 Calf faeces 3 + + - - - _ _ _

(continued on next page)
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Table 1 (continued)

Species Strain code Origin n  Substrates
GLU STA LOC GUAR TRAG ARAB XANT KARA
D17/4H Dog faeces 1+ + - - - - - -
P9, P11 Pig faeces 2+ + - - - _ _ _
JU4/3C, JU4/4E, JU4/3B Spalax faeces 3+ + - - - - - -
PR40/5A Chinese white-cheeked 1 + + — - — — _ _
gibbon
K19, KI81bB Infant faeces 2 + + - - - - - —
B. pseudolongum subsp. globosum DSM 20092 Rumen of cattle 1 —+ + - - - - - -
(L10, L11)* Lamb faeces 2+ + - - - - . .
T19 Calf faeces 1 + + - - - - _ _
BPG-INF Infant faeces 1 + + - - - - - -
B. pseudolongum subsp. DSM 20099 Pig faeces 1 + + - - - — _ _
pseudolongum
B. psychraerophilum DSM 22366 Pig caecum 1+ - - - - - - -
B. pullorum CCM 20433 Chicken faeces 1 + + - - - - - -
CCM 4987 Chicken faeces 1 + + - - - — _ _
B. ramosum DSM 100688 Adult cotton-top 1 + + - - - — _ _
tamarin faeces
B. reuteri DSM 23975 Common marmoset 1 + + - - - - - -
faeces
B. ruminantium CCM 6489 Rumen of cattle 1 + + - - — — _ _
B. saeculare CCM 6531 Rabbit faeces 1 + - - - - - - -
B. saguini DSM 23967 Tamarin faeces 1 + - - - - — — -
B. scardovii DSM 13734 Human blood 1 + - + - - - - -
B. stellenboschense DSM 23968 Tamarin faeces 1 + - - - - - - -
B. stercoris DSM 19555 Human faeces 1 + - - — — — —
B. subtile DSM 20096 Sewage 1 + - - - _ _ _
B. thermoacidophillum subsp. DSM 17755 Piglet faeces 1 + - - - - - -
porcinum
MK60 Calf faeces 1 + + - - - — _ _
B. thermoacidophilum subsp. DSM 15837 Sewage (tofu) 1 + - - - - - -
thermoacidophilum
B. thermophilum DSM 20210 Piglet faeces 1 + + - - - — _ _
DSM 20212 Rumen of cattle 1 + + - - - - - -
(0171111, 0171112, 02511, 12111)* Calf faeces 4 + + - - - - - -
J7 Wild pig faeces 1+ - - - - _ - _
B. tissieri DSM 100201 Baby common 1 + - + - - - - -
marmoset faeces
B. tsurumiense DSM 17777 Hamster dental plaque 1  + + + + - - - -

Bifidobacterial ability to utilize the provided natural substrates was tested in modified API CHL medium supplied with 5 g/L of a prebiotic substrate. The positive
reaction (+) was evaluated as a colour change detection of API 50 CHL medium after 48 h of incubation at 37 °C under anaerobic conditions; and is highlighted in the
table. Utilization of substrates was verified by measurement of primary metabolites for the selected samples (Table 2). n, number of strains; GLU, glucose; STA, starch;
LOC, locust bean gum; GUAR, guar gum; TRAG, tragacanth gum; ARAB, gum arabic, XANT, xanthan gum; KARA, karaya gum,; *, the strains reliably identified to the
species level. Previously identified and characterized strains: human faeces! (Bunesova et al., 2017), elephant faeces® (Bunesova, Vlkova, Rada, Killer, & Kmet, 2013),
lamb faeces® (Bunesova, Vlkova, Killer, Rada, & Rockova, 2012b), calf faeces® (Bunesova, Domig, et al., 2012a), Bifidobacterium animalis subsp. lactis strains®
(Bunesova et al., 2017), variable bifidobacterial strains characterized by ThrS gene6 (J. Killer et al., 2018), ovine cheese’ (Bunesova et al., 2014).

were tested for their ability to utilize 7 different natural substrates, in L3, L4, L5, L7, 02311, 3/10, 012111, 1/11, 8051112, 813P2, 805P4), two

particular, 6 NGs (locust bean gum, guar gum, tragacanth gum, gum
arabic, xanthan gum, and karaya gum), and starch. Utilization ability of
the tested strains with positive (+) or negative (—) result is shown in
Table 1. NG utilization was found to be species and strain dependent. All
bifidobacterial strains were able to use glucose as a control substrate
that confirms the given assay; as well as, they were unable to change
colour based on the pH indicator and produce metabolites in control API
medium without added substrates. Of the 204 tested strains, 29 strains
belonging to 10 species and subspecies, were able to utilize a NG as a
single carbon source in the media. In contrast, the tested starch was
utilized by 114 strains belonging to 37 species and subspecies. The re-
sults indicate that starch, locust bean gum, and guar gum were the most
frequently fermented substrates in case of tested bifidobacteria. Namely,
B. angulatum PR23/5D, twelve strains of B. animalis subsp. animalis (L1,

strains of B. boum (P3, P7), six strains of B. dentium (DSM 20436, J36,
PR18/8A, PR42/7C, PR44/7D, PR22/6B), B. moukalabense (DSM
27321), three strains of B. pseudolongum (D15/4A, W1, W11), and
B. tsurumiense (DSM 17777) utilized locust bean and guar gums, and
starch as well. The ability to utilize gum arabic was found in seven
strains of B. animalis subsp. animalis (02311, 3/10, 012111, 1/11, 805II12,
813P2, 805P4), and to use tragacanth gum in one strain of B. dentium
PR22/6B. Ultimately, only B. aesculapii (DSM 26737), and the strain
805P4 of B. animalis subsp. animalis were able to utilize both mentioned
gums, tragacanth and arabic. Most strains using starch were able to
utilize locust bean gum. However, B. scardovii (DSM 13734) and
B. tissieri (DSM 100201) were able to utilize only locust bean gum and
control glucose without starch. Comparatively, xanthan and karaya
gums were not suitable as a potentially prebiotic source for any of the
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tested bifidobacterial strains.
3.2. Bifidobacterial growth and metabolite formation after cultivation

The visual detection of colour changes after cultivation indicated the
utilization of the tested substrate. The utilization was confirmed by the
detected amounts of monitored metabolites such as lactate, acetate and
formate in the selected samples. The short chain fatty acid and lactate
production by bifidobacteria, pH values and bifidobacterial counts after
cultivation are demonstrated in Table 2. The measured acetate levels
corresponded to the pH values and colour changes. The pH values of the
samples with the positive reaction varied between 4.5 and 5.5. In that
case, the acetate levels were measured around 7-8 mM, mostly two or-
ders of magnitude higher than those at negative controls and samples.
The intermediate products, lactate and formate, were detected in lower
amounts and varied depending on the tested strain and substrate.

The detected counts of bifidobacteria in the samples capable of
growth and utilization of tested substrates attained values 10’-108 CFU/
mL. An increase by 3-4 orders was observed compared to the inocula-
tion dose of 10* CFU/mL. The counts of bifidobacteria on the negative
controls and samples were lesser by two orders (Table 2).

4. Discussion

Bifidobacteria possess sacharolytic type of metabolism with pro-
duction of acetic and lactic acid in a ratio 3:2. By fermentation of some
substrates, ethanol and formic acid can be produced in small amounts
(Amaretti et al., 2007; Bottacini et al., 2017; Falony et al., 2009; Pal-
framan, Gibson, & Rastall, 2003). In our study, the biochemical tests
with bromcresol purple, as pH indicator, were used for evaluation of the
ability of bifidobacteria to utilize natural food thickeners as potentially
prebiotic sources. These tests were sufficient to detect the colour
changes in the media with starch, which were utilized by 112 bifido-
bacterial strains, and media with NGs, which were used only by 28
strains. The growth in the medium detected by cultivation was not found
fully decisive. The basal API medium without carbon sources such as
NGs and starch provided the growth of tested bifidobacterial cultures in
decreased counts (Table 2). The content of peptones and other nutrients
in media, which can be probably used by bifidobacteria to growth with a
limitation, specifically, in two orders of magnitude lesser cultivation
counts than those at positive controls. Therefore, it is necessary to
confirm the results with further analyses. Production of SCFAs and
decrease of pH values were related to the bifidobacterial growth and
substrate utilization that was confirmed just by colour change. This was
linked to two orders of magnitude higher levels of acetate compared to
the negative control. However, the ratio is presumably influenced by the
provided carbohydrate substrate and bifidobacterial species and strain
character (Palframan et al., 2003). In addition, the polymeric structure
of the provided carbohydrate substrate with glucan backbones can
terminate with diverse residues, e.g. galactose in locust bean gum,
which could be utilized by some strains of bifidobacteria (Bunesova
et al., 2012, 2017). This probable mechanism may be used for expla-
nation of partially substrate utilization, although without positive
colour interpretation of the reaction. Therefore, the changes in the
tested parameters, such as increased numbers of cultivated bacteria and
the related decreased pH values and increased acetate levels, may be
detected. For example, xanthan gum contains mannose side chains that
were probably used by B. aesculapi and strain B. animalis subsp. animalis
805P4 with slight increase in the acetate levels. According to Milani
et al. (2015), the genes encoding mannose cleavage are not common
within most genomes of bifidobacterial species; however, the number of
analyzed genomes is still limited.

Based on our results, there can be a correlation between the ability of
bifidobacterial strains to metabolize substrates and the diet of the bac-
terial host. Bifidobacterial strains isolated from faeces of omnivores,
ruminants, and monkeys possessed a high ability to utilize various
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substrates, such as locust bean, guar, and arabic gums. Strains isolated
from dental carries, B. tsurumiense and B. dentium, were able to metab-
olize only locust bean and guar gums, and also starch. Interestingly, one
of these B. dentium strains was isolated from infant faeces. In contrary,
the other bifidobacteria of human origin had shown low utilization
ability that was not influenced by the stage of human life, and only few
strains of those were capable to use starch. Cronin, Ventura, Fitzgerald,
and Van Sinderen (2011) reported, that in case of bifidobacteria, there
are species and strain specific differences in presence of glycosyl hy-
drolases and connected ability to ferment and use the metabolic sub-
strates. Moreover, according to McLaughlin et al. (2015), the ability to
utilize various substrates is usually strain specific within the bifido-
bacterial species. Milani et al. (2015) also confirmed that carbohydrate
metabolism is species dependent. Finally, strain variability of tested
multi-host species, e.g. B. angulatum, B. animalis subsp. animalis, B. boumn,
B. dentium, and B. pseudolongum, indicated strain and host variability in
utilizing the tested natural food thickeners. In contrast, the subspecies
B. animalis subsp. lactis, represented by 16 strains with the variable
origin, were able to grow and utilize only control glucose. Crociani,
Alessandrini, Mucci, and Biavati (1994) stated that bifidobacterial
strains with animal origin revealed reduced complex carbohydrate
fermentation ability compared to the strains with human origin. In our
case, conversely, the results indicate the better NG and starch utilization
by bifidobacteria of animal origins. However, since their testing of
complex saccharides, the identification and taxonomy of bifidobacteria
has been significantly improved (Killer, Mekadim, Pechar, Bunesova, &
Vlkova, 2018) and the genus Bifidobacterium has considerably expanded
(Lugli et al., 2018); therefore, further testing and verification is
desirable.

In our study, there were used six NGs, such as locust bean, guar,
tragacanth, arabic, xanthan, and karaya gums, which are the final
products of a process called gummosis. The mechanism of gum creation
is not clearly understood, but it is obviously considered that plant-
derived gums are formed by the decaying of carbohydrate plant tis-
sues, which are then transformed into the form of exudates excreted
from specialized bodies (Goswami & Naik, 2014; Williams, 2016). For
instance, arabic, karaya, and tragacanth gums are tree exudates;
whereas guar and locust bean gums are seed-derived (Choudhary &
Pawar, 2014). Thanks to the technically beneficial character of starch
and NGs, some of them could be usable as potentially prebiotic pack-
aging materials for bifidobacteria (Lian, Hsiao, & Chou, 2002; Sun &
Griffiths, 2000). Moreover, prebiotic substrates could be also used in
synbiotic mixture with probiotics for desirable synergistic effect (Cencic
& Chingwaru, 2010; de Vrese & Schrezenmeir, 2008).

Based on this study, some NGs exhibited prebiotic potential for the
growth of several strains of bifidobacteria, in particular, locust bean and
guar gums were the most used substrates; tragacanth and arabic gums
were also utilized, but a little less than mentioned previous. On the other
hand, the most strains of bifidobacteria were able to use starch, which is
a common part of human and animal diet. In case of bifidobacterial
metabolism, starch is an universal source of carbon, which is degradable
by bifidobacteria (Liu et al., 2015) with following production of SCFAs
(Haenen et al., 2013). For example, the genomes of B. adolescentis
(Duranti et al., 2014) and B. choerinum (Jung et al., 2018) contain genes
encoding utilization of starch. As well as, B. pseudolongum revealed
significant ability in hydrolysis of resistant starch (Centanni et al.,
2018). Furthermore, our study indicates that most strains of
B. adolescentis, B. boum, B. choerinum, B. dentium, B. pseudolongum, and
B. thermophilum had showed frequent starch utilization ability. Never-
theless, starch as prebiotic substrate is not sufficiently selective and is
utilized also by potentially pathogenic bacteria, such as clostridia (Luo
et al., 2018). The non-selectivity of some prebiotics has been empha-
sized previously (Bunesova et al., 2012; Rada et al., 2008). However,
resistant and modified starch, e.g. Nutriose, could be potentially prebi-
otic source for bifidobacteria (Kim, Shin, Lee, Moon, & Lee, 2018) with
the ability to reduce Clostridium perfringens (Lefranc-Millot et al., 2012).
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Table 2
Growth and metabolite formation of selected bifidobacterial species.
Species Strain code Medium pH log CFU/mL Metabolite production (mM)
Lactate Acetate Formate

B. aesculapii DSM 26737 API 5.89 5.38 0.30 5.28 0.27
GLU 4.55 6.30 2.12 8.41 0.60
STARCH 4.92 7.65 1.56 7.35 0.29
LOCUST 6.38 5.39 0.10 6.29 0.03
GUAR 6.30 6.64 0.03 6.51 0.16
TRAG 5.44 7.70 0.48 6.66 0.42
ARAB 5.32 7.87 0.20 7.20 0.03
XANT 6.11 5.04 0.09 6.93 0.04
KARAYA 5.76 5.23 0.03 6.70 0.03

B. angulatum PR23/5D API 6.04 6.53 0.04 5.33 0.04
GLU 4.57 6.44 2.29 8.54 0.57
STARCH 4.82 7.54 1.90 7.62 0.30
LOCUST 4.63 6.66 1.99 7.97 0.54
GUAR 4.65 6.53 1.72 7.85 0.71
TRAG 5.71 7.16 0.42 5.98 0.39
ARAB 5.69 5.28 0.52 6.04 0.29
XANT 6.02 6.61 0.38 5.81 0.21
KARAYA 5.86 7.04 0.37 6.15 0.18

B. animalis subsp. animalis 805P4 API 5.97 6.48 0.31 5.42 0.16
GLU 4.53 8.22 1.45 8.42 1.05
STARCH 5.28 8.44 0.51 6.68 0.61
LOCUST 4.62 8.22 1.81 7.75 0.53
GUAR 4.57 8.35 1.76 8.79 0.82
TRAG 6.12 7.35 0.24 6.44 0.03
ARAB 5.26 8.18 0.53 6.57 0.17
XANT 6.06 6.92 0.24 7.38 0.06
KARAYA 5.89 7.24 0.19 6.42 0.04

B. boum P7 API 6.04 6.98 0.10 6.11 0.03
GLU 4.70 6.78 0.77 8.54 1.38
STARCH 4.81 7.64 1.89 7.42 0.20
LOCUST 4.73 6.54 2.07 7.80 0.33
GUAR 4.75 5.62 1.52 7.61 0.59
TRAG 6.00 7.74 0.45 5.63 0.16
ARAB 6.25 7.61 0.31 5.36 0.12
XANT 6.20 6.34 0.30 5.52 0.13
KARAYA 5.96 7.42 0.25 5.55 0.10

B. dentium PR18/8A API 5.97 5.65 0.33 5.31 0.13
GLU 4.57 7.56 1.72 8.37 0.81
STARCH 4.86 7.59 1.70 7.61 0.22
LOCUST 4.63 8.24 2.24 7.97 0.27
GUAR 4.64 8.06 1.86 8.53 0.79
TRAG 5.88 7.59 0.55 6.82 0.05
ARAB 5.94 7.38 0.40 6.52 0.04
XANT 6.14 5.93 0.35 5.81 0.05
KARAYA 5.92 7.89 0.31 6.56 0.04

B. moukalabense DSM 27321 API 5.92 7.49 0.44 5.25 0.21
GLU 4.56 6.78 2.22 8.30 0.57
STARCH 4.89 7.63 1.55 7.07 0.32
LOCUST 4.50 7.02 2.82 8.58 0.39
GUAR 4.85 4.84 1.60 7.26 0.19
TRAG 5.64 6.27 0.42 5.62 0.29
ARAB 6.17 6.44 0.36 5.32 0.12
XANT 6.14 6.54 0.38 5.50 0.10
KARAYA 5.96 7.57 0.51 6.02 0.13

B. pseudolongum w1 API 6.05 6.55 0.73 5.13 0.10
GLU 4.66 8.22 1.56 8.26 0.81
STARCH 4.85 8.02 1.75 7.58 0.20
LOCUST 4.67 8.57 2.10 7.99 0.35
GUAR 4.74 8.80 1.56 7.87 0.54
TRAG 5.85 7.63 0.66 5.78 0.04
ARAB 6.28 7.50 0.48 4.41 0.03
XANT 6.06 7.19 0.53 5.20 0.04
KARAYA 5.95 7.27 0.64 5.71 0.10

B. scardovii DSM 13734 API 5.93 6.94 0.32 5.43 0.23
GLU 4.62 7.67 2.13 8.22 0.51
STARCH 6.23 7.03 0.31 5.52 0.24
LOCUST 4.66 8.26 1.77 7.83 0.45
GUAR 5.26 8.62 0.43 6.42 0.63
TRAG 6.06 7.48 0.33 5.35 0.14

(continued on next page)



N. Modrackova et al.

Table 2 (continued)
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Species Strain code Medium pH log CFU/mL Metabolite production (mM)
Lactate Acetate Formate

ARAB 6.15 7.31 0.19 5.85 0.11
XANT 5.92 7.55 0.31 5.50 0.20
KARAYA 5.83 6.72 0.39 5.78 0.05

B. tissieri DSM 100201 API 5.85 6.30 0.17 5.13 0.07
GLU 4.49 6.78 2.17 8.31 0.59
STARCH 5.73 6.40 0.29 5.25 0.34
LOCUST 4.78 7.41 0.62 7.38 1.16
GUAR 5.57 7.32 0.27 5.97 0.50
TRAG 5.81 7.36 0.73 5.74 0.36
ARAB 5.82 7.34 0.46 5.59 0.40
XANT 5.92 6.93 0.31 5.52 0.31
KARAYA 5.72 6.57 0.30 6.10 0.30

B. tsurumiense DSM 17777 API 6.01 5.89 0.30 4.96 0.04
GLU 4.52 8.39 2.04 8.34 0.91
STARCH 5.09 7.97 1.11 6.29 0.21
LOCUST 4.69 7.82 1.47 7.79 0.69
GUAR 4.83 8.14 0.92 7.41 0.80
TRAG 5.77 7.74 0.53 5.34 0.04
ARAB 6.17 6.30 0.38 5.33 0.04
XANT 6.09 6.47 0.28 3.76 0.03
KARAYA 5.89 6.51 0.41 5.04 0.04

Formation of lactate, acetate, and propionate of selected bifidobacterial species in API 50 CHL medium supplied with 5 g/L of a prebiotic substrate was measured after
48 h of incubation by ion-exchange chromatography with suppressed conductivity. The analysis was further enhanced by measuring the pH values and determining the
cultivation numbers of bifidobacteria. The positive reaction is highlighted in the table.

Moreover, some bifidobacteria are specialized human/infant gut com-
mensals, for example B. bifidum and B. longum subsp. infantis that is
reflected in their metabolism. These bifidobacterial species are able to
utilize human milk oligosaccharides (LoCascio, Desai, Sela, Weimer, &
Mills, 2010; Rockova et al., 2012; Sela et al., 2008; Turroni et al., 2014)
and only B. bifidum can degrade and grow also in presence of mucin
(Duranti et al., 2015; Ruas-Madiedo, Gueimonde, Fernandez-Garcia,
Reyes-Gavilan, & Margolles, 2008).

The environment of host gastrointestinal tract, in which bifidobac-
teria live, is associated with their metabolic adaptation. The gut is an
important source of a wide range of complex carbohydrates, which are
not used during the passage through the upper parts of the intestines,
and which bifidobacteria can metabolize due to the content of genes
encoding enzymes for carbohydrate cleavage in the bifidobacterial ge-
nomes (Milani et al., 2016; Pokusaeva, Fitzgerald, & van Sinderen,
2011). Our study also indicates that bifidobacteria may presumably
adapt to the environment in which their hosts live. For example,
B. animalis subsp. animalis of ruminant origin revealed increased ability
to utilize the natural plant substrates in contrast to the strains of
omnivore origin. The diet changes are directly connected with the spe-
cies representation in the intestinal microbiota (Flint, Duncan, Scott, &
Louis, 2015). The presence of these microbial representatives is associ-
ated with coevolution of the host and is closely related to the host’s
microbiome (Albert, Rani, & Sela, 2018). Thus, NG induction into the
host diet could positively influence the composition of microbial rep-
resentatives with desirable properties for following host life.

5. Conclusion

The ability of bifidobacteria to utilize natural food thickeners was
host, species and strain dependent. Bifidobacterial strains with animal
origin were able to utilize a wider range of available substrates, whereas
strains of human origin were not. Locust bean, guar, tragacanth, and
arabic gums represent possible potentially prebiotic sources in animal
nutrition and can ensure the protection of administered bifidobacteria,
as well. Frequently detected bifidobacterial starch utilization reflects its
high content in the diet of human and various animals; however, for the
application of starch as a prebiotic substrate, it is advisable to use its
modified and resistant forms to avoid the promotion of undesirable
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Abstract: Dietary plant glucosides are phytochemicals whose bioactivity and bioavailability can be
modified by glucoside hydrolase activity of intestinal microbiota through the release of
acylglycones. Bifidobacteria are gut commensals whose genomic potential indicates host-adaption
as they possess a diverse set of glycosyl hydrolases giving access to a variety of dietary glycans. We
hypothesized bifidobacteria with B-glucosidase activity could use plant glucosides as fermentation
substrate and tested 115 strains assigned to eight different species and from different hosts for their
potential to express [3-glucosidases and ability to grow in the presence of esculin, amygdalin, and
arbutin. Concurrently, the antibacterial activity of arbutin and its acylglycone hydroquinone was
investigated. Beta-glucosidase activity of bifidobacteria was species specific and most prevalent in
species occurring in human adults and animal hosts. Utilization and fermentation profiles of plant
glucosides differed between strains and might provide a competitive benefit enabling the intestinal
use of dietary plant glucosides as energy sources. Bifidobacterial 3-glucosidase activity can increase
the bioactivity of plant glucosides through the release of acylglycone.

Keywords: amygdalin; arbutin; esculin; bifidobacteria; (3-glucosidase; hydroquinone; antibacterial
activity

1. Introduction

Phytochemicals are found in leaves, fruits, vegetables, grains, and beans. Some glycosidic
phytochemicals have been used in traditional medicine for centuries [1]. For example, the phenolic
[-glucoside arbutin is a component of Arctostaphylos uva-ursi (bearberry leaf), which has been used
in urinary tract infections [2]. Other plant derived {-glucosides include amygdalin (naturally
occurring in almonds), esculin (dandelion coffee), fraxin (kiwi), polydatin (grapes), sinigrin
(broccoli), and vanillin (vanilla) [3]. The biological effects of many glycosides are not attributed to
their glycoside forms but to the corresponding aglycones (Figure 1). Aglycones are bioactive
compounds that have lower molecular weight and hydrophilicity. After consumption, plant
glucosides can be either taken up in the small intestine and undergo enterohepatic circulation, or they
can be hydrolyzed by glycosidic activity of the gut microbiota [2]. Bacterial $-glucosidases, which
have been classified within glycoside hydrolases (GH) families GH1, GH3, GH5, GH9, GH30, and
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GH116, cleave (3-D-glucosidic linkages liberating glucose and the corresponding acylglycones. Some
acylglycones have been shown to be antimicrobially active [4].
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Figure 1. Structures of dietary plant glucosides (amygdalin, arbutin, and esculin) and their products
after B-glucosidase hydrolysis.

Several taxa of the major gut colonizers Firmicutes, Bacteroidetes and Actinobacteria possess [3-
glucosidase activity [5]. Bifidobacterium spp. (Actinobacteria) represent an important group of human
commensals, being among the first microbial colonizers with considerable relevance for health in
later life [6,7]. Intestinal competitiveness of bifidobacteria is attributed to their ability to degrade and
metabolize a diversity of carbohydrates, and to carbohydrate resource sharing and cross-feeding
[8,9]. Host adaptation seems to be linked to the ability to use dietary or host-derived glycans in a
glycan-rich gut environment and differs between species and strains [10,11]. Bifidobacterium spp.
frequently possess the potential to encode a wide array of glycosyl hydrolases, including f-
glucosidases [12].

In humans, prevalence and diversity of members of the genus Bifidobacterium change in
succession during life, with the species Bifidobacterium longum subsp. infantis and Bifidobacterium
bifidum representing about 80% of the intestinal microbiota of infants, while Bifidobacterium
adolescentis, Bifidobacterium longum subsp. longum, Bifidobacterium breve, Bifidobacterium catenulatum,
and Bifidobacterium pseudocatenulatum prevail in adults representing about 1% of gut microbes [13—
18]. Colonization of B. bifidum and B. breve seems to be limited to the human intestinal tract [12,19],
whereas B. adolescentis, B. longum subsp. longum, Bifidobacterium animalis subsp. animalis and lactis, B.
catenulatum, and B. pseudocatenulatum are considered multi-host species that were isolated from other
mammals such as dogs, primates, and young ruminants on the milk diet [11,20]. Bifidobacterium
dentium likely colonizes the oral cavity, and might only transiently pass the intestine [21,22].
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Bifidobacterium spp. are common inhabitants of the human intestinal tract throughout life, and
intestinal bifidobacterial 3-glucosidase activity might modify the bioactivity and bioavailability of
dietary plant glucosides. However, as there has been no systematic investigation, we tested 115
Bifidobacterium strains belonging to eight species that were associated with different hosts for 3-
glucosidase activity, the ability to grow in the presence of the coumarin glucoside esculin, the
cyanogenic diglucoside amygdalin and the phenolic 3-glucoside arbutin (Figure 1), and investigated
the antibacterial activity of arbutin and its acylglycone hydroquinone. We additionally used genomic
data of representative strains to screen for the presence of (3-glucosidases encoding genes.

2. Materials and Methods

2.1. Bacterial Strains

Bifidobacterial strains (n=115) of the species B. adolescentis, B. animalis, B. bifidum, B. breve, B.
dentium, B. longum, and B. catenutalum, and B. pseudocatenulatum were obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Germany) or the strain collection of the
Department of Microbiology, Nutrition, and Dietetics (CZU, Czechia) (Table 1). Strain identity was
confirmed with MALDI-TOF MS (Bruker Daltonik GmbH, Germany) according to Modrackova et al.
(2019) [23]. MALDI-TOF MS failed to distinguish B. catenulatum and B. pseudocatenulatum, and to
identify subspecies of B. longum. Subspecies of B. animalis were classified in previous studies
[11,24,25]. Strains were routinely cultured in Wilkins—Chalgren broth (Oxoid, UK) supplemented
with soya peptone (5 g L1, Oxoid), L-cysteine (0.5 g L), and Tween 80 (1 mL L, both Sigma-Aldrich,
USA) (WSP broth) in an oxygen-free carbon dioxide environment at 37 °C for 24 h. Stock cultures
were stored at -80 °C in 30% glycerol and were reactivated in WSP broth for 24 h to obtain working
cultures. Purity was routinely confirmed by phase-contrast microscopy.

Table 1. Bifidobacterial utilization of B-glucosylated substrates during growth, and p-glucosidase
activity. The ability to utilize plant glucosides was tested in API 50 CHL media. The color change
detection of cultivation media after 72 h of incubation at 37 °C under anaerobic conditions was
determined spectrophotometrically (434 nm/588 nm). A ratio of <2 was considered no growth (-); 2.1-
2.4: poor growth (+); 2.5-3.4: growth (++); and >3.5: very good growth (+++). Beta-glucosidase activity
was tested by enzymatic assay with 4-nitrophenyl p-D-glucopyranoside (3-GLU) as substrate with
spectrophotometric measurement at 405 nm; the difference of >0.1 was considered positive (+). The
release of the acylglycone from esculin was determined visually using ammonium iron citrate as

scavenger (ESN rel.).

Species/Subspecies Strain Origin GLU ESC AMYG ARB API B-GLU ESN rel.

B. adolescentis DSM 20083  Intestine of adult - - - - + +

B34 Stool of infant - +H+ - - + +

B35 Stool of infant o+ -+ + - + +

B36 Stool of infant - - - - 4R +

B38 Stool of infant o+ - - - + +

B2 Stool of adult ++ - ++ - - 4R +

B9 Stool of adult ++ - ++ - - 4R +

B30 Stool of adult - +H+ - - +R +

B39 Stool of adult o+ +++ =+ - + +

B41 Stool of adult - -+ - - + +

B56 Stool of adult + - - - - ¥ +

PEG038 Stool of adult - +H+ - - + +

10/6d Dog feces - 4+ - - + +

B. animalis subsp. animalis DSM 20104 Rat feces +++ - - - - + +

805P4 Calf feces o - - - 4R +

012111 Calf feces o+ - - - 4R +

02311 Calf feces - - - - 4R +

J1(L1) Lamb feces ++ - - - - 4R +

J5 (L4) Lamb feces =+ o+ - - - 4R +

J6 (L3) Lamb feces o+ - - - +

B. animalis subsp. lactis DSM 10140 Yoghurt +++ - ++ - - +

BB12 Probiotic product o+ ++ - - + +
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Dan Probiotic product ++ + +++ - + +

Nestlé Infant nutrition o+ ++ - + +

S7 Ovine cheese o+ ++ - + +

B22 Stool of infant o+ ++ - + +

B25 Stool of infant +H+ o+ +++ - + +

PEG042 Stool of adult +H+ - +++ - + +

PEG084 Stool of adult ++ + ++ +++ + +

P2N1 Dog feces +++ - - - + +

43/7nb Dog feces - - - + +

11/6a Dog feces +H+o - - - + +

ZDK1  Cameroon sheep feces ++ ++  +++ - + +

ZDK4 Barbary sheep feces ~ ++  ++ ++ - + +

ZDK7 Okapi feces +H+ +++ - + +

B. bifidum DSM 20456 Stool of infant - - - - -

DSM 20239 Stool of infant H+ - - - -

B6 Stool of infant +H+ - - - -R -

B33 Stool of infant - - - R -

B10 Stool of adult H+ - - - -R -

B29 Stool of adult +H+ - - - -R -

B40 Stool of adult - - - - -

B55 Stool of adult H+ - - - - -

B. breve DSM 20213  Intestine of infant ++ e + +

BRO3 Probiotic product +H+ ++ - + +

B13 Stool of infant o ++ +R +

B14 Stool of infant H+ e +R +

B37 Stool of infant o - + +

B42 Stool of infant o ++ +++ + +

B43 Stool of infant - ++ - + +

B50 Stool of infant i e s e = + +

B57 Stool of infant A - + +

PEG010 Stool of adult o +++ - + +

PEG064 Stool of adult +H+ - + +

PEGO071 Stool of adult +H+ +++ - + +

PEG074 Stool of adult R o ++ + +

B. catenulatum DSM 16992 Human feces A +++ + +
B. catenulatum subsp. ~ DSM 21854 Stool of infant

kashiwanohense AR AR * * *

B. pseudocatenulatum ~ DSM 20438 Stool of infant R o + +
B. catenulatum/ B12 Stool of infant

pseudocatenulatum LA A ) +R +

B46 Stool of infant ++ o +

B48 Stool of infant +H+ - - + +

B23 Stool of adult o+ +++ - +R +

B32 Stool of adult o+ +++ - 4R +

B51 Stool of adult ++ - +++ - + +

B52 Stool of adult +H+ o+ - +++ + +

B53 Stool of adult - ++ - + +

22/4nb Dog feces A - + +

B. dentium DSM 20436 Dental caries A - + +

FD1 Stool of infant o+ o +A +

TH1 Stool of infant R o - +A +

VOK I Stool of infant +H+ +++ - +A +

PEGO020 Stool of adult +H+ e + +

Al/5A Monkey feces o e +A +

N12 Monkey feces e +A +

N21 Monkey feces A +4 +

N23 Monkey feces o A +A +

N26 Monkey feces o A +A +

N77 Monkey feces A +A +

N79 Monkey feces A +4 +

N105 Monkey feces A e +A +

N109 Monkey feces A +A +

N110 Monkey feces Enn i +A +

N111 Monkey feces A e +A +

N112 Monkey feces A +A +



Microorganisms 2020, 8, 839 5 of 16

B. longum subsp. infantis DSM 20088 Stool of infant - - - - - -
B. longum subsp. longum DSM 20219  Intestine of adult - - - -
B. longum subsp. suillum DSM 28597 Feces of piglets - - - -

B. longum subsp. suis ~ DSM 20211 Pig feces +++ - +++ - - + -
5/9 Calf feces - - - - - _

B. longum INFNUT Probiotic product ++ - - - _ _ _
B3 Stool of infant - - - - R _
B4 Stool of infant ++ - - - - R -
B7 Stool of infant - - - - - -
B8 Stool of infant - - - - - _
B11 Stool of infant +++ - - - - - -
B16 Stool of infant - - - - - -
B17 Stool of infant - - - - _R _
B19 Stool of infant - - - - R -
B20 Stool of infant ++ - - - - R _
B27 Stool of infant ++ - - - - - -
B28 Stool of infant - - - - - _
B44 Stool of infant - - - - _A _
B49 Stool of infant - - - - - -
Bl Stool of adult - - - _ + _
B26 Stool of adult - - - - R _
PEGO057 Stool of adult - - - - - -
PEG059 Stool of adult - - - - - -
PEGO080 Stool of adult ++ - ++ - - + +
PEG104 Stool of adult - - - - - _
02211 Calf feces - - - - R _
10/6b Dog feces - - - - + +
32/3na Dog feces - - - - + _
33/5nb Dog feces ++ - - - - + _
33/4nc Dog feces ++ - - - - + -

GLU, glucose; ESC, esculin; AMYG, amygdalin; ARB, arbutin; API, negative control; -GLU, f3-
glucosidase activity; ESN rel., esculetin release; superscript letter A, the shown reaction
(positive/negative) of 3-glucosidase activity is confirmed by ANAEROtest 23; and superscript letter
R, the shown reaction of 3-glucosidase activity is confirmed by RAPID ID 32 A.

2.2. Utilization of Selected Dietary Plant Glucosides

The ability of bifidobacteria to utilize glucosylated substrates was investigated in sterile 96-well
microtiter plates (VWR, USA). Stock solutions of esculin (7-hydroxycoumarin-6-glucoside; Sigma-
Aldrich), amygdalin  (D-mandelonitrile-3-gentiobioside; ~ Sigma-Aldrich), and arbutin
(hydroquinone-p-D-glucopyranoside; Alfa Aesar, USA) were prepared in concentrations
corresponding to 28 mM (5 g L) glucose (Penta, Czechia) in API 50 CHL medium (BioMérieux,
France) with bromocresol purple as a pH indicator, and were filter sterilized. Glucose served as a
growth positive control, API medium without added substrate was used to determine background
growth.

Overnight cultures were centrifuged and re-suspended in the same volume of API medium.
Strains were added (20 pL) to 180 uL API medium with or without added substrate. Plates were
incubated under anaerobic conditions (GENbag anaer, bioMérieux, France) at 37 °C for 72 h. The
color change from purple to yellow indicated a positive reaction. We measured absorbance at 434 nm
and 588 nm using a Tecan Infinite M200 spectrometer (Tecan Group, Mannedorf, Switzerland) and
calculated the ration 434/588 [26], which was categorized as: no growth (<2); poor growth (2.1-2.4);
growth (2.5-3.4); and very good growth (>3.5). Every strain was tested two or three times.

2.3. Metabolite Formation Analysis Using Ion Chromatography with Suppressed Conductivity Detection

Concentration of main fermentation metabolites lactate, acetate, and formate, was determined
for selected strains using capillary high-pressure ion-exchange chromatography with suppressed
conductivity detection. A Dionex ICS 4000 system equipped with IonPac AS11-HC 4 um (Thermo
Scientific, USA) guard and analytical columns. Eluent composition was as follows: 0-10 min isocratic:
1 mM KOH; 10-20 min linear gradient: 1-60 mM KOH; and 20-25 min again isocratic: 60 mM KOH.
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The flow rate was set to 0.012 mL min™. An ACES 300 suppressor (Thermo Scientific, USA) was used
to suppress eluent conductivity, while a carbonate Removal Device 200 (Thermo Scientific) was
implemented to suppress carbon dioxide baseline shift. Chromatograms were processed with
Chromeleon 7.20 (Dionex, USA). Standards were prepared from 1 g L stock solutions (Analytika,
Czechia; Inorganic Ventures, USA). Deionized water (conductivity <0.055 uS cm™; Adrona, Latvia)
was used for eluent and standard preparation (0.1-40 mg L1).

2.4. Determination of Whole Cell B-Glucosidase Activity, and Release of the Acylglycone Esculetin

Beta-glucosidase activity of whole cells was assessed by enzymatic assay with 4-nitrophenyl (3-
D-glucopyranoside (PNP-G; Sigma-Aldrich, USA) as substrate. All samples were tested at least twice.
Overnight cultures (1 mL) were centrifuged, supernatant was discarded and cell pellets were frozen
at 20 °C. Frozen cells were re-suspended in 20 uL BifiBuffer (1.2 g L1 KzHPO4, 0.333 g L' KH2POq;
Lachner, Czechia), 1 pL of this suspension was added to 99 uL of PNP-G solution (20 mM in
Bifibuffer). Absorbance at 405 nm was measured before and after 4 h of incubation at 37 °C using a
Tecan Infinite M200 spectrometer: reactions with a difference of absorbance >0.1 units were
considered positive.

For selected strains, 3-glucosidase activity was additionally tested using kits RAPID ID 32 A
(bioMerieux, France), or ANAERO test 23 (Erba Lachema, Czechia) which employ PNP-G.

The release of esculetin from esculin was tested using ammonium iron citrate (Sigma Aldrich,
USA) as scavenger, the reaction of esculetin with ferric ions changes the color from purple to opaque
black. Bifidobacteria were inoculated in API medium supplied with 10.2 g L' esculin (corresponding
to 28 mM solution of glucose) and 1 g L' ammonium iron citrate in microtiter plates as described
above; and were incubated under anaerobic conditions (GENbag anaer) at 37 °C for 72 h. The color
change was assessed visually. Every strain was tested at least twice.

2.5. Antibacterial Activity of Arbutin and Hydroquinone against Selected Bifidobacterium Strains

The antibacterial activity of arbutin and its acylglycone hydroquinone (Sigma-Aldrich, St. Louis,
MI, USA) was tested using two-fold broth dilution assay in 96-well sterile microtiter plates. Overnight
cultures of selected strains (DSM 20083, DSM 20104, DSM 10140, DSM 20456, DSM 20213, DSM 20211,
DSM 20219, and DSM 20088), which represented five of the species tested (Table 2), grown in WSP
broth, were centrifuged, and the cell pellet was resuspended in the same volume of API medium
supplied with 14 mM glucose. A two-fold dilution series was prepared in microtiter plates using API
stock solutions containing 14 mM glucose, and 28 mM arbutin or hydroquinone. Cultures (10%) were
added, and plates were incubated under anaerobic conditions (GENbag anaer) at 37 °C for 24 h.
Absorbance at 434 and 588 nm was determined using a spectrophotometer and the ratio of 434
nm/588 nm was calculated as described above. The minimal inhibitory concentration (MIC) was
defined as the concentration that prevented growth, metabolite formation and thereby color change
of the API medium. Every strain was analyzed at least three times.

Table 2. Minimal inhibitory concentrations of hydroquinone and arbutin. Minimal inhibitory
concentrations (MIC) were determined using a two-fold dilution assay in microtiter plates and API
medium supplied with glucose (14 mM), and hydroquinone or arbutin. The MIC was defined as the
concentration that completely inhibited growth of strains determined using the absorbance ration 434
nm/588 nm. MIC were tested in 3-5 independent replicates.

Minimal Inhibitory Concentration (mM)

Species or Subspecies Strain Hydroquinone Arbutin
B. adolescentis DSM 20083 0.05-0.10 >25.5
B. animalis subsp. animalis DSM 20104 <0.05 >25.5
B. animalis subsp. lactis ~ DSM 10140 0.10-0.20 >25.5
B. bifidum DSM 20456 0.10-0.20 >25.5
B. breve DSM 20213 0.10-0.20 >25.5

B. longum subsp. suis DSM 20211 <0.05 >25.5
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B. longum subsp. longum ~ DSM 20219 <0.05 >25.5
B. longum subsp. infantis  DSM 20088 <0.05 >25.5

To test whether the presence of arbutin in API medium impacted growth, we additionally
conducted growth kinetics of selected strains that were able or lacked the ability to grow with arbutin
in API medium supplied with 28 mM glucose, 14 mM glucose and 14 mM arbutin, or 28 mM arbutin
to ensure the availability of the same concentration of glucose. Strains were grown in microtiter plates
as described before, and absorbance was measured at 0, 3, 6, 9, 12, 24, 30, 36, and 48 h at 434 and 588
nm, to calculate the ratio of 434 nm/588 nm as described above.

2.6. Identification and Comparison of B-Glucosidases Encoded by Representative Bifidobacterium spp. of the
Species Investigated

Homologues of previously characterized -glucosidases of B. animalis subsp. lactis [27] and B.
pseudocatenulatum IPLA 36007 [28] were identified in genomes of B. adolescentis DSM 20083
(AP009256), B. animalis subsp. lactis BB12 (CP001853.1), DSM 10140 (CP001606.1), B. animalis subsp.
animalis DSM 20104 (CP002567.1), B. bifidum DSM 20456 (AP012323.1), B. breve DSM 20213
(ACCG02000000), B. longum subsp. longum DSM 20219 (AP010888.1), B. longum subsp. infantis DSM
20088 (CP001095.1), B. longum subsp. suis 20211 (JGZA01000002.1), B. catenulatum DSM 16992
(ABXY01000009.1), B. catenulatum subsp. kashiwanohense DSM 21854 (JGYY01000015.1), B.
pseudocatenulatum DSM 20438 (ABXX02000004.1) and B. dentium DSM 20436 (FNSE01000001.1) using
blastP. To identify additional -glucosidases, genomic data were obtained from NCBI and were
annotated with RAST using default settings [29]. Glycosyl hydrolases of family 1 and 3 were
identified using the dbCAN database based on a search for signature domains of every CAZyme
family [30].

3. Results

3.1. Distribution of (Putative) p-Glucosidases Encoding Genes in Genomes of Representative Bifidobacterium
spp.

We screened the genomes of selected strains for the presence of GH1 and GH3 encoding genes
(Table 3). Homologous proteins related to the four GH3 [-glucosidases characterized in B.
pseudocatenulatum IPLA 36007 were present in B. adolescentis DSM 20083, B. breve DSM 20213, B.
catenulatum subsp. kashiwanohense DSM 21854, B. catenulatum DSM 16992, and B. pseudocatenulatum
DSM 20438. Multiple 3-glucosidases (n=1 GH1, and n=11 GH3) were encoded by the genome of B.
dentium DSM 20438 including homologues to the four (3-glucosidases of B. pseudocatenulatum IPLA
36007. Strains of B. animalis harbored a homologue of Bbg572 (GH1) of B. animalis subsp. lactis SH5,
and in addition a homologue of r-B-gluE of B. pseudocatenulatum IPLA 36007. The distribution of -
glucosidases in B. longum differed between subspecies, B. longum subsp. longum DSM 20219 and B.
longum subsp. suis DSM 20211 possessed homologues of r-B-gluE, which were also highly similar
(>96%) to a characterized (3-glucosidase of B. longum H1 [31], while r-B-gluD was present in all three
subspecies but was truncated in B. longum subsp. longum DSM 20219. B. longum subsp. infantis DSM
20288 additionally possessed a homologue of Bbg572. B. bifidurn DSM 20456 harbored only one
putative GH1 p-glucosidase with low homology to Bbg572.



Microorganisms 2020, 8, 839

8 of 16

Table 3. Distribution of -glucosidases in representative strains of Bifidobacterium species. Beta-glucosidases putatively encoded by the genomes were compared to
characterized B-glucosidases of B. animalis subsp. lactis SH5 (Bbg572, GHI) or to four GH3 p-glucosidases r-B-gluA, r-B-gluB, r-B-gluD, and r-B-gluE of B.
pseudocatenulatum IPLA36007.

Characterized Beta-Glucosidase

GH Family 1 GH family 3
Species Strain Bbg572 r-f-gluk r-p-gluB r-p-gluD r-f-glud Not YE:ICh:r.T;terized B-
(IX274651) (AW18_08090, (AW18_09810, (AW18_08145, (AW18_01575, ucosidases
461 AA KEF28001.1) KEF27912.1) KEF28010.1) KEF29323.1)
787 AA 809 AA 748 AA 964 AA
DSM EFE88733.1A EFE90113.1 EFE88739.1 EFE90117.1
B. breve 20213 - 93%1,90% P 80% 1,97% P 82%1,90% P 70%1, 81% P
in 774 AA in 833 AA in 757 AA in 811 AA
DSM BAF39978.1 BAF40379.1 BAF39975.18 BAF40392.1
B. adolescentis 20083 - 96% 1, 98% P 90% 1, 94% P 85%1,92% P 97% 1, 93% P BAF40391.1
in 780 AA in 811 AA in 748 AA in 962 AA
DSM BAJ67169.1¢ BAJ67164.1
B. longum subsp. longum 20019 - 82%1,89% P - 78% 1, 87% P -
in776 AA in 507 AAD
DSM KF173778.1F KF173782.1
B. longum subsp. suis 20211 - 82%1,90% P - 83%1,91% P - KF173422.1
in775 AA in752 AA
DSM ACJ52977.1 ACJ51732.1
B. longum subsp. infantis 20088 69%1, 81% P - - 82%1,90% P -
in 417 AA in 756 AA
DSM AFI162379.1 AF163691.1
B. animalis subsp. animalis 20104 96% 1, 98% P 73% 1, 84% P - - -
in 460 AA in776 AA
DSM ACS47112.1 ACS48458.1
B. animalis subsp. lactis 10140 100% I, 100% P 73% 1, 84% P - - -
in 476 AA in771 AA
BB12 ADC85172.1 ADCB84934.1
B. animalis subsp. lactis 100% 1, 100% P 73% 1, 84% P - - - ADC84934.1
in 460 AA in771 AA
BAQ97280.1
B. bifidum ;?Jilg/é 47% 1, 63% P - - - -
in 437 AA
B. catenulatum subsp. DSM KFI163440.1 KFI167404.1 KFI163941.1 KFI167400.1 KFI163834.1
kashizanohense 21854 71%1,82% P 97%1,98% P 95% 1, 97% P 98% 1, 99% P 92% 1, 99% P
in 458 AA in 780 AA in 728 AA in 748 AA in 299 AA*
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DSM EEB22212.1 EEB21148.1 EEB22216.1 EEB22373.1
B. catenulatum 16992 - 96% 1, 98% P 95%1,97% P 98%1,99% P 93%1,96% P EEB22212.1
in 780 AA in 809 AA in 748 AA in 696 AA
DSM EEG71163.1 EEG71238.1 EEG71159.1 EEG70226.1
B. pseudocatenulatum 20438 - 96% I, 98% P 99% 1,99% P 98% 1,99% P 99% 1,99% P
in 780 AA in 809 AA in 748 AA in 964 AA
95()]::’/?;,1:56‘2) 11’ SEC18208.1
DSM SEC02936.1 SEC47920.1 SEC11609.1 SEC48734.1 in962 AA SEB97687.1 SEB79266.1
B. dentium 20436 69% 1, 80% P 99%1,95% P 87%1,93% P 94% 1, 98% P SEC11543.1 SEC47658.1
in 457 AA in 774 AA in 809 AA in 748 AA ’ SEC14043.1
61%1,76% P SEB96905.1
in 962 AA

A I=Identities, P = Positives; BBaBgl3 was characterized by Florindo et al. (2018) [32]; € 96% I, 98% P in 783 AA to 3-glucosidase of B. longum H1 [31]; P truncated protein; £ 96%
I, 98% P in 787 AA to 3-glucosidase of B. longum H1 [31].
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3.2. Beta-Glucosidase Activity of Bifidobacterium spp.

Whole cell B-glucosidase activity was investigated by enzymatic assay using PNP-G as substrate.
B. adolescentis, B. animalis, B. breve, B. catenulatum/pseudocatenulatum, and B. dentium were consistently
[-glucosidase positive (Table 1). In contrast, all tested strains of B. bifidum, with a few exceptions, and
most strains of B. longum, were (-glucosidase negative. From B. longum, only four strains that
originated from dog feces (10/6b, 32/3na, 33/5nb, and 33/4nc), two isolates from stool of adults (B1,
PEGO080) and one from pig feces (DSM 20211) showed p-glucosidase activity. For selected strains, 3-
glucosidase activity was confirmed using RAPID ID 32 A and ANAEROtest 23 (Table 1).

3.3. Growth in the Presence of -Glucosides

We observed that {3-glucosidase activity is a common yet species dependent feature of
Bifidobacterium spp. To investigate whether 3-glucosidase activity relates to the ability to use plant
glucosides, we grew strains with esculin, amygdalin, and arbutin as a sole carbohydrate source in
API 50 CHL medium (Table 1). All strains were able to grow in the presence of glucose, verifying the
suitability of the assay.

In general, amygdalin was the preferred [-glucosylated substrate used by 54% of strains,
followed by esculin (47%), and arbutin (24%).

Strains belonging to B. dentium were most versatile in the utilization of the provided f3-
glucosides as all strains grew in the presence of amygdalin and esculin. Only three B. dentium strains
(DSM 20436, TH1, and VOK II) were not able to use arbutin. All strains of B. breve used amygdalin
and esculin (with one exception, B43), while the utilization of arbutin was less frequent (46%). Within
B. catenulatum/pseudocatenulatum, 83% strains grew in the presence of amygdalin, while 67% utilized
esculin and 38% arbutin. The majority of the B. adolescentis strains (69%) was capable of using
amygdalin, strains B35 and B39 grew in presence of arbutin and esculin. For B. animalis, we observed
subspecies dependent differences in substrate utilization. The majority of B. animalis subsp. lactis
strains, except three isolates from dog feces (P2N1, 43/7nb, and 11/6a), utilized amygdalin (80%), 67%
used esculin, and only PEG084 grew in the presence of arbutin. In contrast, B. animalis subsp. animalis
strains were not capable to grow with amygdalin and arbutin, while 57% utilized esculin. None of
the B. longum strains was able to use esculin and arbutin, amygdalin utilization was detected for B.
longum DSM 20211 and PEG080, while B. bifidum strains were not able to utilize any of the provided
plant B-glucosides.

3.4. Release of the Acylglycone Esculetin

We qualitatively determined whether (3-glucoside hydrolysis of esculin would lead to the release
of the acylglycone esculetin using ammonium iron citrate as a scavenger (Table 1). The majority (94%)
of the strains that were positive in the PNP-G enzymatic assay released esculetin confirming {-
glucosidase activity. Few strains (namely DSM 20211, B1, 32/3na, 33/5nb, and 33/4nc), all from B.
longum, were PNP-G positive, while esculetin release was not detected. More than half (66%) of the
strains that were able to release esculetin grew when esculin was present as substrate.

3.5. Metabolite Formation during Growth of Bifidobacteria in the Presence of Plant Glucosides

For representative strains from different species, we investigated metabolite formation as an
indicator of fermentation activity. Lactate, acetate, and formate concentrations were measured by
capillary ion-exchange chromatography with suppressed conductivity detection (Figure 2). All
strains grew in the presence of glucose, producing mainly acetate metabolite (44%—-83% of metabolites
formed), followed by lactate (3%-51%) and formate (0%—22%). In negative controls (API medium
without added glycan source), and samples without visible growth, acetate was formed as the major
metabolite, otherwise the acetate:lactate:formate ratios differed between strains, and compared to
growth in glucose.
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Figure 2. Metabolites formed during growth in the presence of glucose or plant glucosides. Formation
of fermentation metabolites, lactate (dark grey), acetate (light grey), and formate (black), by selected
strains grown in API 50 CHL medium supplied with plant glucosides (equivalent to 28 mM glucose)
was analyzed after 72 h incubation by capillary ion-exchange chromatography with suppressed
conductivity. The proportion of major metabolites lactate, acetate, and formate for each growth
condition are shown above the bar. Strains were tested two or three times. glc, glucose; esc, esculin;
escF, esculin and ammonium iron citrate; amy, amygdalin; arb, arbutin; and con, negative control.

3.6. Antibacterial Activity of Hydroquinone and Arbutin and Impact on Growth Kinetics

We tested the antibacterial and growth affecting activity of arbutin and its acylglycone
hydroquinone on representative strains using two-fold dilution assay in microtiter plates and growth
kinetics, respectively. Glucose (14 mM) was added to API medium to avoid growth inhibition due to
substrate limitation. None of the strains were affected by the presence of arbutin even at the
maximum concentration tested (25.5 mM) (Table 2). B. animalis subsp. animalis DSM 20104, B. longum
subsp. longum DSM 20019, B. longum subsp. suis DSM 20211, and B. longum subsp. infantis DSM 20088
were most sensitive towards hydroquinone with MIC<0.05 mM while the MIC of the other strains
was 0.1-0.2 mM (Table 2).

Strains B. animalis subsp. animalis DSM 20104 and B. animalis subsp. lactis DSM 10140, B. breve
DSM 20213, and B. longum subsp. infantis DSM 20088 were additionally grown in the presence of
glucose, glucose and arbutin, or arbutin (Figure 3). The presence of arbutin did not impact the growth
of B. breve DSM 20213, while the lag phase of the other strains was delayed in the presence of glucose
and arbutin and the final absorbance ratio reached was approximately 50% compared to glucose only.
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Figure 3. Impact of arbutin addition on growth. Growth kinetics of selected strains were tested in
microtiter plates with API medium supplied with 28 mM glucose, 14 mM glucose and arbutin, or 28
mM arbutin. The plates were spectrophotometrically measured at 0, 3, 6, 9, 12, 24, 30, 36, and 48 h at
434 and 588 nm, to calculate the ratio of 434 nm/588 nm.

4. Discussion

Plant derived -glucosides encompass structurally diverse compounds, which, when ingested,
can reach the colon and be enzymatically modified by gut microbes. Beta-glucosidases are widely
distributed in gut microbes and play important roles in biological processes. Here, we demonstrate
species and strain dependent variability of Bifidobacterium spp. in the utilization of dietary plant
glucosides linked to aromatic aglycones.

4.1. Genomic Potential for B-Glucosidase Activity Partly Predicts Activity

Based on genomic data, strains of the phylogenetically closely related species B. adolescentis, B.
catenulatum, B. pseudocatenulatum, B. dentium, and the more distant B. breve [10], harbored a core of
four (3-glucosidases. In agreement, all strains of these species possessed [-glucosidase activity but
showed preference for different substrates. Indeed, the purified [(-glucosidases of B.
pseudocatenulatum IPLA 36007 varied in their ability to release of the aglycones daidzein and genistein
from isoflavone glycosides daidzin and genistin, indicating enzyme dependent substrate preference
[28].

Strains of B. longum did not show {3-glucosidase activity despite the presence of genes encoding
[-glucosidases with high homology to a purified (3-glucosidases of B. longum H1, which hydrolyzed
arbutin. Lack of (3-glucosidase activity of whole cells might suggest that enzymes were either not
expressed or expressed at concentrations not sufficient to confer activity at test conditions.
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B. animalis subsp. lactis and B. animalis subsp. animalis harbored highly similar GH1 and GH3 f3-
glucosidases and possessed B-glucosidase activity. The similar GH1 (3-glucosidase Bgl572 hydrolyzed
PNP-G and arbutin when purified [31]. However, growth in the presence of plant glucosides differed
between B. animalis subspecies, possibly due different transport mechanism or sensitive towards the
released acylglycones. Indeed, B. animalis subsp. animalis DSM 20104 was more sensitive towards
hydroquinone than B. animalis subsp. lactis DSM 10140.

4.2. Bifidobacterium B-Glucosidase Increases Bioactivity and Bioavailability of Plant Glucosidases and
Acylglycones

Plants are used for antibacterial properties in medical applications, and bacterial 3-glucosidase
activity leads to the release of bioactive acylglycones. Indeed, we confirmed the release of esculetin
from esculin, by almost all strains with [-glucosidase activity, modifying bioactivity and
bioavailability. Despite the ability to hydrolyze esculin, not all strains were able to grow when esculin
was supplied as substrate, which might be due to the antimicrobial activity of esculetin [33].

Bioactivity of plant glucosides is likely lower than of acylglycones due to larger molecular
weight and higher hydrophobicity. In confirmation, arbutin at the concentrations tested did not show
inhibition while hydroquinone conferred strong antibacterial activity against the Bifidobacterium
strains tested. Hydroquinone MIC values of bifidobacteria ranging from <0.05-0.2 mM were lower
than reported for Staphylococcus aureus (1-11 mM) [34,35] and various aerobic Gram-positive and -
negative strains [4] including Emnterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa, and
Klebsiella pneumonia (1.5-6 mM).

MIC were up to 10-fold lower than the levels of hydroquinone theoretically released during
growth. However, in the MIC assay, a low concentration of bacterial cells is exposed to high
concentrations of the antibacterial at the beginning of the growth phase, while in the growth assay,
increasing amounts of hydroquinone face an increasing number of bacterial cells. Sensitivity of
bifidobacteria to hydroquinone, which, if released in the intestinal tract, could reduce the growth
potential of 3-glucosidase active strains, but also of neighboring cells.

In addition, p-glucosidase activity of Bifidobacterium spp. increased the bioavailability of
acylglycones. Hydroquinone has been linked to anticancer activity in vitro and in vivo [36] and has
been shown to confer antimycobacterial and antileishmanial activity in vitro [37].

4.3. Niche Adaption of Bifidobacteria Seems Related to B-Glucosidase Activity

Host adaptation of Bifidobacterium spp. was suggested to be linked to the ability to use dietary
or host-derived glycans and differs between species and strains [10,11]. Indeed, strains of B. bifidum
and B. longum subsp. infantis, which are among the most abundant microbes during the first months
of life, lacked -glucosidase activity in agreement to previous observations [5], and with the absence
of B-glucosidase encoding genes in the genomes. Both species occur in the infant gut when glycan
substrates are limited to human breast milk, endogenous mucin, or infant formula. Indeed, a previous
cohort of studies observed that fecal (3-glucosidase activity was low after birth and gradually
increased with the introduction of a more diverse diet [38]. Interestingly, B. animalis subsp. animalis
showed only little growth in the presence of plant glucosides despite possessing [-glucosidase
activity. Most isolates were obtained from lamb and calf feces early when animals received a milk
diet.

B. breve colonizes infant and adults, and similar to B. adolescentis and other adult or multi-host
species, possesses multiple 3-glucosidases. In the adult gut, Bifidobacterium spp. contribute a minor
share of the population, and compete with other (3-glucosidase positive taxa for substrate [5]. Beta-
glucosidase activity of Bifidobacterium strains colonizing adults might enhance ecological
competitiveness.

For the multi-host subspecies of B. animalis subsp. lactis, plant glucoside utilization profiles
likewise suggested host adaption in agreement with genetic and phenotypic host-specific differences
previously observed [11]. Strains from adult ruminant hosts (Cameroon sheep, Barbary sheep, and
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an okapi), that naturally receive a plant-based diet, used plant glucosides in contrast to strains
isolated from omnivorous dogs.

4.4. Substrate Source Impacted Fermentation Profiles

Bifidobacteria metabolize hexoses via the “bifid shunt” with fructose-6-phosphoketolase as the
key enzyme. Glucose (1 mol) theoretically yields 1.5 mol acetate, 1 mol lactate, and 2.5 ATP [39].
Whether the intermediate pyruvate is cleaved to acetyl phosphate and formate, or reduced to lactate,
depends on type and supply of the substrate carbohydrate [40], possibly in the presence of oxygen
[8] and on different rates in substrate consumption. A previous study reported that with a decrease
of consumption rate, relatively more acetic and formic acid and less lactic acid was produced by
Bifidobacterium spp. [41]. Indeed, the proportion of lactate was reduced for most strains grown in the
presence of esculetin, and to a lesser extent with arbutin, which might indicate that hydrolysis activity
reduced the consumption rate.

5. Conclusions

Our data shows that bifidobacterial (3-glucosidase activity is preserved among species which
might be related to niche adaption. Structural homology of a core set of (3-glucosidases of species
associated with adult humans could suggest that these enzymes evolved together. Beta-glucosidase
activity may provide a competitive advantage in the mammalian gut proving access to energy
sources, but they might also have environmental impact due to the release of bioactive antibacterial
acylglycones; thus, increasing bioavailability due to the formation of fermentation metabolites.
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Clostridium ventriculi (syn. Sarcina ventriculi) is a Gram-positive opportunistic pathogen with sarcina
morphology. In the case of gastrointestinal disorders, the treatment is often empirical. Due to the
common occurrence in primates and the potential risk of dysbiosis; the antibiotic susceptibility
screening of C. ventriculi strains isolated from guenon monkeys and crested gibbons to 58 antibiotics was
performed to reduce potentially ineffective antibiotic use in case of disease. Isolates were found to be

susceptible to the majority of the tested antibiotics, mainly to (fluoro)quinolones, macrolides, penicillins,

Handling Editor: Dr. Jamal Wafaa

Keywords:
Sarcina ventriculi
Monkeys
Antibiotics

Disk diffusion
Susceptibility
Resistance

and tetracyclines. The susceptibility profiles were similar despite the hosts. Tested strains showed also
natural resistance to a few antibiotics on the genus level. Detected in vitro antibiotic efficiency is
consistent with documented human treatment cases.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Clostridium ventriculi (syn. Sarcina ventriculi) and Clostridium
maximum (syn. Sarcina maxima) are morphologically very atypical
almost spherical cells forming packets, usually of eight or more
cells. These clostridia have properties rarely observed in other
bacteria, such as the ability to grow at very low pH values and to
form up to extremely large bundles [1]. They were formerly a
separated genus Sarcina, comprising of two species: S. ventriculi and
S. maxima. In 2016, they were reclassified based on the 16S rRNA
gene and included in the genus Clostridium [2]. C. ventriculi strains
naturally occur in soil, mud, and cereal grains [1]. Their presence is
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also associated with various pathologies of the human and animal
digestive tract. The documented occurrence of C. ventriculi in the
human body is causally related to stomach disorders, nausea,
vomiting, ulcers, and chronic dyspepsia [3—5]. In animals, these
strains are generally associated with excessive salivation and ulcers.
Bleeding from the spleen of sheep, goats, and calves, and also cases
of flatulence in cats and horses have been also reported [6—10].
Remarkably, these clostridia were found in healthy hosts, especially
in people consuming a vegetarian diet [11] and in the gastrointes-
tinal tract of animals without apparent health problems [12]. Dis-
orders of humans caused by C. ventriculi have been often
empirically treated with antibiotics (Table 1). Interestingly, the
cultivation of these clostridia is very difficult, and they have limited
viability and lifetime in vitro [1]. This may also be a reason for the
limited number of results of their susceptibility testing to antimi-
crobial agents. The aim of this work was to determine the suscep-
tibility or possible resistance of C. ventriculi primate strains to
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Table 1
Documented human cases of Clostridium ventriculi (syn. Sarcina ventriculi) infections treated by antibiotics.
Age Sex Histologic findings Treatment including ATB Reference
(years)
65 M Large ulcerations of the cecal mucosa filled with fibrin and leukocyte aggregates, Laparotomic ileocecal resection and creation of a double- [22]
compatible with infectious colitis, one positive anaerobic blood culture with barrelled ileocolostomy; piperacillin-tazobactam, gentamicin,
C. ventriculi fluconazole
52 M C ventriculi in the upper respiratory tract and in the sputum cytology in a Rifampicin, isoniazid, pyrazinamide, ethambutol [31]
pulmonary tuberculosis patient
54 M A slight amount of retained gastric contents in the fundus Proton pump inhibitor treatment; after identification of [24]
C. ventriculi ciprofloxacin and metronidazole
70 M Barret’s esophagus, ulcers, C. ventriculi in biopsies Metronidazole, ciprofloxacin - this dual antibiotic therapy had [32]
failed; surgical revision of hiatus hernia and partial
fundoplication
8 M Ulceration in mid-esophagus with fibro-inflammatory debris and C. ventriculi; rare Ciprofloxacin, metronidazole, proton pump inhibitor [33]
C. ventriculi and chronic inflammation in biopsies of the gastric body
14 F  Sarcina morphology microorganisms in biopsies (samples were taken during Ciprofloxacin, metronidazole [26]
gastroscopy)
86 F Emphysematous gastritis in the presence of bacterial overgrowth by C. ventriculi Vancomycin, piperacillin-tazobactam, pantoprazole [26]
69 M Biopsy from pylorus and pancreas showed acute and chronic inflammation and ~ Ciprofloxacin, metronidazole, omeprazole [5]
bacteria morphologically consistent with C. ventriculi; biopsy sections of pyloric
mucosa — acute and chronic gastritis, C. ventriculi marked increase in eosinophils
45 F  Diffuse circumferential thickening of the stomach wall affecting the pylorus and Oral proton pump inhibitors, metronidazole, and ciprofloxacin [34]
causing excessive distraction of the stomach, indicating obstruction of the gastric
discharge
12 F  Severe erosive esophagitis of the distal 15 cm esophagus; in particular, a large  Ciprofloxacin and metronidazole [23]
amount of gastric retention has been observed, indicating delayed gastric
emptying
15 F  Active gastritis with the presence of microorganisms arranged in tetrads, Ciprofloxacin, metronidazole, and omeprazole [23]
characteristic of C. ventriculi
10m M Urethral narrowing and inflammation after transurethral fulguration Ciprofloxacin and metronidazole [35]
68 F  Gastric perforation complicated by gastrohepatic ligament abscess and Ceftriaxone, metronidazole, piperacillin-tazobactam [27]
mediastinal cyst; there were markers of acute inflammation, necrosis, granulation
tissue and bacterial organisms identified as C. ventriculi
32 F  Ulcer biopsy tissue with C. ventriculi Fluoroquinolone and metronidazole, a proton pump inhibitor [36]
50 M Chronic gastritis with intestinal metaplasia with the presence of C. ventriculi Metronidazole and ciprofloxacin with sucralfate [25]
73 M Inflammation with the formation of an ulcer bed and the presence of C. ventriculi Ciprofloxacin and metronidazole [4]
48 F  Fever, stomach cramps, vomiting and watery diarrhoea (congenital chloride Amoxycillin [29]
diarrhoea — diagnosed in childhood)
F  Polymorphic inflammatory infiltrate with C. ventriculi and gas bubbles Imipenem, fluconazole, and omeprazole [30]
14 M Diffuse acute haemorrhagic gastritis and C. ventriculi Gentamicin and metronidazole [28]

Footnotes: M — male; F — female.

available antibiotics and determine effective antimicrobial agents
for their reduction in the case of some disorders.

2. Material and methods
2.1. Strain isolation and identification

Sarcina morphology microorganisms isolated from Wilkins-
Chalgren agar supplemented with soya peptone (5 g L™, both
Oxoid, UK), L-cysteine (0.5 g L™!), and Tween 80 (1 mL L™}, both
Sigma-Aldrich, USA), primarily used to isolate bifidobacteria from
faecal samples of primates, were used in this study. Visually
distinguishable irregular yellow colonies with sarcina morphology
were isolated and routinely cultivated in Wilkins-Chalgren broth
(Oxoid) supplemented with soya peptone (5 g L™!), 1-cysteine
(0.5 g L1), and Tween 80 (1 mL L™!) used as WSP, or in Reinforced
clostridial (RC) broth (Oxoid), or Brain heart infusion (BHI) broth
(Oxoid), all filled with carbon dioxide and kept under oxygen-free
conditions at 37 °C for 24 h. The grown cultures were stored at
room temperature to keep bacterial cells viable for an extended
period. Also, the growth in the agar form of media mentioned above
(WSP, BHI, RC) and other media recommended for anaerobes such
as Fastidious anaerobe agar (FAA) with horse blood (Oxoid) were
verified to find a suitable solution for future antibiotic susceptibility
testing. The RC agar was found to be the most suitable for antimi-
crobial susceptibility testing of C. ventriculi.

The origin of selected cultures is shown in Table 2. Genomic DNA

from isolates was extracted from 1 mL of culture using PrepMan®
Ultra™ Sample Preparation Reagent protocol (Thermo Fisher Sci-
entific, USA). DNA was stored at —20 °C. The 16S rRNA of isolates
was amplified and sequenced (Eurofins Genomics, Germany) using
the universal primers fd1 and rp2 [13]. The obtained sequences
have been inserted into the EZBioCloud [14] to obtain the closest
related taxa. The type strain of C. ventriculi DSM 286" was used as a
control, respectively.

2.2. Antimicrobial susceptibility testing

Totally, 8 primate strains and one type strain DSM 286" (Table 2)
of C. ventriculi were used for disk diffusion antimicrobial suscepti-
bility testing method (6 antibiotic discs per plate) with RC medium
supplemented with 10 g L~! of technical agar (No. 3, Oxoid). Strains
were exposed to 58 antibiotics (Table 3; all Oxoid) with chosen
concentration according to EUCAST (The European Committee on
Antimicrobial Susceptibility Testing) and/or CLSI (The Clinical &
Laboratory Standards Institute). An aliquot (1 ml) of freshly grown
clostridial culture was transferred into the Petri dish and suffused
by 20 ml of RC agar. All antibiotics were tested in duplicates. Plates
were incubated anaerobically at 37 °C for 48 h.

3. Results and discussion

Colonies with sarcina morphology were routinely detected on
modified Wilkins-Chalgren agar during cultivation analyses of
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Clostridium ventriculi (syn. Sarcina ventriculi) isolates used for antibiotic suspensibility testing.

Strain Isolated from the faecal sample of Place of sampling
SvV1 De Brazza's monkey Cercopithecus neglectus Zoo Plzen, Czechia
SV2 De Brazza’s monkey Cercopithecus neglectus Zoo Plzen, Czechia
Sv3 Norhren white-cheeked gibbon Nomascus leucogenys Zoo Liberec, Czechia
Sv4 Norhren white-cheeked gibbon Nomascus leucogenys Zoo Liberec, Czechia
SV5 Roloway monkey Cercopithecus roloway Zoo Bojnice, Slovakia
N Roloway monkey Cercopithecus roloway Zoo Bojnice, Slovakia
Sv7 Lesser white-nosed Monkey Cercopithecus petaurista Zoo Bojnice, Slovakia
Sv8 Lesser white-nosed Monkey Cercopithecus petaurista Zoo Bojnice, Slovakia
DSM 2867 Soil - DSMZ - type strain

Footnotes: T — type strain; DSMZ - Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH/German Collection of Microorganisms and Cell Cultures GmbH.

faecal samples of guenon monkeys and crested gibbons. However,
to isolate and keep these strains in both pure and viable culture for
repeated testing is very demanding. Therefore, only the results of a
limited number of isolates are presented. Finally, 8 isolates from 8
hosts (Table 2) originated from faecal samples of the De Brazza’'s
monkeys, Northern white-cheeked gibbons, Roloway monkeys, and
Lesser white-nosed monkeys kept in Zoo Liberec (Czechia) and Zoo
Bojnice (Slovakia) were tested in this study. The type strain
C. ventriculi DSM 286 originated from soil was included as a con-
trol. The mentioned primate hosts were free of obvious health and
gastrointestinal problems. C. ventriculi counts on modified Wilkins-
Chalgren agar were determined to be ordinarily from 10° to
107 CFU g~ ! of faecal sample. The identity of tested gas-producing
aggregating isolates with typical sarcina morphology (Fig. 1) was
confirmed by the 16S rRNA gene sequencing. The obtained se-
quences were inserted into the EZBioCloud and NCBI database and
C. ventriculi (syn. S. ventriculi) was found as the closest related taxa.
Because the clostridia have been detected repeatedly in faecal
samples of guenon monkeys and crested gibbons, C. ventriculi
seems to be a common part of their faecal microbiota. C. ventriculi
strains were also isolated from faeces of wild Yakushima macaques
[12], wild gorilla [15], and chimpanzees with damaged intestinal
mucosa due to the simian immunodeficiency virus [16].

All 8 selected primate isolates of C. ventriculi were tested
simultaneously with 58 different antibiotics using the disc diffusion
method together with the type strain. As no recommendations are
available for minimal inhibitory concentration (MIC) and clinical
breakpoints for C. ventriculi, most concentrations of tested antibi-
otics were selected according to the EUCAST and/or CLSI. In absence
of recommendations for clinical categorization of strains we
decided as follows; detected inhibition zones were arbitrarily
divided into three categories based on their size. The diameter of
the inhibition zones (including the disc diameter of 6 mm) was
measured in millimeters. Results <8 mm were expressed as resis-
tant, 8—21 mm as moderately susceptible, and >21 mm as sus-
ceptible. The limit <8 mm for resistance was chosen because
C. ventriculi cultures do not form homogenous growth visible as cell
density, but form aggregates on the agar, which affects the reading
of the inhibition zone. All tested isolates of C. ventriculi were found
to be resistant to 13 tested antibiotics (Table 3). Based on test re-
sults, the tested strains seem to be resistant to most antibiotics
from the group of cephalosporins (cefixime, cefadroxil, cefotaxime,
cefpodoxime, ceftriaxone, cefuroxime sodium, cephalexin, cepha-
zolin). Cephalosporins are generally less active against clostridia
[17]. An intrinsic resistance was also observed to aztreonam
(monobactams), sulfamethoxazole/trimethoprim, trimethoprim
(sulfonamides), fluconazole (azoles), and mupirocin (pseudomonic
acids). In summary, the detected results indicate some natural
resistance on the genus level. Above that, some of these tested
antibiotics are commonly used for the treatment of primates kept
in zoos; therefore, the potential of the resistance should be

considered in order to reduce its spread [18].

The highest inhibition zones (>21 mm) were observed for all
antibiotics from the group tetracyclines (doxycycline, tetracycline,
tigecycline) and for all of the penicillins. Further for rifampicin
(ansamycins), ciprofloxacin, levofloxacin, moxifloxacin, and nor-
floxacin ((fluoro)quinolones), chloramphenicol (chlorampheni-
cols), metronidazole (imidazoles), clarithromycin, clindamycin, and
quinupristin/dalfopristin (macrolides), and linezolid (oxazolidi-
nons). C. ventriculi strains were moderately susceptible to all other
tested antibiotics (Table 3) and the susceptibility profiles were
alike. Also, the type strain of soil origin showed very similar sus-
ceptibility. However, lower susceptibility of the type strain DSM
286" compared to primate isolates was detected with amoxycillin-
clavulanic acid, ampicillin-sulbactam, clarithromycin, and ticarcil-
lin. For glycopeptides (30 pg) some diameters (Table 3) may appear
small due to poor diffusion around the disk of these drugs. EUCAST
does not recommend diffusion method on the grounds of poor
diffusion.

Although the diffusion test is not recommended for anaerobes, it
has been demonstrated that disk diffusion can predict antibiotic
susceptibility with few very major errors [19—21]. Only Bortolotti
et al. [22] determined in vitro antimicrobial susceptibility of
C. ventriculi isolate of human origin as it is recommended by the CA-
SFM 2019 (Comité de I'’Antibiogramme de la Société Francaise de
Microbiologie) guidelines. This C. ventriculi isolate was susceptible
to penicillin (MIC = 0.25 mg L™1), amoxycillin (MIC = 0.50 mg L™ 1),
amoxycillin-clavulanic acid, piperacillin-tazobactam, imipenem,
clindamycin, levofloxacin, rifampicin, vancomycin, metronidazole,
and linezolid, which corresponds with our results.

The detected in vitro susceptibility of C. ventriculi isolates to
most of the tested antibiotics is in correlation with their mostly
empirical application (Table 1). Based on documented records,
ciprofloxacin together with metronidazole are the mostly used
antibiotics [5,23—27], followed by piperacillin-tazobactam
[22,26,27]. Less frequently used antibiotics were gentamicin [28],
vancomycin [26], amoxycillin [29], imipenem [30], and others
[31-36]. C. ventriculi isolates were found susceptible to these an-
tibiotics also according to our and Bortolotti et al. [22] in vitro re-
sults. Therefore, early well-chosen antibiotic therapy appears to be
effective and would not cause possible antibiotic resistance.

4. Conclusions

Despite of the fact that C. ventriculi presence is often connected
with different pathologies of the gastrointestinal tract, this oppor-
tunistic pathogen seems to be a common bacterial taxon of pri-
mates without apparent health problems. The susceptibility
profiles of tested primate isolates were very similar despite the
different hosts and their locations. Primate-associated C. ventriculi
isolates seem to be susceptible to most of the common antibiotics.
Some presence of natural resistance on the genus level was also
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Table 3

Susceptibility of Clostridium ventriculi isolates to antibiotics determined using disk diffusion method. The diameter of the inhibition zones was measured in millimeters
(including the disc diameter of 6 mm) and were arbitrarily divided into three categories based on size. Results <8 mm were expressed as resistant, 8—21 mm as moderately
susceptible, and >21 mm as susceptible.

Antibiotic concentration SV1 Sv2 Sv3 Sv4 SV5 SV6 Sv7 Sv8 DSM 286"
Aminoglycosides

Amikacin 30 pug*t 9 9 9 10 9 8 10 12 13
Gentamicin 10 pg*E 14 13 14 12 17 15 13 17 13
Kanamycin 30 pg* 17 14 17 15 14 15 16 18 12
Neomycin 30 ug* 12 11 14 13 12 15 15 11 10
Netilmicin 10 pgt 9 9 9 9 9 8 9 9 8
Streptomycin 10 pg* 12 12 15 10 18 11 12 12 13
Tobramycin 10 pg* B 8 8 8 9 9 8 8 8 9
Ansamycins

Rifampicin 5 ug*E 28 30 30 30 35 32 30 32 28

Azoles

Fluconazole 25 ug* 6 6 6 7 7 6 6 6 6
Carbapenems

Ertapenem 10 pg* B 21 20 20 19 20 19 20 19 22
Imipenem 10 pg*E 15 14 15 15 18 15 18 16 18
Meropenem 10 pg* 14 13 12 15 14 15 16 14 17
Cephalosporins

Cefadroxil 30 pgt 6 6 6 6 6 6 6 6 6
Cefepime 30 pg*F 20 20 21 21 20 20 21 21 21
Cefixime 5 pug*.F 6 6 6 6 6 6 6 6 6
Cefotaxime 5 pg* 6 6 6 6 6 6 7 6 6
Cefpodoxime 10 pg*E 6 6 6 6 6 6 7 6 6
Ceftazidime 10 pgt 11 11 11 11 13 10 11 11 13
Ceftriaxone 30 pg*F 6 6 7 6 7 6 6 6 6
Cefuroxime sodium 30 pug*t 6 6 7 6 6 6 7 6 6
Cephalexin 30 gt 6 6 7 6 6 6 7 6 6
Cephazolin 30 pg* 6 6 6 6 6 6 6 6 6
Cefamycins

Cefotetan 30 pg* 19 19 19 14 18 14 18 16 16
Cefoxitin 30 pg*F 11 10 12 10 10 10 13 12 13

Fluoro (quinolones)

Ciprofloxacin 5 ng*,F 30 26 28 23 30 25 25 22 22
Levofloxacin 5 ng*E 27 27 28 24 28 27 28 28 22
Moxifloxacin 5 ug*.F 28 26 28 28 28 28 27 22 22
Nalidixic acid 30 pug*F 14 13 13 15 15 10 13 13 15
Norfloxacin 10 pg*E 23 26 25 29 25 22 25 22 21
Ofloxacin 5 ug*E 22 21 20 15 19 12 20 21 21
Pefloxacin 5 ugt 14 17 14 14 14 13 14 12 16
Glycopeptides

Teicoplanin 30 pg*t 15 13 15 15 15 13 12 16 18
Vancomycin 30 ug* 20 23 21 23 21 20 21 21 16
Chloramphenicols

Chloramphenicol 30 pg*F 32 32 32 32 30 30 30 32 26
Imidazoles

Metronidazole 5ug 30 30 32 32 32 30 29 30 23
Macrolides

Azithromycin 15 pg* 15 15 20 16 14 17 18 18 14
Clarithromycin 15 pg* 28 27 29 26 28 27 27 27 21
Clindamycin 2 ng*F 33 32 33 32 33 32 32 33 28
Erythromycin 15 pg*E 19 18 19 18 16 16 17 18 15
Quinupristin/Dalfopristin 15 pg*E 26 26 28 28 28 26 25 28 22
Monobactams

Aztreonam 30 pg*F 6 6 6 6 6 6 9 6 6
Nitrofurans

Nitrofurantoin 100 pgt 22 20 20 18 20 20 20 22 20
Oxazolidinones

Linezolid 10 pgt 30 30 30 30 30 28 30 30 30
Penicillins

Amoxycillin/Clavulanic acid 30 pg*F 30 30 30 32 30 27 30 32 21
Amoxycillin 25 ug 30 30 30 30 30 30 30 30 26
Ampicilin 10 pg*E 30 25 26 23 28 27 22 24 22
Ampicillin/Sulbactam 20 pg*F 28 28 30 30 28 25 27 23 21
Penicillin G 10 pg* 25 28 28 28 26 28 27 27 20
Piperacillin 30 gk 28 28 30 28 30 28 30 30 28
Piperacillin/Tazobactam 36 pgt 33 33 32 33 33 32 30 32 23
Ticarcillin 75 ug*F 30 30 28 30 30 30 30 30 20
Pseudomonic acids

Mupirocin 200 pgt 6 6 6 6 6 6 6 6 6
Sulfonamides

Sulfamethoxazole/Trimethoprim 25 ug 7 7 6 6 6 6 6 7 6
Trimethoprim 5 pg*F 6 7 6 6 6 6 6 7 6

Steroid antibiotics
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Antibiotic concentration Sv1 SvV2 Sv3 Sv4 SV5 N Sv7 Sv8 DSM 286"

Fusidic acid 10 pg*E 20 18 17 18 20 15 18 18 19
Tetracyclines

Doxycycline 30 pg* 33 33 33 33 33 35 32 33 34
Tetracycline 30 pg*F 33 33 33 33 32 33 33 35 31
Tigecycline 15 pg*t 33 33 33 30 32 33 32 33 25

Footnotes: The used antibiotics are classified in the classes according to “Categorization of antibiotics in the European Union” published by European Medicines Agency, 2020.
Estandard concentration of antibiotic disks according to the EUCAST; *standard concentration of antibiotic disks according to the CLSI.

Fig. 1. Cell morphology of Clostridium ventriculi isolate (SV5) using phase contrast
microscopy (bar, 10 pm).

detected. However, none antibiotic resistance on the strain- or
host-level was found.
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Commensal Bacteria and Its Effect on Their Quantity in the Stool
of Children with Crohn’s Disease
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ABSTRACT Current studies indicate a link between the intake of exclusive enteral nutrition (EEN) and the induction of
complex changes in the intestinal microbiota, as well as the clinical improvement of Crohn’s disease (CD). The first aim of
this study was to test the ability of various commensal bacterial strains (n=19) such as bifidobacteria, lactobacilli, and
Escherichia coli to grow on three different polymeric EN in vitro. Tested EN formulas were found to be suitable growth media
for tested commensals. Furthermore, the counts of these bacteria and total counts of anaerobic bacteria in the fecal samples of
children with CD (n=15) before and after 6 weeks of EEN diet administration were determined using cultivation on selective
media. The counts of cultivable commensal bacteria in the fecal samples of CD children were not significantly affected by
EEN. However, tested bacteria showed some individual shifts in counts before and after EEN therapy. Moreover, cultured
bifidobacteria were found to be in reduced counts in CD children. Therefore, the application of bifidogenic prebiotic com-
pounds to EN for CD patients might be considered.

KEYWORDS: e bifidobacteria e Escherichia coli e exclusive enteral nutrition e inflammatory bowel disease e lactobacilli

e probiotics

INTRODUCTION

B ASED ON ECCO/ESPGHAN GUIDELINES, exclusive
enteral nutrition (EEN) is recommended as first-line
therapy to induce remission in children with active luminal
Crohn’s disease (CD).! Administering EEN is considered
important for preserving the structural and functional in-
tegrity of the gut and also to maintain intestinal microbial
diversity.? The outbreak of inflammatory bowel disease
(IBD), and especially in CD, is associated with microbial
imbalance® and was originally considered to occur in de-
veloped countries with Westernized lifestyles. However, the
incidence of CD has also recently increased in other parts of
the world with a significantly different lifestyle.*>

CD is chronic inflammation of the gastrointestinal tract
with alternating phases of relapse and remission, and known
symptoms include abdominal pain, bloody or mucous diar-
rhea, and weight loss, which can result in patient malab-
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sorption. Relapse is the acute phase of that disease, whereas
remission is the resting phase that occurs as symptoms
disappear.®® The disruption of mucosal intestinal homeo-
stasis, and also the interaction between environmental and
genetic factors are associated with the outbreak of the dis-
ease.” Unfortunately, no permanent treatment options have
been discovered to date.*'*!" There are many benefits of
EEN, such as prolonging remission, improving growth,
promoting mucosal healing, and restoring bone mineral
density.!”!> Furthermore, it can be used to treat relapse,'?
and is closely associated with changes to the patient mi-
crobiota and the suppression of intestinal dysbiosis.'*

The microbial composition of the human intestine and
the occurrence of commensal bacteria are associated with
living in symbiosis with the host and providing impor-
tant protective, trophic, and metabolic functions.'® Clearly, it
is desirable to promote the growth of potentially probiotic
commensal bacteria in the host microbiota, such as bifido-
bacteria, lactobacilli, and nonpathogenic Escherichia
coli.'®'7 The aims of this work were thus to verify the growth
ability of selected commensal bacteria in three different
EN formulas in vitro and then to evaluate the effects of EEN
on the abundance of cultivable bifidobacteria, lactobacilli,
and E. coli in the stool microbiota of children with CD.
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MATERIALS AND METHODS

In vitro growth of commensal bacteria in EN

The first part of this study was focused on verifying of
bacterial ability to grow in three different EN formulas in
vitro using the microtiter plate assays. The compositions of
tested polymeric EN are described in Table 1. EN Modulen
IBD (Nestlé Netherland BV, Netherlands), Fortini Neutral
(N. V. Nutricia, Zoetermeer, Netherlands), and Fresubin
Energy Fiber Strawberry (Fresenius Kabi Deutschland
GmbH, Germany) were used as the only source of nutrients
for the 19 tested probiotic strains of bacteria (Table 2).

Overnight cultures of bacterial strains from the genera
Bifidobacterium, Lactobacillus, and Escherichia were used
for this study after isolation and identification using
MALDI-TOF MS according to Bunesova et al.'® The strains
had different origins, including probiotic milk products
(BIF1 and LB2), probiotic supplements (BIF2, BIF3, BIF7,
and EC2), infant feces (BIF4, BIF5, BIF6, LB1, LB3, LB4,
LB5, LB6, and LB7), and adult human feces (EC1, EC3,
EC4, and EC5). The strains were cultivated in an oxygen-
free carbon dioxide environment at 37°C for 24 h in Wilkins-
Chalgren anaerobe broth (Oxoid, UK) supplemented with
GMO-Free Soya Peptone (5 g/L; Oxoid), L-cysteine (0.5 g/L;
Sigma-Aldrich, USA), and tween 80 (ImL/L; Sigma-
Aldrich), which was used as WSP broth.

TABLE 1. CoMPOSITION OF TESTED ENTERAL
NUTRITION FORMULAS

Fresubin
Modulen Fortini Energy Fiber
Nutrients per 100 mL IBD Neutral Strawberry
Energy value (kJ/kcal) 414/100 640/153 630/150
Fat (g) 4.6 6.8 5.8
Saturated 2.6 0.7 0.4
Monounsaturated 0.78 3.8
Polyunsaturated 0.48 1.6
Carbohydrate (g) 11.0 18.8 17.8
Sugars 4.2 4.6 5.6
Lactose <0.100 <0.025 <0.260
Fiber (g) 0 1.5 2.0
Protein (g) 3.6 3.4 5.6
Salt (g) 0.085 0.17
Other nutrients
Carotenoids (mg) 0.15 3
Choline (mg) 7 30 26.7
a-linolenic acid 0.04
(mg)
Linoleic acid (g) 0.42
L-carnitine (mg) 3
Taurine (mg) 11
Medium-chain 1.2
triglycerides (g)
Osmolality (mOsm/L) 290 380 410

Representation of macronutrients and other nutrients in tested EN formulas.
Complete content of the products, including vitamins and minerals, can be
obtained from the manufacturers’ package leaflets.

EN, enteral nutrition; IBD, inflammatory bowel disease.

Tested EN formulas (90 uL.) were inoculated into the
microtiter plates, and then the volume was adjusted to
100 uL. with pure fresh overnight cultures of tested bacterial
strains. The amount of the inoculated cells was ~ 10* CFU
per 1 mL of EN before cultivation. WSP broth was used as a
positive control for growth, and nutrient-poor dilution me-
dium consisting of Tryptone (5 g/L; Oxoid), Nutrient Broth
No. 2 (5 g/L; Oxoid), yeast extract (2.5 g/L; Oxoid), tween
80 (0.5mL/L), and L-cysteine hydrochloride monohydrate
(0.25 g/LL) was used as a negative control. The microtiter
plates were incubated under anaerobic conditions in CO/H»
(20/80%) created by the GENbag anaer (bioMérieux,
France) at 37°C for 24h. After cultivation, the bacterial
counts were evaluated using the plate method on Wilkins-
Chalgren Anaerobe Agar supplemented with GMO-Free
Soya Peptone (5 g/L), L-cysteine (0.5 g/L), and tween 80
(1 mL/L), which was used as WSP agar. Plates were culti-
vated again in anaerobic conditions and maintained for 48 h.

Enumeration of commensal bacteria in fecal samples

The study was approved by the Ethics Committee of the
authors’ institution. Fecal samples of 15 children diagnosed
with CD (13.60%3.50 years of age) on a 6-week polymeric
EEN regimen were collected at week 0 and 6 at the De-
partment of Pediatrics, University Hospital Motol, Charles
University in Prague. The taste and brand choice of the
aforementioned EN were influenced by personal patient
preferences. Patients could choose a single or combinations
of any polymeric EN. However, throughout the therapy
time, the mentioned formulas were only used (Table 1).
Microbiological analyses of stool samples were performed
using the plate technique with media for total counts of
anaerobic bacteria, bifidobacteria, lactobacilli, and E. coli
according to Musilova et al.'® Briefly, WSP agar was used
for the determination of total counts of anaerobic bacteria,
WSP agar with mupirocin (100 mg/L; Oxoid) and acetic
acid (1 mL/L; Sigma-Aldrich) for bifidobacteria, Rogosa
Agar (Oxoid) with acetic acid (1.32mL/L) for lactobacilli,
and chromogenic T.B.X. medium (Oxoid) for E. coli. Cul-
tivation was performed under anaerobic conditions for bi-
fidobacteria and total anaerobes at 37°C for 48 h, whereas
microaerophilic conditions were used for lactobacilli at
37°C for 48 h and aerobic conditions were used for E. coli at
37°C for 24 h.

Statistical analysis

Counts of bacterial colonies were expressed as the mean
with standard deviation. Analysis of variance using one-way
ANOVA with Scheffe’s method was applied to determine
statistical significance between tested groups of commensal
bacteria and EN based on in vitro testing with a 95% con-
fidence level. The normality of the data was evaluated by the
Shapiro-Wilk W test. The effect of 6-week EEN therapy on
the quantity of commensal bacteria in stool samples from
children with CD was evaluated by performing a Mann—
Whitney U Test (P <.05). All statistical analyses were pro-
cessed using STATISTICA software (Version 12.0, 2013).
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TABLE 2. AVERAGE COUNTS OF TESTED COMMENSAL BACTERIA AFTER IN VITRO CULTIVATION
ON DIFFERENT ENTERAL NUTRITION FormuLAs (Lo CFU/ML)

Enteral nutrition

Modulen Fortini Fresubin
Average counts of bifidobacteria 6.71+1.15" 7.56+1.5912 7.63+1.9112
BIF1 Bifidobacterium animalis ssp. lactis 5.18+£0.01 5.42+0.05 5.46+0.15
BIF2 Bifidobacterium animalis ssp. lactis 5.01+£0.04 5.30+0.00 4.30£0.00
BIF3 Bifidobacterium bifidum 7.81£0.22 8.38+0.01 8.63+0.07
BIF4 Bifidobacterium bifidum 7.40£0.02 7.4710.09 9.00£0.10
BIF5 Bifidobacterium bifidum 7.37+£0.01 8.26+0.01 8.57+0.06
BIF6 Bifidobacterium longum 6.7510.02 8.931+0.01 8.65+0.05
BIF7 Bifidobacterium longum 7.47+0.00 9.15+0.15 8.79+0.03
Average counts of lactobacilli 9.38+0.11% 8.44+0.69'° 8.96+0.28!
LB1 Lactobacillus gasseri 9.33+0.03 9.35+0.07 8.77£0.10
LB2 Lactobacillus paracasei 9.36+0.00 9.41£0.03 9.29+0.03
LB3 Lactobacillus paracasei 9.17+£0.03 8.6210.02 9.11+£0.04
LB4 Lactobacillus paracasei 9.38+£0.05 7.84+0.06 9.26+0.04
LB5 Lactobacillus rhamnosus 9.49+0.01 7.90£0.28 8.57+0.01
LB6 Lactobacillus paracasei 9.4210.01 7.93+0.03 9.02+0.05
LB7 Lactobacillus rhamnosus 9.49+0.00 8.06+0.02 8.72+0.02
Average counts of Escherichia coli 9.15+£0.25% 8.81+0.36'2 9.10+£0.20"
EC1 Escherichia coli 9.20%+0.03 8.651+0.08 9.24+0.04
EC2 Escherichia coli 9.43+0.05 8.91+£0.04 9.03+£0.04
EC3 Escherichia coli 9.05%0.05 8.39£0.07 9.00+£0.04
EC4 Escherichia coli 8.78+0.06 8.76+£0.03 8.861+0.00
ECS5 Escherichia coli 9.28£0.00 9.35+0.01 9.37+£0.06

Counts of commensal bacteria are averages in log CFU/mL +standard deviation. Data of individual bacterial strains were obtained from three independent
measurements. Superscript letters represent differences within the rows regarding the ability of one group of bacteria to grow in three different EN; superscript
numbers represent differences within the columns in terms of the ability of three bacterial groups to grow in tested EN (significance level P <.05). Differences among
counts of the three groups of commensal bacteria in one medium, and also within one bacterial group for three media were evaluated by analysis of variance with
one-way ANOVA (Scheffe’s test) using STATISTICA software (Statistica 12.0, Tulsa, USA).

RESULTS

Growth of commensal bacteria in EN

In total, 19 strains of bifidobacteria, lactobacilli, and
E. coli were tested for their ability to grow in vitro using
three different EN formulas (Modulen IBD, Fortini, and
Fresubin). Bacterial counts are shown in Table 2. All strains
of bacteria were able to utilize components of tested EN and
grow in each formula, achieving relatively high numbers,
with the exception of commercially available strains of Bi-
fidobacterium animalis subsp. lactis (BIF1 and BIF2), for
which counts were only ~5 log CFU/mL. These strains in-
creased the standard deviation of the entire bifidobacterial
group due to their poor growth potential, compared to that of
other tested bifidobacterial strains isolated from several hosts.

In the control WSP media, all tested strains (n=19) grew
to counts greater than 10° CFU/mL. Specifically, bifido-
bacterial counts were in the range of 6.71-7.63 log CFU/mL,
lactobacilli counts were 8.44-9.38 log CFU/mL, and E. coli
counts were 8.81-9.15 log CFU/mL. Comparing the growth
of pure commensal bacterial strains on different formulas, no
statistically significant differences in bifidobacteria and
E. coli were detected, whereas the counts of lactobacilli were
significantly higher on Modulen IBD (9.38+0.11 log CFU/
mL), compared to those on Fortini (8.44 +0.691og CFU/mL.).
However, counts on Fresubin (8.96 +0.28 log CFU/mL) were

similar to those in both aforementioned EN formulas. In
terms of the ability of particular EN formulas to promote the
growth of commensal bacteria, on Modulen, bifidobacterial
counts (6.71x1.15 log CFU/mL) were significantly lower
than E. coli (9.1510.25 log CFU/mL) and lactobacilli counts
(9.38+0.11 log CFU/mL). In terms of growth, statistically
significant differences were not detected among pure strains
on the other two formulas, namely Fortini and Fresubin.

The counts of cultivable commensal bacteria
in the fecal microbiota of CD patients
after completion of EEN treatment

The counts of bifidobacteria, lactobacilli, and E. coli in
stool samples of 15 children with CD were determined and
compared before (week 0) and at week 6 of EEN. The results
are shown by box plots in Figure 1. The examined stool
samples contained similar amounts of bacteria at week 0 and
6, and no statistically significant differences were identified
within each group. Bifidobacterial counts in the examined
stool samples ranged from 7.86 £ 1.58 log CFU/g before the
diet to 7.49+1.76 log CFU/g after 6 weeks of EEN therapy,
and were approximately two orders of magnitude lower than
total numbers of anaerobic bacteria, for which counts ranged
from 9.22+0.86 log CFU/g at week 0 to 9.38+0.79 log
CFU/g at week 6. Nevertheless, bifidobacteria exhibited the



Downloaded by Mary Ann Liebert, Inc., publishers from www.liebertpub.com at 08/23/19. For personal use only.

EFFECT OF ENTERAL NUTRITION ON COMMENSAL BACTERIA 813

12

10

8
Lo B Total counts of anaerobic bacteria
2  Bifidobacteria
(=]
g B Lactobacilli
-

4 Ow 6w @ E coli

Oow bw
2
Ow 6w
0

FIG. 1. Counts of cultivated commensal bacteria from stool samples of Crohn’s disease patients (n=15) before and after a 6-week exclusive
enteral nutrition diet. Values are averages in log CFU/g+ standard deviation of 15 measurements. The data were compared within the same
bacterial group at different times (Ow, week 0; 6w, week 6) using the Mann—Whitney U test (P <.05) for data without normal distribution. The
normality of data was evaluated by the Shapiro—-Wilk W test. STATISTICA software (Statistica 12.0, Tulsa, USA) was used to perform analyses.
The box plots were created using Microsoft Office Professional Plus 2016.

highest occurrence compared to the other two tested groups
of bacteria. Lactobacilli were also detected in both groups of
stool samples; however, their numbers reached counts of
almost 4 log CFU/g (from 3.79%+1.70 to 3.96+2.31 log
CFU/g). E. coli exhibited better growth ability compared to
lactobacilli as counts went from 6.42+2.07 log CFU/g at
week 0 to 6.541£1.96 log CFU/g at week 6. It was thus
confirmed that EEN did not selectively support any of the
tested groups of cultivable commensal bacteria after 6
weeks of treatment. In contrast, for bifidobacteria and lac-
tobacilli, as well as E. coli, variability in bacterial counts
before and after EEN therapy was observed on an individual
patient level.

DISCUSSION

EEN is currently considered an effective modality for
achieving remission in pediatric patients with CD, and
should be used as the first preferable treatment of choice.?”
There is evidence that EEN can induce remission in up to
80% of CD patients, although its mechanism of action in
terms of its effects on the composition of the intestinal mi-
crobiota is still unclear®'; moreover, there is no single
conclusion regarding how the intestinal microbiota of pa-
tients is affected by EEN therapy. Therefore, this study was
conducted to obtain further information by testing the
growth of pure strains of bifidobacteria, lactobacilli, and
E. coli on EN. For basic in vitro testing, EN would be a
suitable source of nutrients for commensal bacteria that are
able to utilize compounds found in each of the tested for-
mulas. The absence of bifidogenic components such as fiber,
as well as lower carbohydrate levels, in the Modulen IBD
formula could result in the inability of bifidobacteria to
grow, as well as lactobacilli (9.38%+0.11 log CFU/g) and
E. coli (9.151£0.25 log CFU/g), which was statistically

confirmed. Bifidobacteria reached counts that were ap-
proximately two orders of magnitude lower than those of the
other groups. For example, recently, a bifidogenic effect was
found for a mixture of galactooligosaccharides and mal-
todextrins, which improved the bifidobacterial growth po-
tential,”* as well as isomaltooligosaccharides,?® inulin-type
fructans, and arabinoxylanoligosaccharides.>* Moreover,
bifidobacteria are anaerobic microorganisms that are sensi-
tive to oxygen exposure?’; thus, manipulation during testing
might result in a lower incidence of these bacteria after
cultivation. In addition, the worse growth potential of com-
mercially available bifidobacterial strains could be caused
by growth degeneration due to the long cultivation passages
in laboratory conditions.?6-2

Currently, the presence of tested commensal bacteria with
probiotic potential, as health-promoting beneficial bacteria,
is monitored in the microbiota of patients suffering from
CD, which is closely related to EEN therapy. Likewise, the
quantitative occurrence of cultivable commensal bacteria in
the intestinal microbiota of CD patients before and after
EEN therapy was tested in our study. The administration of
EEN is associated with decreased variation in the patient
microbiota, especially with respect to representation by the
genera Bifidobacterium, Faecalibacterium, Ruminococcus,
and Eubacterium, and with dysbiosis of the microbiota.?
Moreover, Schwerd ef al.>° claimed that a 2-week course of
EEN could reduce the numbers of Bacteroides and increase
Firmicutes. However, Shiga et al.®' suggested that EEN
therapy does not cause any change to the bacterial diversity
in the intestine. Similarly, in our study, there were no sta-
tistically significant differences in the counts of cultivable
commensal bifidobacteria, lactobacilli, and E. coli in the
fecal microbiota, which were compared before and after
6 weeks of EEN therapy. The counts of cultivable bifido-
bacteria are usually found to be ~10° CFU/g in stool
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samples of healthy human donors.?*3? In this study, bifi-
dobacteria were detected in stool samples of children with
CD using the same conditions; however, significantly lower
counts (107 CFU/g) were found. Moreover, Sheehan et al.**
suggested that the genus Bifidobacterium is reduced in the
microbiota of CD patients. However, based on our results,
the counts of other cultivable commensals such as Lacto-
bacillus spp. and E. coli were similar compared to those in
the stool samples of humans without CD.?*-3

The unsupported growth promotion of commensal bac-
teria could probably be caused by the nonselective proper-
ties of the provided substrates found in EN formulas.
However, there are some possible ways through which the
representation of aforementioned bacteria could be affected.
Bifidobacterial growth can be supported by the addition of
human milk oligosaccharides®* and short-chain fructooli-
gosaccharides® to the EN. However, there is a risk that
commercially available prebiotics are not sufficiently selec-
tive and will support the growth of potential pathogens.¢-’
However, fructans and galactooligosaccharides are among
the most studied prebiotics that have a bifidogenic effect,*®
whereas inulin was suggested to be a prebiotic for lactoba-
cilli growth.> These bacteria are commonly found in the
human intestine* and could be also acquired from common
diet.*!

In contrast, interactions between coexisting bacterial
species in the gut could also be desirable for CD patient
health. The ability of bifidobacteria to utilize various sub-
strates is associated with the different ability of coexisting
bifidobacterial strains to utilize their metabolites in the in-
testinal microbiota, and is called cross-feeding.** This
mechanism has also been described for bacteria of various
genera, such as between bifidobacteria and Eubacterium
hallii, wherein bifidobacteria utilize the provided sub-
strates and produce short-chain fatty acids, from which
acetate and lactate are utilized by E. hallii to produce bu-
tyrate.*> A similar effect is observed during the triculture of
Lactobacillus paracasei and Bifidobacterium longum with
E. hallii or with Anaerostipes caccae.**

The final metabolites such as butyrate can be used as a
source of energy for epithelial cells in the gut and contribute
to the maintenance of intestinal homeostasis.** It has also
been shown that treatment with n-butyrate leads to the
regulation of proinflammatory mediators.*® Based on this
information, it might be desirable to promote the growth of
not only aforementioned commensal bacteria but also
butyrate-producing bacteria, which have an immediate ef-
fect on the inflamed intestine. It is also important to realize
that to evaluate the effect of EEN on the composition of the
intestinal microbiota, it is necessary to choose appropriate
studies with relevant methods. Gatti et al.*’ stated that many
studies are relatively inconsistent, and thus further investi-
gations are necessary to clarify the mechanisms associated
with in vivo interactions between EEN and intestinal in-
flammation.*® As mentioned previously herein, further
testing of the selective growth of commensal bacteria in
enriched EN formulas with prebiotic effects is necessary in
the future.

CONCLUSION

EN formulas seem to be a suitable source of nutrients for
commensal bifidobacteria, lactobacilli, and E. coli, which
were able to utilize components of all provided formulas and
grow to relatively high numbers, with the exception of
slightly lower counts for bifidobacteria. Furthermore, the
quantitative representation of these commensal cultivable
bacteria in the microbiota of CD patients was not signifi-
cantly affected by EEN administration for 6 weeks, as no
differences were detected with respect to counts at week 0.
To ensure the selectivity of EN formulas for the growth of
commensal bacteria, further testing of various antimicrobial
and prebiotic components is necessary.
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Enteral nutrition (EN) formulas of polymeric type ordinarily have similar content of intact macronutrients but
may vary in prebiotic saccharides and micronutrients. These components can play an important role in the in-
testinal microbiota modulation. The aim of this study was to investigate microbial changes of faecal samples after
their in vitro anaerobic cultivation in four polymeric EN formulas using plate technique method, metabolite
analysis, and microbiota profiling using 16S rRNA sequencing. Detected cultivable commensal groups (bifido-
bacteria, lactobacilli, Escherichia coli) in faecal samples of donors were able to grow in EN formulas. However,

their counts varied depending on the individual donor and the type of EN formula. Similar trend was found in
detected metabolites such as acetate, lactate, and butyrate. Also, taxonomic composition and diversity of original
and cultivated faecal microbiota of one individual on different EN formula indicate a possible effect of the
prebiotics and micronutrients to modulate gut microbiota.

1. Introduction

Nutrients in diet are the key factor of the microbiota configuration,
through modulation of the abundance of specific species and their
functions. Moreover, the effects of a diet on individuals in the population
differ from person to person and may be influenced by a combination of
host and microbiome features (David et al., 2014; Kolodziejczyk, Zheng,
& Elinav, 2019; Shanahan, Van Sinderen, O’Toole, & Stanton, 2017,
Yang et al., 2020). Enteral nutrition (EN) is a common artificial nutri-
tional support for patients who are unable to achieve their nutritional
requirements through oral diet. Exclusive EN represents the use of a
complete liquid diet, with the exclusion of normal dietary components
for a defined time, except water. In addition, exclusive EN providing a
complete diet and simultaneously a therapeutic measure to induce
remission of Crohn’s disease (CD) in up to 80% of cases (Ashton et al.,
2018; Forbes et al., 2017; MacLellan et al., 2017), especially in children
and adolescents newly diagnosed with active CD (Cameron et al., 2013;
Hradsky, Copova, Zarubova, Nevoral, & Bronsky, 2016). Therefore,
exclusive EN is used as the first line therapy for CD patients (Ruemmele
et al., 2014). There is significant evidence of this therapy efficacy in the

microbiota changes such as specific species appearance, broad taxo-
nomic shifts, and functional changes (Ashton et al., 2017; Ashton, Gavin,
& Beattie, 2018; D’Argenio et al., 2013; Kaakoush, Day, Leach, Lemberg,
& Mitchell, 2016; Quince et al., 2015). The effect on microbiota varies
among patients, as well as the methods used to estimate bacterial dis-
tribution and diversity are heterogeneous (Gatti et al., 2017). It ought to
be mentioned, that the gut microbiome composition of each individual is
unique (Johnson, 2020) and the EN formulas used in the studies differ in
type and composition (Camara-Martos & Iturbide-Casas, 2019), espe-
cially in the presence of prebiotics, vitamins, and other nutrients and
parameters, which can affect the colon microbiota (Klingbeil & de La
Serre, 2018; Walker & Lawley, 2013; Yang et al., 2020). Above that, the
time of exclusive EN therapy is usually at least 6 weeks and patients may
change brands of formulas and at thus the composition of the EN during
the therapy. The aim of this study was to investigate the microbial
changes of faecal microbiota after their in vitro cultivation on EN for-
mulas of polymeric type with variable prebiotic and nutrient
composition.
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2. Materials and methods
2.1. Experimental design

Microbial composition of faecal samples (FS; n = 10) before and after
their in vitro anaerobic cultivation in polymeric EN formulas (n=4)
were determined using plate technique method, metabolite analysis, and
microbiota profiling of selected samples (n=3, resp. 3+ 12) by 16S
rRNA sequencing (Fig. 1).

2.2. Faecal inoculum

One g of fresh FS from human healthy donors (n = 10), aged from 5
to 18 years, with diversified adult-like gut microbiota, without recent
intake of antibiotics for the previous 3 months, was collected into sterile
anaerobically prepared tubes with 10 mL of dilution buffer consisting of
tryptone (5 g L'l), nutrient broth No. 2 (5 g L'l), yeast extract (2.5¢g Lt ;
all Oxoid, UK), L-cysteine (0.5g L'l), and Tween® 80 (1 mL L'l, both
Sigma-Aldrich, USA). Tubes also contained glass pearls for homogeni-
zation and were prepared in an oxygen-free carbon dioxide environment
according to Hungate (1969). The samples were tested within 3h of
defecation.

2.3. Enteral nutrition formulas as cultivation media

Four polymeric enteral nutrition (EN) formulas of different brands
were used as media for FS cultivation: Fortini Multi Fibre (Nutricia,
Zoetermeer, Netherlands) — labelled as EN_A, Fresubin Energy Fibre
(Fresenius Kabi Deutschland GmbH, Germany) — EN_B, Renutryl Booster
(Nestlé Clinical Nutrition, France) — EN_C, and Ensure Plus Advance
(Abbott Laboratories, Czech Republic) — EN_D (Table 1). The sterile
tubes were filled with 10 mL of tested EN formulas and treated with CO,
to establish an oxygen-free environment.

2.4. Invitro cultivation of FS in EN formulas

FS (0.1 g per 10 mL of tested EN formula) was anaerobically inocu-
lated into four prepared tubes with different EN formulas and incubated
under anaerobic conditions (GENbag anaer, bioMérieux, France) at
37 °C for 24 h. FS inoculum and cultivated FS in EN formulas (marked as
FS+EN_A, FS+ EN_B, FS + EN_C, FS + EN_D) were further analysed.

Faecal samples (FS) of healthy
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2.5. Quantification of selected cultivable bacterial group

Microbiological analysis of FS before and after cultivation in the EN
formulas was performed using the plate technique with media for total
counts of anaerobic bacteria, bifidobacteria, lactobacilli, and E. coli ac-
cording to Modrackova et al. (2019) with serial dilution of samples using
above mentioned dilution buffer. Wilkins-Chalgren agar supplemented
with soya peptone (WSP; 5g L1, Oxoid), L-cysteine (0.5g L), and
Tween® 80 (1 mL L’l, both Sigma-Aldrich, USA) was used for the
determination of total counts of anaerobic bacteria, WSP agar with
mupirocin (100 mg L'l, Oxoid) and acetic acid (1 mL L'l, Sigma-Aldrich)
for bifidobacteria, Rogosa Agar (Oxoid) with acetic acid (1.32 mL L'h
for lactobacilli, and chromogenic T.B.X. medium (Oxoid) for Escherichia
coli. Cultivation was performed under anaerobic conditions (GENbag
anaer) for bifidobacteria and total anaerobes at 37 °C for 48 h, whereas
microaerophilic conditions were used for lactobacilli at 37 °C for 48 h,
and aerobic conditions for Escherichia coli at 37 °C for 24 h.

2.6. Short-chain fatty acid analysis by ion chromatography with
suppressed conductivity detection

The main short chain fatty acids (SCFAs) acetate, propionate, buty-
rate, and two intermediate products, lactate and formate, were
measured in fermentation supernatants of batch fermentation samples
by capillary high-pressure ion-exchange chromatography with sup-
pressed conductivity detection. Samples were centrifuged at 13 000 x g
for 5min. Supernatants were diluted (500x) and filtered through a
0.45 pm nylon membrane, and analysed using a Dionex ICS 4000 system
equipped with IonPac AS11-HC 4pum guard and analytical columns
(Thermo Scientific, USA). Eluent composition was as follows: 0-10 min
isocratic: 1 mM KOH; 10-20 min linear gradient: 1-60 mM KOH; and
20-25min again isocraticc 60mM KOH. The flow rate was set to
0.012 mLmin'. An ACES 300 suppressor (Thermo Scientific, USA) was
used to suppress eluent conductivity, while a carbonate Removal Device
200 (Thermo Scientific) was implemented to suppress carbon dioxide
baseline shift. Chromatograms were processed with Chromeleon 7.20
(Thermo Fisher). Standards were prepared from 1 g ™! stock solutions
(Analytika, Czech Republic; Inorganic Ventures, USA). Deionised water
(conductivity < 0.055 pS cm™ D) was used for eluent and standard
preparation (0.1-40 mg Lh.

2.7. Microbiota profiling with 16S rRNA sequencing

To investigate microbiota composition, three FS were randomly

Polymeric enteral nutrition

donors (n=10)

(EN) formulas (n=4)

In vitro anaerobic FS cultivation in EN formulas

A 4

Quantification of cultivable
commensal bacteria

3 x4 FSinEN selection

SCFAs analysis

3 FS selection

Microbiota profiling — 16S rRNA sequencing
(n=15)

Fig. 1. Experimental design.



N. Modrackova et al.

Table 1

The composition (per100 mL) of used enteral nutrition formulas for in vitro testing.
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Enteral Nutrition Fortini Multi Fibre

Fresubin Energy Fibre Renutryl Booster Ensure Plus Advance

Energy value (kJ/kcal) 640/153
Osmolarity (mOsm/L) 380
Nutrients Fat (g) 6.8
of which saturates (g) 0.7
monounsaturates (g)
polyunsaturates (g)
Carbohydrate (g) 18.8
of which sugars (g) 4.6
lactose (g) <0.025
Fibre* (g) 1.5
Protein (g) 3.4
Salt (g) 0.17
Minerals Sodium (mg) 67
Chloride (mg) 100
Potassium (mg) 140
Calcium (mg) 84
Phosphorus (mg) 75
Magnesium (mg) 17
Iron (mg) 1.5
Zinc (mg) 1.5
Copper (mg) 0.135
Iodine (pg) 15
Selenium (pg) 4.5
Manganese (mg) 0.23
Chromium (pg) 0.23
Molybdenum (pg) 6
Fluorine (mg) 0.11
Vitamins Vitamin A (pg) 61
Vitamin D (pg) 1.5
Vitamin E (mg a-TE) 1.9
Vitamin K (pg) 6
Vitamin C (mg) 15
Vitamin B1 (mg) 0.23
Vitamin B2 (mg) 0.24
Vitamin B6 (mng) 0.18
Niacin (mg) 0.88
Folic acid (pg) 23
Vitamin B12 (ug) 0.26
Pantothenic acid (mg) 0.5
Biotin (pg) 6
Other nutrients Carotenoids (mg) 0.15
L-carnitine (mg) 3
Cholin (mg) 30
Taurine (mg) 11

Betacarotene (pg)

Linoleic acid (g)
o-linolenic acid (mg)
Fructooligosaccharides (g)
Hydroxymethylbutyrate (g)

630/150 840/200 631/150
410 580 557
5.8 7 4.8
0.4 0.9 0.42
3.8 4
1.6 1.3
17.8 24 16.8
5.6 7 6.8
< 0.26 < 0.05
2 0 0
5.6 10 9.1
0.43 0.43
80 95 160
100 85 139
135 240 270
135 229 227
80 153 120
21 50 25
2 1.7 2.1
1.5 2.5 1.75
300 250 0.45
30 25 22
10 13 8.5
0.4 0.16 0.45
10 21 10
15 7 15
0.2 0.4
120 117 60
2 1.7 5.7
3 3.4 2.5
16.7 12 15
15 20 16
0.23 0.2 0.26
0.32 0.27 0.34
0.33 0.37 0.734
3 4.5 3
50 67 35
0.6 0.8 0.65
1.2 0.83 1.1
7.5 10 6

18
26.7 70
300 60

1.1
210
0.75
0.55

Footnotes: *Fibre content in Fortini Multi Fibre —soy polysaccharides, inulin, oligofructose, resistant starch, gum arabic, and cellulose; in Fresubin inulin - chicory

selected before and after cultivation in four different EN formulas. Total
genomic DNA was extracted from 500 pl of 10 x diluted FS or FS in EN
using the Fast DNA SPIN kit for soil (MP Biomedicals, Illkirch, France)
according to the manufacturer’s instructions. DNA concentration and
quality were accessed by absorbance measurements at 260 nm on a
NanoDrop® ND-1000 Spectrophotometer (Witec AG, Littau,
Switzerland), and samples were stored at — 20 °C prior to the molecular
analyses.

The bacterial V4-V5 16S rRNA region was amplified with the
primers BactBF (GGATTAGATACCCTGGTAGT) and BactBR (CACGA-
CACGAGCTGACG) according to Fliegerova et al. (2014). The obtained
PCR products were purified using the QIAquick® PCR purification kit
(Qiagen, Germany).

Purified amplicons were used for library preparation using the
NEBNext® Fast DNA Library Prep Set for Ion Torrent (NEB, USA). The
Ion Xpress Barcode Adapters were used to label each sample specifically.
The sequencing template was prepared on the Ion OneTouch 2 system
using the Ion PGM OT2 HiQ View Kit and sequenced on the PGM plat-
form (both, Thermo Fisher Scientific) using the Ion PGM TM Hi-Q TM

Sequencing Kit and the Ion 316 TM v2 chip, both according to man-
ufacturer’s protocols.

A quality control of the resulting sequences was performed using
FastQC package v0.11.8. The resulting sequences were analysed using
the Qiime2 (Bolyen et al., 2019) software package with the DADA2
v2019.10.0 (Callahan et al., 2016) pipeline for IonTorrent error pre-
diction (see SuplementaryFilel). The resulting set of ASVs was
normalized by sub-sampling to even depth of the lowest sample. Rela-
tive bacterial abundance was subsequently plotted on the phylum and
family level. Taxonomic groups that accounted for<0.1% of total se-
quences in each sample were pulled together into a low abundance
category for increased legibility. Furthermore, the community diversity
was expressed as Shannon’s entropy. These procedures are detailed in
the SupplementaryFile2.

2.8. Statistics

Counts of bacterial colonies (log CFU g') within the groups FS,
FS + EN_A, FS + EN_B, FS + EN_C, and FS + EN_D are shown as boxplots
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Fig. 2. Enumeration of bacterial groups after FS incubation in four EN formulas. Counts of cultivable commensal groups of bacteria are shown as averages in log CFU
g’l. Four different media were used for quantification of total counts of anaerobic bacteria, bifidobacteria, lactobacilli, and Escherichia coli within the incubated
faecal sample (FS) obtained from ten individual donors (n=10) in four different polymeric enteral nutrition (EN) formulas; EN_A (Fortini Multi Fibre), EN_B
(Fresubin Energy Fibre), EN_C (Renutryl Booster), and EN_D (Ensure Plus Advance). Scheffe’s test of one-way ANOVA and Kruskal-Wallis test were used for
assessment of statistically significant differences (P < 0.05), shown as s horizontal bar, between FS and EN formulas using STATISTICA software (StatSoft,
Czech Republic).

(Fig. 2). SCFA levels (mM) of lactate, acetate, propionate, formate, and

butyrate are expressed as averages with standard deviations (Fig. 3). The lyses were processed
normality of data was evaluated by Shapiro-Wilk W test (P < 0.05). Republic).

Depending on the fulfilment of the testing conditions, Scheffe’s method

for multiple hypothesis testing adjustment of P-values of One-Way
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ANOVA or Kruskal-Wallis test were used (P < 0.05). All statistical ana-

by STATISTICA software (StatSoft, Czech

Fig. 3. Short chain fatty acid analysis. Formation of
lactate, acetate, propionate, formate, and butyrate
was measured in fermentation supernatants of batch
fermentation samples within the incubated faecal
sample (FS) obtained from individual donors
(n=10) in four different polymeric enteral nutrition
(EN) formulas; EN_A (Fortini Multi Fibre), EN_B
(Fresubin Energy Fibre), EN_C (Renutryl Booster),
and EN_D (Ensure Plus Advance). The measurement
was performed after 24 h of in vitro cultivation by
ion-exchange chromatography with suppressed
conductivity. Scheffe’s test of one-way ANOVA and
Kruskal-Wallis test were used for assessment of sta-
tistically significant differences (P < 0.05), shown as
a horizontal bar, between the concentrations of
fermentation metabolites of FS in EN formulas. The
statistics was performed using STATISTICA software
(StatSoft, Czech Republic) and Microsoft Office
Professional Plus 2016.
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3. Results
3.1. Detected counts of cultivable bacterial commensal groups

The counts of cultivable commensal groups of bacteria naturally
present in FS (n = 10), which were inoculated in four different EN for-
mulas, were quantified by desk-plate method using selective media and
factors for their cultivation. The resulting bacterial counts display of a
wide spread that was caused by inter-individual differences among the
FS, and due the detection limit 10? (especially for E. coli). Total counts of
anaerobic bacteria reached more than 10° CFU g~! and were similar
among each variant of EN formula as growth media, and as well in
comparison to the FS itself (Fig. 2). The same trend was also detected in
the other two monitored groups. Lactobacilli exhibited average numbers
of (6.21 + 2.43)—(6.71 £+ 2.59) log CFU g’1 that is almost 1.5 order of
magnitudes higher than in FS (5 log CFU g’l), and E. coli of
(3.50 & 1.86)-(6.21 + 2.74) log CFU g‘l. Bifidobacteria were detected
in significantly decreased numbers 7.14 + 1.56 log CFU g~ ! in Fortini
Multi Fibre in comparison with FS 8.86 + 0.68 log CFU g~. Other EN
formulas do not appear to have enhanced their growth and enabled
bifidobacteria to grow in range 107-10° CFU g’l.

3.2. Metabolic profile of fermentation supernatants

The production of main detected metabolites, such as acetate, pro-
pionate, formate, and butyrate, differed among used EN formula as the
fermentation substrates (Fig. 3). In general, acetate and lactate reached
the highest levels, as main metabolites of bifidobacteria, as well as
lactobacilli. The acetate levels after FS incubation in Fortini Multi Fibre
were significantly decreased (53.94 +31.33 mM) in comparison with
other EN formulas where the concentrations were almost triplicated
(142.32 +53.31 mM in Fresubin Energy Fibre, 165.98 + 47.90 mM in
Renutryl Booster, and 145.22 -+ 63.82 mM in Ensure Plus Advance). The
low amount of acetate correlates with lower abundance of bifidobacteria
in FS incubated in Fortini Multi Fibre. In addition, fermentation
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supernatant of FS in Fortini Multi Fibre showed the inverse acetate:
lactate ratio in favour of lactate compared to other EN formulas.
Formate levels were significantly lower in FS in Fortini Multi Fibre
(1.14 + 0.85 mM) and Renutryl Booster (1.41 & 0.94 mM) compared to
FS in Fresubin Energy Fibre (3.05 + 1.82 mM). Similarly, the butyrate
levels were significantly lower in FS in Fortini Multi Fibre
(10.45+£15.70mM) and Ensure Plus Advance (7.01 +11.49 mM)
compared to the FS in Fresubin Energy Fibre (45.26 + 30.57 mM). In
contrast to that, the propionate levels were similar among all tested EN.

3.3. Bacterial composition of the original and cultivated faecal microbiota

Microbiota profile of the analysed FS (n = 3) and FS incubated in four
different EN formulas Fortini Multi Fibre, Fresubin Energy Fibre,
Renutryl Booster, and Ensure Plus Advance was determined by
sequencing the V4-V5 regions of the 16S rRNA gene amplicons. The
bacterial diversity in each sample was expressed as the Shannon’s en-
tropy. The cultivation samples displayed a considerable spread of
values, however the median diversity remained similar to the FS sample
(Fig. 4.

The relative abundance of the microbiota of the collective FS was
similar in phyla Actinobacteria and Firmicutes (both ~ 40.53%), fol-
lowed by Proteobacteria (5.98%), and Bacteroidetes (2.30%). The
taxonomic families Bifidobacteriaceae (33.73%), Enterobacteriaceae
(5.52%), and Lactobacillaceae (0.16%) were further analysed for com-
parison with the cultivation data and the SCFAs profiles (Fig. 5). Fre-
subin Energy Fibre displayed the highest increase of Bifidobacteriaceae
from 34 to 53%, followed by the Renutryl Booster (42%). In contrast to
that, bifidobacteria were decreased in Fortini Multi Fibre to 10%. The
Lactobacillaceae was nearly undetectable in the FS samples and Fresubin
Energy Fibre and Ensure Plus Advance, whereas they sharply increased
in Fortini Multi Fibre and Renutryl Booster to 34 and 33%, respectively.
The relative abundance of Enterobacteriaceae was not strongly affected
by any of the EN formulas as fermentation substrates. Further microbial
shifts were detected. Streptococcaceae extensively multiplied in Fortini
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Fig. 4. Shannon’s entropy. The bacterial diversity in each sample, where the faecal sample (FS) obtained from three individual donors (n = 3) was incubated in four
different polymeric enteral nutrition (EN) formulas; EN_A (Fortini Multi Fibre), EN_B (Fresubin Energy Fibre), EN_C (Renutryl Booster), and EN_D (Ensure Plus

Advance); was expressed as the Shannon’s entropy.
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Fig. 5. Microbiota profiling with 16S rRNA sequencing. Microbial phyla (A) and families (B) in the faecal samples (FS) and FS incubated in four different EN
formulas; EN_A (Fortini Multi Fibre), EN_B (Fresubin Energy Fibre), EN_C (Renutryl Booster), and EN_D (Ensure Plus Advance). Values presented are averages of the

biological replicates (n = 3).

Multi Fibre up to 22% of reads in comparison with 5% in FS and<2% in
other EN formulas. Likewise, Coriobacteriaceae thrived in Fresubin En-
ergy Fibre (12%) and Prevotellaceae in the Ensure Plus Advance (8%). A
notable decrease of Lachnospiraceae, when compared to the FS (15%),
was detected in Ensure Plus Advance with 9%, Fresubin Energy Fibre
and Renutryl Booster with 3%, and in Fortini Multi Fibre with tenths of
percent reads. Microbial shift of gut representatives was significantly
influenced by the brand of the used EN formulas as fermentation sub-
strate and their diverse content.

4. Discussion

Modulation of the human microbiota is an evolving strategy to
improve human health. The ability to shift the composition and metabolic
outcomes of the gut microbial population is achieved via dietary or non-
dietary interventions (David et al., 2014; Gibson et al., 2017; Walker &
Lawley, 2013). Commercial enteral formulas usually differ in composition

of prebiotic substrates and another specific nutrients, which can modulate
gut microbiota profile (Klingbeil & de La Serre, 2018; Walker & Lawley,
2013; Yang et al., 2020). In this study, the prebiotic fibre content of the
tested EN formulas varied. Fortini Multi Fibre contained soy poly-
saccharides, inulin, oligofructose, resistant starch, gum arabic, and cel-
lulose, Fresubin Energy Fibre chicory inulin, and Ensure Plus Advance
fructooligosaccharides. Renutryl Booster did not contain any prebiotic
fibre, but linoleic and a-linolenic acids unlike the others. Knowledge of
the content of these substances should be considered when choosing
exclusive EN as the therapy. The effects of EN formulas on specific bac-
terial species occurrence and metabolite formation are variable and
inconsistent between studies (D’ Argenio et al., 2013; Guinet-Charpentier,
Lepage, Morali, Chamaillard, & Peyrin-Biroulet, 2017; Tjellstrom et al.,
2012), and EN components can play an important role in the intestinal
microbiota modulation. Moreover, the presence of soluble dietary fibre
can have effect on stool form and short-chain fatty acid production
(Mizuno, Bamba, Abe, & Sasaki, 2020).
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Dietary changes lead to significant shifts in the human gut micro-
biota, which can occur in a rapid and reproducible manner (David et al.,
2014; Lang et al., 2018; Seo, Lee, Kim, & Park, 2020). The changes are
highly variable among individuals, without strong population level
trends (Lang et al., 2018). Heterogeneous and highly personalized mi-
crobial shifts have also been detected in response to carbohydrates,
including dietary fibre with resistant starches and prebiotic carbohy-
drates (Lockyer & Nugent, 2017; Walker et al., 2011). Fortifying enteral
formulas with prebiotics have been proposed as a method to increase
beneficial species such as bifidobacteria to assist in colonisation resis-
tance and to increase SCFAs production (Whelan, 2007; Whelan, Gibson,
Judd, & Taylor, 2001). However, some results are not so convincing to
support bifidobacterial counts (Majid, Emery, & Whelan, 2011;
Schneider et al., 2006). According to Modrackova et al. (2019) EN for-
mulas were found to be suitable growth media for commensal groups
such as bifidobacteria, lactobacilli, and E. coli tested in single culture
assay in vitro. On the other hand, the counts of cultivable commensal
bacteria in the FS of CD children were not significantly affected by
6 weeks exclusive EN therapy in vivo. It is known that added prebiotic
carbohydrates, which are also part of the EN formulas can also support
the growth of other groups with a pathogenic potential (e.g. clostridia
and Gram-negative bacteria) present in the intestinal microbiota
(Bunesova et al., 2012; Rada et al., 2008). Differences in the prebiotic
substrates available in the individual commercial EN formulas (Table 1)
may be responsible for the different microbial and metabolic profiles
obtained after culturing an identical FS on the tested polymeric EN
formulas in this study. Bifidobacteria and lactobacilli detected in FS of
donors were able to grow in the tested EN formulas in vitro with respect
to the other present members of microbiota. In addition to that,
microbiota profiling using 16S rRNA sequencing points to the growth
also of other taxa than Bifidobacteriaceae and Lactobacillaceae, such as
Streptococcaceae, Coriobacteriaceae, Prevotellaceae, and Lachnospiraceae.

Batch fermentation represents an opportunity to test the effect of
prebiotics and other nutrients on microbial populations from single cell
culture to complex faecal microbiota (Bunesova et al., 2012; Modrack-
ova et al., 2019). Whereas, in vitro continuous intestinal fermentation
technology with immobilized faecal microbiota, mimicking planktonic
as well as sessile growth, can be used to produce controlled and stable
“artificial” large intestinal microbiota with high cell densities and
quantities, moreover is a potential alternative to faecal microbiota
transplantation (Bircher, Schwab, Geirnaert, & Lacroix, 2018; Lacroix,
de Wouters, & Chassard, 2015; Payne, Zihler, Chassard, & Lacroix,
2012). Both can be used for further research of EN components to
modulate homeostatic and dysbiotic microbiota of CD patients.

5. Conclusion

Our results indicate that even slight composition differences of EN
formulas can shift microbial profile. The efficacy of prebiotics and other
nutrients in modulation of the gut microbiota in health and disease
needs further investigation, and an individualized approach is merited,
given the great (inter)individual variation in microbiota configurations.
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5 Souhrnna diskuze

V této kapitole jsou souhrnné diskutovany vysledky publikovanych praci, jejichz citace jsou
Vtextu oznaCeny tu¢né. Detailni metodika s podrobnymi vysledky jsou uvedeny
v predlozenych publikovanych ¢lancich v kapitolach 4.1-4.8. S ptfihlédnutim k publika¢nim

vystuptim je tato souhrnna diskuze rozdé€lena do tiech dil¢ich podkapitol.

5.1  Monitoring vyskytu bifidobakterii a popis novych druhi

Bifidobakterie bézn¢ kolonizuji gastrointestinalni trakt teplokrevnych zivocicht, dribeze,
hmyzu a fadu dal$ich stanovist,, ktera jsou ale vétSinou Vv piimé souvislosti s t€émito hostiteli
(Bunesova et al. 2014; Milani et al. 2017b). Pravé jejich sacharolyticky typ metabolismu je
ptredurcuje k osidlovani téchto mist bohatych na sacharidové substraty (Turroni et al. 2018a).
Piestoze prvni bifidobakterie byla popsana jiz na poéatku 20. stoleti (Tissier 1900; Orla-Jensen
1924), i nyni o vice nez dekadu pozdéji je stale objevovano velké mnozstvi novych druht
s pozoruhodné rostoucim trendem jejich izolace zejména z novosvétskych opic, jako jsou
kosmani a tamarini. Konkrétné druhy B. callitrichos, B. saguini, B. jacchi, B. catulorum,
B. myosotis, B. tissieri, B. hapali byly izolovany z kosmana bélovousého (Callithrix jacchus
L.) (Endo et al. 2012; Michelini et al. 2016c; Modesto et al. 2018a; Modesto et al. 2019),
B. parmae, B. margollesii z kosmana zakrslého (Cebuella pygmaea) (Lugli et al. 2018),
B. primatium, B. scaligerum, B. felsineum, B. aerophilum, B. avesanii, B. ramosum z tamarina
pinciho (Saguinus oedipus L.) (Michelini et al. 2016a; Modesto et al. 2018c), B. imperatoris,
B. vansinderenii, B. callitrichidarum, B. simiarum z tamarina vousatého (Saguinus imperator)
(Duranti et al. 2017; Lugli et al. 2018; Modesto et al. 2018b; Modesto et al. 2018c¢), B. reuteri,
B. stellenboschense, B. biavatii z tamarina zlutorukého (Saguinus midas) (Endo et al. 2012),
B. cebidarum z tamarina skakavého (Callimico goeldii) (Duranti et al. 2020) a B. leontopitheci
z lvicka zlatohlavého (Leontopithecus chrysomelas) (Duranti et al. 2020).

Tento trend byl potvrzen v ramci nasi studie zabyvajici se monitoringem vyskytu bifidobakterii
U primath chovanych v zajeti v Ceskych zoologickych zahradach. Bylo detekovano hojné
zastoupeni bifidobakterii s jejich vyznamnou pfevahou u novosvétskych opic, v ramci jejichz
mikrobioty byly zaroven popsany tfi nové druhy bifidobakterii, a to konkrétné B. moraviense
DSM 109958" z tamarina skidkavého (Callimico goeldii), B.oedipodis DSM 1099577
z tamarina pin¢iho (Saguinus oedipus L.) a B. olomucense DSM 109959" z tamarina
bélovousého (Saguinus mystax) (Neuzil-Bunesova et al. 2020b). V ramci naseho navazujiciho

vyzkumu zabyvajiciho se analyzou mikrobiomu primatu bylo dekovano dalsich pét potencialné
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novych druhli bifidobakterii izolovanych v tomto ptipad¢ vyhradné z tamarinli, konkrétné
tamarina sedlového, tamarina vousatého, tamarina pin¢iho, tamarina bélovousého a tamarina
zlutorukého (Modrackova et al. 2021b), které budou dale popisovany. Ve stievni mikrobioté
novosvétskych opic byla dale detekovana také vétSina druhti bifidobakterii, které byly ptiivodné
z tohoto prostiedi izolovany a v poslednich letech popsany jako nové druhy. Konkrétné se
nejcastéji jednalo o druhy B. parmae, B. imperatoris/saguini a B. ramosum. U novosvétskych
opic byla také celkové detekovana vétsi variabilita bifidobakterialnich druhd ve srovnani
s opicemi starosvétskymi (Modrackova et al. 2021b).

Prestoze v minulosti byla snaha izolovat nové druhy i z opic starosvétskych, pouze
B. moukalabense je jednim z druhii izolovanych z gorily nizinné (Gorilla gorilla gorilla)
(Tsuchida et al. 2014). Druhy bifidobakterii detekovanych u skupiny starosvétskych opic
vétsinou zahrnuji ty multi-hostitelské, jako je naptiklad B. pseudolongum (Nomoto et al. 2017),
B. angulatum (Ushida et al. 2010), B. adolescentis a B. dentium (D'Aimmo et al. 2014). V ramci
nas$i mikrobiomové studiec byla hojnd pritomnost téchto multi-hostitelskych druht
bifidobakterii U starosvétskych opic potvrzena. Konkrétné se nejCastéji jednalo o druhy B.
dentium a B. catenulatum/pseudocatenulatum (Modrackova et al. 2021b). Zaroven byla u této
skupiny opic také detekovana vyznamné vysSi variabilita bakterialni populace ve srovnani
sopicemi novosvétskymi, ktera pravé u opic starosvétskych koresponduje s nizSim
kvantitativnim zastoupenim bifidobakterii (Modrackova et al. 2021b). O to vétsim Gspéchem
nasich experimentd bylo objeveni a popis novych druht bifidobakterii izolovanych z fekalnich
vzork® §impanze (Pan troglotydes), konkrétné druhu B. panos DSM 1099637, a z ko¢kodana
husarského (Erythrocebus patas), druhu B. erythrocebi DSM 1099607 (Neuzil-Bunesova et al.
2020Db).

Ptestoze je v soucasnosti vétsina nove popisovanych druht bifidobakterii izolovana zejména ze
sttevni mikrobioty primati,, podafilo se ndm v ramci screeningu stievni mikrobioty pst
detekovat bifidobakterie u némeckych ov¢aka se zastoupenim potencialné nového druhu, ktery
byl nasledné popsan jako B. canis DSM 1059237 (Neuzil-Bunesova et al. 2020a).
V mikrobiot¢ psi jsou vétSinou bézné piitomny multi-hostitelské druhy B. animalis,
B. choerinum, B. pseudolongum (Strompfova & Laukova 2014; Sabbioni et al. 2016) a poddruh
B. animalis subsp. lactis (Bunesova et al. 2012b). V ramci naSeho testovani byly detekovany
dalsi typicky multi-hostitelské druhy B. longum, B. adolescentis,
B. catenulatum/pseudocatenulatum a B. pullorum (Neuzil-Bunesova et al. 2020a). Zivotem
pst v tésné blizkosti ¢lovéka a jejich intenzivnim zdomacnénim totiz doslo k posunu jejich

puvodni pfirozené mikrobioty k mikrobioté podobajici se té lidské (Song et al. 2013; Milani et
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al. 2017b). S tim tzce souvisi i zména jejich diety, ktera je ted mnohem bohatsi na sacharidy
oproti jejimu pivodné zejména bilkovinnému charakteru (Clauss et al. 2010; Bosch et al. 2015).
Pii popisu novych druhil je nasSim pfistupem kombinace kultivacné zavislych a kultivacné
nezavislych metod. V ramci kultivacni kvantifikace bifidobakterii S pouzitim pro né
selektivnich médii obohacenych o octovou kyselinu s antibiotikem mupirocinem/mupirocinem
spolu s norfloxacinem (Rada & Petr 2000; Vlkova et al. 2015) a jejich nasledné identifikace
jsme schopni objevit fadu zajimavych izolath s potencidlem nového druhu ¢i zajimavymi
potencialné probiotickymi vlastnostmi. Pro identifikaci bifidobakterii v rdmci studie analyzy
mikrobiomu primati chovanych v zajeti byla navic vytvofena rozsifena MALDI-TOF MS
databaze hmotnostnich spekter, kterd se osvédcila jako sofistikovany ndstroj pro rychly
screening druhového bifidobakterialniho zastoupeni (Modrackova et al. 2021b). Tato databaze
ma $iroké pouziti pii kazdodennich identifikacich divokych kment bifidobakterii variabilniho
pivodu. Uspé&snost MALDI-TOF MS identifikace je totiz limitovana mnoZstvim uloZenych
kment v databazi pro srovnani se spektrem analyzované¢ho vzorku (Shannon et al. 2018).
V piipad¢ rozsifeni databaze téchto spekter o chybéjici typové a divoké kmeny bakterii se pak
tato metoda muze stat vhodnym nastrojem pro identifikaci také environmentalnich vzorka
bakterii (Santos et al. 2016; Timperio et al. 2017). Ptes nespornou vyhodu v rychlosti, efektivité
a snizené cené druhové identifikace bifidobakterii pomoci MALDI-TOF MS, i tato metoda ma
své limity. Pii screeningu druhové zastoupeni bifidobakterii v mikrobioté primatt bylo zjisténo,
ze z divodu podobnosti spekter nékterych izolatd je nelze spolehlivé odlisit na druhové trovni.
Konkrétné jde o druhy B. adolescentis — B. faecale, B. angulatum — B. merycicum, B. breve —
B. indicum, B. catenulatum — B. pseudocatenulatum a B. imperatoris — B. saguini, které jsme
seskupili do uvedenych dil¢ich identifika¢nich skupin (Modrackova et al. 2021b).
Detekovanou vysokou podobnost téchto spekter Ize vysvétlit také blizkou piibuznosti téchto
druhli na zéklad¢ jejich podobnosti 16S rRNA sekvenci. Pro dals§i odliSeni téchto druht
a obecné pro presnou identifikaci je proto velmi vhodné kombinovat MALDI-TOF MS s vice
metodami identifikace bifidobakterii, jako je napfiklad sekvenovani fylogenetickych markera
(Milani et al. 2014b; Srinivasan et al. 2015; Killer et al. 2018) a celogenomové sekvenovani
(Lugli et al. 2018).

Zcela obracenym pfistupem k popisu novych druhli poté piistupuje italskd skupina védci
profesora Ventury, ktefi nejprve analyzuji cela mikrobialni spoleCenstva pomoci sekvenovani
nové generace (NGS). Na zakladé metagenomického sekvenovani ziskaji informace
0 pfitomnosti potencialné novych druht bifidobakterii s predikci jejich metabolickych

schopnosti, diky nimz Ize identifikovat specifické substraty, které jsou potencialné nové druhy
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schopny metabolizovat. Tyto substraty jsou nasledné vyuzity pfti kultivaci pro izolaci cilenych
druht bifidobakterii (Milani et al. 2018; Lugli et al. 2019b). Vykultivovany izolat je nasledné
dale charakterizovan pomoci profilovani hypervariabilniho regionu ITS S pouzitim
specifickych primert pro amplifikaci fragmentd dlouhych 200 bp (Milani et al. 2014b). Ziskané
sekvence jsou poté porovnavany s popsanou ITS bifidobakterialni databazi (Milani et al.
2017b). V ptipad¢ popisu nového druhu klasickym zptsobem zaéinajicim jeho izolaci po
kultivaci, tato skupina vétsinou kombinuje vice metod pro charakterizaci daného izolatu, jako
je amplifikace V3 region genu 16S rRNA (Milani et al. 2013b) a ¢asti ITS sekvence (Milani et
al. 2014b) s naslednym sekvenovanim celého genomu (Lugli et al. 2016; Lugli et al. 2018).
Pravé osekvenovani a porovnani ITS regionu bylo klicové v ramci naseho popisu péti novych
druht bifidobakterii izolovanych z opic, které bylo nezbytné k jejich druhovému odliseni. Dané
izolaty bifidobakterii totiz mély identickou sekvenci genu 16S rRNA a aZz na zakladé
kombinace sekvenace ITS regionu, DDH a ANI bylo potvrzeno, ze se jednd o nové druhy
(Neuzil-Bunesova et al. 2020b).

5.2  Prebiotika s bifidogennim potencialem

S rozvojem molekularnich metod bylo zjist€éno mnoho zajimavych informaci o metabolickych
schopnostech bifidobakterii. Genom bifidobakterii totiZ koduje velké mnozstvi specifickych
enzymu podilejicich se na jejich sacharolytickém zpisobu metabolismu. Jedna se zejména
0 GH, pomoci nichz jsou schopny vyuzivat Sirokou §kalu komplexnich substratt (Cronin et al.
2011; Pokusaeva et al. 2011). Tato schopnost je nicméné ¢asto druhové, kmenové a hostitelsky
specificka (Milani et al. 2016; BuneSova et al. 2017; Liu et al. 2021). Zejména z dtvodu
dlouhodobého a bezpecného pouzivani komenzalnich bifidobakterii (Abe et al. 2010; Doron &
Snydman 2015; Ricci et al. 2017), jejichz ptitomnost ve stfevé je navic spojovana s mnoha
zdravotnimi ptinosy pro hostitele (Awasti et al. 2016; Hidalgo-Cantabrana et al. 2017), je
zadouci hledani moznych zptsobi jejich podpory. Jednou z moznosti je nalezeni specifickych
prebiotickych sacharidovych substratii, které neni sam hostitel schopen vyuzit (Gibson et al.
2017). Trendem soucasné doby by zaroven mélo byt hledani a upfednostiiovani latek ptirodniho
puvodu, které jsou/mohou byt ptirozenou slozkou diety hostitele. Pravé selekce novych
prebiotickych substrati vychazejicich z pfirozenych slozek diety danych hostitelll se
zamé&fenim selektivity pro Bifidobacterium spp. byl dalsim cilem této prace.

Ptirodni gumy a nékteré Skroby jsou jednim z piikladl slibnych prebiotickych substrati pro
bifidobakterie (Salavati Schmitz & Allenspach 2017; Mudgil et al. 2018). Jedna se pievazné

0 komplexni sacharidové polymery s hydrokoloidni povahou, které jsou vzhledem ke svym
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vhodnym technologickym vlastnostem a bezpecnosti pro konzumenta bézné pouzivany jako
emulgatory, stabilizatory a jedl¢é obaly nebo filmy v potravinatstvi (Mirhosseini & Amid 2012;
Bashir et al. 2016; FAO/WHO 2017; Saha et al. 2017). Oproti syntetickym pfidatnym latkam
jsou navic chemicky stalé, netoxické, biologicky rozlozitelné a snadno dostupné (Choudhary &
Pawar 2014). Z tohoto duvodu by pfirodni zahustovadla mohla byt vhodnym prebiotickym
zdrojem pro bifidobakterie.

Schopnost utilizace karubinu (E410), guarové gumy (E412), tragacanthu (E413), arabské gumy
(E414), xanthanu (E415), gumy karaya (E416) a Skrobu byla testovana u 204 kment
bifidobakterii riznych druhti. Tato schopnost byla shleddna jako druhové, kmenové
a hostitelsky specificka odrazejici dietu a ptivod hostitele. Obecné totiz byly bifidobakterie
zivocisného plvodu, izolované zejména z prezvykavel a opic, schopny vyuzit SirSi Skélu
dostupnych pfirodnich substratu ve srovnani s kmeny pluvodu lidského. Piikladem zcela
k utilizaci nekompetentnich bifidobakterii je poddruh B.longum subsp. infantis a druh
B. bifidum, zatimco 10 dalSich testovanych druht bifidobakterii (29 kment) bylo pfirodni gumy
schopno utilizovat. Karubin, guarova guma, tragacanth a arabska guma byly nejéastéji
dostupnymi substraty. Naopak zcela nedostupnymi substraty pro bifidobakterie byly xanthan
a guma karaya (Modrackova et al. 2019b).

Nejcastéji vyuzivanym testovanym substratem byl Skrob, ktery byl vyuzivan 37 druhy
bifidobakterii (114 kment) lidského i Zivo¢isného pivodu (Modrackova et al. 2019b). Skrob
je totiz béznou soucasti diety mnoha hostiteltl a je zaroven univerzalnim zdrojem uhliku, ktery
je dostupny pro fadu bifidobakterialnich druht (Liu et al. 2015b; Metzler-Zebeli et al. 2019),
napiiklad pro B. adolescentis (Duranti et al. 2014), B. choerinum (Jung et al. 2018)
a B. pseudolongum (Centanni et al. 2018). Kromé¢ vySe zminénych byla tato schopnost v ramci
naseho testovani potvrzena také u druhti B. boum, B. dentium a B. thermophilum (Modrackova
et al. 2019b). Prestoze Skrob vykazuje potencialné prebiotické vlastnosti pro nekteré druhy
bifidobakterii, existuje predpoklad jeho nedostate¢né selektivity a s tim souvisejici dostupnosti
k jeho vyuziti také potencialné patogennimi bakteriemi. Takovymto pfikladem mohou byt
nekteré druhy rodu Clostridium a Bacteroides (El Kaoutari et al. 2013b; Tsolis & Baumler
2020). Neselektivni charakter byl dokonce prokazan také u fady komeréné dostupnych
prebiotik (Rada et al. 2008; Bunesova et al. 2012). Naopak slibnou bifidogenni alternativou
s vyssi selektivitou by mohla byt rezistentni ¢i modifikovana forma Skrobu (Briissow 2013;
Sybille et al. 2013; Kim et al. 2018).

Jednou z moznosti, jak piedejit mozné podpoie nezadoucich mikroorganismt ve stievni

mikrobioté hostitele by mohlo byt podavani pfirodnich gum spolu s bifidobakteriemi, které jsou
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kompetentni k jejich utilizaci, ve formé synergistickych synbiotik (Modrackova et al. 2019Db).
Dle aktualné platné definice jsou synbiotika smési obsahujici Zivé mikroorganismy a substrat(y)
selektivné vyuzivané hostitelskymi mikroorganismy, které poskytuji hostiteli zdravotni pifinos.
,,Hostitelské mikroorganismy* v této souvislosti dané definice zahrnuji jak autochtonni
(rezidentni a kolonizujici hostitele), tak alochtonni mikroorganismy (extern¢ aplikované jako
probiotika), které i kdyz jsou transientni, tvofi soucast hostitelské mikrobioty. V ptipadé
synergistickych synbiotik je prebioticky substrat designovan k selektivni utilizaci ko-
administrovanych probiotik, zatimco komplementarni synbiotika jsou cilena na autochtonni
mikroorganismy (Swanson et al. 2020). Administrace piirodnich gum v kombinaci
s bifidobakteriemi by méla nejvétsi potencial zejména ve vyzivé zvifat, protoze vétSina
schopnych druhu bifidobakterii utilizovat tyto substraty byla animalniho piivodu (Modrackova
et al. 2019b). Jiz dfive byly dokonce pfirodni gumy takto vyuZzivany pro enkapsulaci
a administraci probiotickych bakterii (Weinbreck et al. 2010; Eratte et al. 2015). Jako slibné
synbiotikum se napfiklad jevi i kombinace rezistentniho Skrobu ze semen chlebovniku
riznolistého spolu s B. pseudolongum pro redukci hyperlipidémie u mysi (Zhang et al. 2021),
galaktooligosacharidi s B. adolescentis (Krumbeck et al. 2015), nebo inulinu s B. animalis
subsp. lactis (Anzawa et al. 2019) pro zvyseni Zadoucich bakterii v lidském stievé. Prestoze
maji prirodni zahustovadla slibny prebioticky potencial pro podporu rustu bifidobakterii, je
stale nezbytné dalsi testovani jejich selektivity v ramci komplexni stfevni mikrobioty. Praveé
proto je v navaznosti na nasi publikaci Modrackova et al. (2019b) v sou¢asné dob¢ provadén
dalsi experiment, ve kterém jsou ptirodni gumy podrobeny fermentaci fekalni mikrobiotou
ptezvykavych krav. Na zaklad¢ analyzy mikrobiomu a profilu SCFASs a laktatu bude sledovan
vliv jednotlivych ptirodnich gum na modifikaci stfevni mikrobioty téchto piezvykavci.
DalSimi potencidlné prebiotickymi latkami pfirodniho plivodu jsou rostlinné glykosidy.
Vyskytuji se V listech, plodech a zrnech, kdy fada z nich je vyuzivana v tradi¢ni medicing jiz
po celé staleti (Biernat et al. 2018). Cast dietarnich glykosidf, ktera neni vstiebana v tenkém
stiev€, totiz muze byt hydrolyzovana glykosidickou aktivitou stfevni mikrobioty, kterou je
modifikovana jejich biologicka dostupnost uvolnénim acylglykont (de Arriba et al. 2013), které
navic mohou mit i antimikrobialni charakter (Jurica et al. 2017). Konkrétn¢ bifidobakterie
disponuji Sirokou Skalou enzymii GH umoZznujicich degradaci fady dietarnich sacharid
(Bottacini et al. 2018), véetné ptitomnosti B-glukosidaz, které by mohly katalyzovat degradaci
téchto latek. Jejich aktivita je vétSinou druhové specificka (Marotti et al. 2007).

V ramci nasi dalsi studie zabyvajici se f-glukosidazovou aktivitou byla testovana schopnost

115 kment bifidobakterii rizného pivodu utilizovat rostlinné glykosidy esculin, amygdalin
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a arbutin jako fermenta¢ni substraty. Nasim testovanim jsme potvrdili, Ze B-glukosidazova
aktivita bifidobakterii je druhové specificka. Testované druhy B. adolescentis, B. animalis,
B. breve, B. catenulatum/pseudocatenulatum a B. dentium byly B-glukosidaza pozitivni,
zatimco B. bifidum a vétSina testovanych kment druhu B. longum byly negativni. Je zajimavé,
ze P-glukosiddzova aktivita byla nejcastéji detekovana u bifidobakterii izolovanych
z dospélych lidi a zvifecich hostiteld (Modrackova et al. 2020). Nase vysledky tedy
koresponduji se zjisténim, ze stfevni B-glukosiddzovy potencial vyznamné roste se zvySujicim
se vékem hostitele a ptijmem rozmanité diety (Mykkénen et al. 1997; Dabek et al. 2008).
Schopnost bifidobakterii prospivat ¢i dokonce dominovat v komplexnim ekosystému stieva je
totiz umoznéna jejich kompetenci k degradaci a metabolizaci rozmanitych sacharidd, které
zaroven mohou sdilet v ramci cross-feedingu i s dal§imi ¢leny stievni mikrobioty (Schwab et
al. 2017; Turroni et al. 2018b). Adaptace bifidobakterii k danému hostiteli je poté spojovana se
schopnosti vyuzivat dietarni a hostitelské sacharidy, coz byva vétSinou druhové i kmenové
variabilni (Milani et al. 2016; Bunesova et al. 2017). Konkrétnim ptikladem mohou byt typicky
kojenecké druhy bifidobakterii jako B. longum subsp. infantis, B. breve a B. bifidum, které¢ diky
své enzymatické vybavé vyuzivaji hostitelem nestravitelné slozky matefského mléka, diky
nimz ve stfevé dominuji (Turroni et al. 2012a; Thomson et al. 2018; Duranti et al. 2019a).
Dalsim piikladem je multi-hostitelsky druh B. dentium, ktery disponuje geny pro utilizaci
Sirokého spektra sacharidd, coz mu umoziuje vyskyt nejen v duting ustni, ale i ve stievé
¢loveéka a dalsich saveu (Lugli et al. 2020b).

V ramci testovani B-glukosidazové aktivity byla dale detekovéana také kmenova 1 hostitelska
variabilita u poddruhu B. animalis subsp. lactis. V ptipadé¢ ptvodu kmend izolovanych
z dospélych ptezvykavci byly bifidobakterie schopny utilizovat testované substraty, zatimco
kmeny izolované z vSezravych psi nikoliv (Modrackova et al. 2020). Tato genotypova
a fenotypova hostitelsky specifickd variabilita kmenid v rdmci tohoto poddruhu byla jiz diive
také popsana (Bunesova et al. 2017).

Dale je zajimavé naSe dalSi zjis$téni, Ze vétSina B-glukosiddza pozitivnich kmenti uvoliiovala
esculetin z esculinu, nicméné¢ ne vSechny tyto kmeny byly schopné na tomto substratd
vyznamng rust (Modrackova et al. 2020). Mohlo by to byt zptisobeno prave antimikrobialni
aktivitou uvolnéného acylgylkonu (Yang et al. 2016). Samotny testovany [3-glykosid nepisobil
antimikrobidln¢ proti bifidobakteriim ani v pfipadé¢ arbutinu, zatimco jeho acylglykon
hydrochinon jiz tuto antimikrobialni aktivitu vykazoval (Modrackova et al. 2020). Tento efekt
byl nicmén¢ vyznamné vyssi naptiklad proti patogennimu druhu Staphylococcus aureus (Rua

et al. 2011; Ma et al. 2019). Ptestoze uvolnény acylglykon pii utilizaci substratu mize snizit
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rustovy potencidl B-glukosiddza aktivnich bifidobakterii, je vysoce pravdépodobné, ze ovlivni
schopnost ristu také okolnich mikroorganismu a lze predpokladat jeho environmentalni vliv na
cely stievni ekosystém (Modrackova et al. 2020). Uvolnény hydrochinon mtize mit navic je$té
fadu dalSich uc¢inku. Konkrétn¢ je napiiklad spojovan také s antikancerogenni (Byeon et al.
2018), antimykobakterialni a antileishmanialni aktivitou (Horn et al. 2020).

Na zakladé naSich vysledk Ize obecné shrnout, ze rostlinné B-glykosidy jsou dalsimi
potencialnimi prebiotiky pro bifidobakterie, kdy nejdostupnéj$im testovanym substratem byl
amygdalin (pro 54 % vsSech testovanych kment), nasledné esculin (47 % kment) a nejméné
dostupnym byl arbutin (24 % kment1). Nase vysledky zaroven naznacuji, ze p-glukosidazova
aktivita bifidobakterii je spojena s jejich adaptaci k hostitelskému prostiedi a s tim souvisejici
dietou. Navic je pravdépodobné, Ze tato aktivita poskytuje konkuren¢ni vyhodu v komplexnim
mikrobidlnim ekosystému savéiho stfeva (Modrackova et al. 2020), ve kterém dochazi
K neustalym slozitym interakcim jak mezi mikroorganismy a hostitelem, tak mezi

mikroorganismy navzajem.

5.3  Adaptace bifidobakterii na hostitelské prostiredi

Komplexni a dynamicka mikrobialni spoleenstva osidlujici stfeva savct jsou nezbytna pro
pieziti zvifat, potazmo Clovéka, v ménicich se environmentdlnich podminkéach zahrnujicich
naptiklad degradaci habitatu, chov v zajeti a zménu pfirozené diety. Pfipadnou mikrobialni
dysbidzou je poté vétSinou iniciovan rozvoj fady onemocnéni, jako jsou napiiklad zanétliva
onemocnéni stiev, syndrom drdzdivého tracniku, celiakie, alergie, astma, metabolicky
syndrom, kardiovaskularni onemocnéni a obezita (Carding et al. 2015; Wagner Mackenzie et
al. 2017; West et al. 2019). Zachovani homeostaze stieva je neustale probihajici proces interakci
mezi mikrobiotou a hostitelem, na jehoz udrZeni se podili vyznamné mnoZstvi komenzalnich
mikroorganismi. Konkrétnim piikladem jsou bifidobakterie (Tojo et al. 2014; Binda et al.
2018), kterym dany hostitel a prostfedi pfimo definuji jejich diverzitu a adaptaci, s ¢imz ptimo
souvisi jejich specifickd genova vybava (Sun et al. 2015; Sharma et al. 2018; Rodriguez &
Martiny 2020). Pfirozenym a bohatym zdrojem téchto komenzall je stievo primati (Lugli et
al. 2020a).

V ramci nasi dalsi publikace byl posuzovan vliv chovu v zajeti, diety a samotného hostitele na
celkové i druhové zastoupeni bifidobakterii ve sttevnim mikrobiomu 52 riiznych opic z ¢eskych
a slovenskych zoologickych zahrad. Bifidobakterie byly dominantni skupinou kultivovatelnych
anaerobti u novosvétskych primatii v mnozstvich az 108 KTJ/g fekalniho vzorku, zatimco jejich

pocty leckdy vice nez o polovinu klesaly u opic starosvétskych. V téchto ptipadech byly
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bifidobakterie v jejich stfevni mikrobioté vétSinou nahrazovany bakteriemi z celedi
Clostridiaceae s morfologii sarcin (Modrackova et al. 2021b).

Je zajimavé, Ze v piipad¢ nizkého poctu bifidobakterii nebo jejich zjevné nepiitomnosti dochazi
Kk jevu nedostate¢né selektivity bézné pouzivanych médii pro detekci bifidobakterii podle Rada
& Petr (2000) a Vlkova et al. (2015), na kterych jsou poté bézné detekovany i dalsi rody
bakterii, zejména Clostridium spp., at uz C. perfringens a C. sordellii jako nejcastéji
detekované druhy Kklostridii v mikrobiot¢ psi (Neuzil-Bunesova et al. 2020a), nebo
C. ventriculi (syn. sarcina) u primata (Makovska et al. 2021; Modrackova et al. 2021b).
Vyskyt sarcin v ramci analyzy mikrobiomu primatd chovanych v zajeti byl piekvapivy, protoze
analyzované fekalni vzorky byly odebrany od opic bez zdravotnich obtizi (Modrackova et al.
2021b). Sarciny jsou totiz obecné povazovany za patogenni mikroorganismy, které jsou
spojovany s umrtnosti Simpanzt (Owens et al. 2021) a akutni dilataci zaludku u kocek (Im et
al. 2017), psu a koni (Vatn et al. 2000). Také u lidi byly popsany souvislosti mezi vyskytem
sarcin v zaludku a chronickou nevolnosti, dyspepsii, bolestmi bficha, Zalude¢nimi viedy (Lam-
Himlin et al. 2011) a vzacné také perforaci zaludku (Tolentino et al. 2003). Pfitomnost sarcin
ve stfevni mikrobioté opic bez zjevnych zdravotnich obtizi je ale pravdépodobné zcela bézna
(Makovska et al. 2021; Modrackova et al. 2021b). To potvrzuje jejich detekce také
u zdravych goril (Frey et al. 2006), makakt (Ushida et al. 2016) a lidi (Crowther 1971).
Patogenita této bakterie je nicméné kontroverzni a jeji role pii vyvolavani zanétlivé reakce
sliznice v gastrointestinalnim traktu je stale nejasna (Zare et al. 2019). Proto pro optimalizaci
efektivni 1é¢by pii ptipadné infekci zpuisobené sarcinami byla v ramci nasi dalsi studie
testovana jejich citlivost na bé&Zné€ pouzivana antibiotika. Bylo zjisténo, ze sarcina je
nejcitlivéjsi k fluorochinoloniim, makrolidim, penicilinim a tetracyklinim. Piestoze testované
kmeny byly izolovany od riznych hostitelti z variabilnich mist, nebyla u nich detekovana zadna
kmenova variabilita a je pravdépodobné, Ze v ramci vztahu k antibiotikim se jednd o
konzervativni vlastnost (Makovska et al. 2021).

Trend kultivaénich vysledkt byl vramci analyzy mikrobiomu opic potvrzen také
amplikonovym sekvenovanim V4 regionu genu 16S rRNA. Zjistény inverzni pomér kment
Actinobacteria a Firmicutes korespondoval s kultivacné stanovenym pomérem bifidobakterii
ke klostridiim (Modrackova et al. 2021b). Jiz v diivéjsich studiich byl tento jev také
pozorovan. Konkrétnim ptikladem je sttevni mikrobiota kojenct. Je zcela bézné, Ze v ptipadé
vysokého zastoupeni bifidobakterii nejsou detekovany klostridie. Pfesné naopak je to v ptipadé
hojné detekce klostridii, kdy poté obvykle nejsou vyznamné detekovany bifidobakterie
(Bunesova et al. 2012; Korpela et al. 2018; Moore & Townsend 2019). Bifidobakterie tedy
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pravdépodobné mohou byt zodpovédné za omezeni rastu klostridii ve stfevni mikrobioté
(Vlkova et al. 2008; Wei et al. 2018; Wang et al. 2019).

Vzhledem k piedpokladu adaptace bifidobakterii k hostitelskému prostiedi a dieté byl u primata
chovanych v zajeti pozorovan také vliv téchto faktort na jejich vyskyt. Na zaklad¢ kombinace
kultiva¢nich a molekularnich metod bylo zjisténo, ze kvantitativni zastoupeni bifidobakterii
odrazi kromé¢ fylogeneze hostitele diskutované vyse, také potravni specializaci primati. Pokud
bylo ovoce, hmyz a stromova pryskyfice vyznamnou slozkou diety primatd, byly bifidobakterie
v mikrobioté téchto frugivor-insektivori a gummivor-insektivortit vyznamné zastoupené.
Naopak v mikrobioté opic frugivor-folivor a frugivor-omnivori, které byly vice vsezravé,
jejichz vyznamnou slozku diety tvofilo ovoce alisty, zastoupeni bifidobakterii vyznamné
pokleslo. Dale je zajimavé, ze v piipadé vysokého zastoupeni hmyzu v krmné davce opic, také
zastoupeni bifidobakterii bylo zna¢n¢ signifikantni (Modrackova et al. 2021b). Piestoze jsou
bifidobakterie také prirozenou soucasti mikrobioty hmyzu Zijiciho socialnim zptisobem zivota
(Scardovi & Trovatelli 1969; Killer et al. 2009; Killer et al. 2011), vliv pfitomnosti této slozky
v dieté primatd ve vztahu k vyskytu bifidobakterii je stale nejasny.

Prestoze Amato et al. (2019) uvadi fylogenezi hostitele jako siln&jsi rozhodujici faktor pro
slozeni stfevni mikrobioty ve srovnani s dietou a geografii vyskytu zvifete, naSe vysledky
naznacuji, ze jak dieta, tak hostitel sam vyznamné ovliviiuji slozeni mikrobiomu, zejména
relativni zastoupeni bifidobakterii (Modrackova et al. 2021b). Z téchto zjisténi lze
predpokladat, Ze evoluéni specializace primati zahrnujici jak specializaci gastrointestinalniho
traktu, tak s tim souvisejici potravni preference, je pravdépodobné zodpovédna také za vyskyt
a druhové zastoupeni bifidobakterii ve stfevni mikrobioté opic (Modrackova et al. 2021b).
S tim koresponduje také distribuce a evoluce bifidobakterialnich genti kodujicich GH, u které
byla zjisténa silna asociace s dietou hostitele na rozdil od fylogeneze zvitete (Satti et al. 2021).
Z nasSich dat dale vyplyva, ze zminovana dieta a rozdéleni opic do skupin novosvétskych nebo
starosvétskych primati je siln€j$im determinantem urcujicim zastoupeni bifidobakterii v jejich
mikrobioté ve srovnani s vlivem samotného chovu v zajeti v zoologickych zahradéach, ktery
pravdépodobné vyskyt bifidobakterii vyznamné neovliviiuje (Modrackova et al. 2021b).
Presto nékteré studie poukazuji na to, Ze voln€ Zijici priméati bez kontraktu s lidmi maji vyssi
bakterialni diverzitu (Clayton et al. 2016) s niz§im zastoupenim bifidobakterii (McKenzie et al.
2017; Campbell et al. 2020) a ze chov v zajeti je obecné spojovan se zménou slozeni stievniho
mikrobiomu negativné ovliviwyjici zdravi hostitele. Pres veskeré snahy chovatelt se totiz mnoho
instituci potyka s dysbiotickymi a zénétlivymi stavy stfev svych zvifat ¢asto spojovanymi

s chronickymi prajmy, letargii, ztratou hmotnosti a $patnou reproduk¢ni uspésnosti (Amato et
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al. 2016; Hale et al. 2019; Koo et al. 2020). Je proto velmi dulezité hledat zptisoby mozné
podpory pfirozené a vyvazené stievni mikrobioty nejlépe optimalizovanou prebiotickou
a probiotickou intervenci cilenou na daného hostitele (Modrackova et al. 2021b). VVzhledem
k tomu, ze sloZeni stfevni mikrobioty v§ezravych primatd je velmi podobné slozeni lidskému
(Ley et al. 2008), maji tato zjisténi navic presah také do lidské vyzivy. Pravé evolucné blizci
pfibuzni stale zijicim ptvodnim zpiisobem zivota by mohly byt vhodnym modelem pro design
probiotik, které jiz nejsou béznou soucasti lidské mikrobioty z divodu stale se snizujici jeji
diverzity (Hicks et al. 2018).

Odchyleni od ptivodniho zpiisobu Zivota zptsobuje zménu slozeni stfevniho mikrobiomu také
u lidi (De Filippo et al. 2017; Valle Gottlieb et al. 2018), kterd muze byt u citlivych
a predisponovanych jedinct spojovana s obezitou, vznikem kardiometabolického syndromu
(de la Cuesta-Zuluaga et al. 2018) a propuknutim zanétlivych onemocnéni stiev, ktera jsou
vétsinou Spojovana s mikrobialni dysbalanci (Morgan et al. 2012; Schnorr et al. 2014; Mosca
et al. 2016). Konkrétné je s dysbidzou stfeva naptiklad asociovana Crohnova choroba
zpusobujici chronicky zanét gastrointestinalniho traktu (Joossens et al. 2011). Pfestoze se
léébou Crohnovy choroby dlouhodobé zabyva fada odbornikli, piesna etiologie tohoto
onemocnéni stale neni znama a nebyl tedy stanoven ani obecné uznavany efektivni konsenzus
lécby (M'Koma 2013; Gomollon et al. 2017; Ibraheim et al. 2018; Lee et al. 2018). VétSinou
jsou podavana rizna lé¢iva jako napiiklad mesalazin, lokalng aktivni a systémové steroidy,
thiopuriny, methotrexat a biologické terapie (Torres et al. 2020). Pro déti a dospivajici je jako
primarni terapie k indukci remise doporucovano podavani exklusivni enteralni vyzivy
(Cameron et al. 2013; Ruemmele et al. 2014; Hradsky et al. 2016; Assa & Shamir 2017; Ashton
et al. 2019), které je povazovano za dilezité pro zachovani strukturni a funkéni integrity stieva
a mikrobialni diverzity (Elke et al. 2016). Dulezita je také pfitomnost komenzalnich bakterii,
které ziji v symbioze se svym hostitelem a zajiSt'uji dulezité ochranné, trofické a metabolické
funkce (Guarner & Malagelada 2003). Prav¢ proto by jejich vyskyt ve stfevni mikrobioté m¢l
byt podporovan (Ozyurt & Otles 2014; Sonnenborn 2016).

Z vyse popsanych zjiSténi vyplyva predpoklad, Ze exkluzivni enterdlni vyZziva by mohla byt
vhodnym rustovym médiem pro komenzalni bakterie a zaroven by mohla ovliviiovat jejich
vyskyt také ve stievé déti s Crohnovou chorobou in vivo. Z vysledki nasi studie nicméné
vyplyva, ze prestoze vSechny vybrané exkluzivni enteralni vyzivy byly vhodnym rtstovym
médiem pro testované bifidobakterie, laktobacily a E. coli in vitro, jejich kvantitativni
zastoupeni po Sestitydennim piijmu exkluzivni enteralni vyzivy in vivo nebylo ovlivnéno

a zaroven bylo zna¢né variabilni na urovni kazdého pacienta (Modrackova et al. 2019a).
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Je zajimavé, ze prestoze v jinych studiich bylo detekovano vyznamné niz$i zastoupeni
bifidobakterii v dysbiotické mikrobioté (Quince et al. 2015) a také v mikrobioté pacienti
s Crohnovou chorobou (Sheehan et al. 2015), vnaSsem experimentu prumérné pocty
bifidobakterii dosahovaly skoro az 108 KTJ/g fekalniho vzorku (Modrackova et al. 2019a).
Tyto pocty se navic pfiblizuji zastoupeni bifidobakterii u lidi bez zjevnych zdravotnich obtizi
(Bunesova et al. 2017; Martinello et al. 2017). Pro ovéfeni téchto vysledka bylo provedeno
dalsi testovani s cilenou simulaci podminek stfeva formou uzavienych anaerobnich kultivaci
fekalnich vzorkl zdravych lidi v riznych enteralnich vyzivach. Pfedpokladali jsme, ze vyskyt
komenzalnich bakterii by mohl byt ovlivnén typem poddvané enterdlni vyzivy a jejimi
variabilnimi komponenty. Nicméné zadna z testovanych vyziv ale vyznamné nepodpofila rist
komenzalnich bakterii ve srovnani s jejich po¢ty ve fekalnich vzorcich a jedna vyziva dokonce
mnozstvi bifidobakterii o 1,5 fadu snizila (Modrackova et al. 2021a).

Podpora vyskytu zadoucich komenzalti a s tim souvisejici mozna celkova modulace stievni
mikrobioty by pravdépodobné mohla byt zajisténa obohacenim enteralni vyzivy o dalsi latky,
jako jsou prebiotické substraty a specifické nutrienty (Walker & Lawley 2013; Klingbeil & de
La Serre 2018; Yang et al. 2020). Pfidanim bifidogennich latek do enteralnich vyziv, napiiklad
prebiotickych galaktooligosacharidii a maltodextrinu (Scott et al. 2014; Musilova et al. 2015),
isomaltooligosacharidi  (Plongbunjong et al. 2017), frukooligosacharidi a arabino-
xylanooligosacharidii (Riviére et al. 2018), by z divodu enzymatické vybavy mohl byt
podpoien ristovy potencidl komenzalnich bifidobakterii. Nicméné, jak jiz ale bylo diskutovano
vyse, pfidanim prebiotickych slozek do enterdlni vyZivy by mohly byt podpofeny také
nezadouci mikroorganismy. Za uc¢elem vyberu vhodnych prebiotik pro bifidobakterie by proto
mély byt dale hledany a testovany vhodné latky s pro né prokazanou selektivitou. Jako
potencialn¢ prebiotické slozKy s vyssi specifitou by tedy mohlo byt zvazeno obohaceni vyziv
napiiklad 0 HMOs (Thomson et al. 2017), zminéné piirodni gumy (Modrackova et al. 2019b)
a bioaktivni B-glukosidy (Modrackova et al. 2020).

Dalsi z moZnosti, jak podpofit pfitomnost bifidobakterii ve stfevni mikrobioté lidi a dalSich
hostiteltl, je jejich podévani ve formé probiotik. Jak bylo ale diskutovéano vyse, je velmi dilezité
dany probioticky kmen bifidobakterie cilit hostiteli, pro které¢ho je jeho pfitomnost v mikrobioté
typicka, a tedy 1 moznost kolonizace je vice pravdépodobnd. Obecné lze shrnout, ze
bifidobakterie jsou komenzalni skupinou mikroorganismii vyskytujici se pfirozené
v mikrobioté jak ¢lov€ka, tak mnoha zvifat, ve které zajiSt'uji fadu Zadoucich efektt. Jejich
ptitomnost by proto méla byt podporovana, at’ uz optimalizovanou dietou a prebiotickou

intervenci, ¢i administraci probiotik, nebo kombinaci téchto preparati ve form¢ synbiotik.
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6 Zavér

Vsechny stanovené cile disertatni prace byly splnény. Byl proveden monitoring vyskytu
bifidobakterii s jejich charakterizaci pomoci fenotypovych a genotypovych metod
u variabilnich hostitelti, ktery umoznil objeveni a popis novych druhl. Zaroven byly
detekovany druhové a kmenové specifické vlastnosti bifidobakterii, které odrazely jejich
adaptaci k hostitelskému prostiedi zahrnujici zejména dietu a zaroven také jejich specifické
schopnosti k utilizaci piirodnich potencialné prebiotickych substratu.

Piestoze jsou komenzalni bifidobakterie z komplexniho pohledu na stfevni mikrobiotu
minoritné zastoupenou slozkou, hraji dalezitou a leckdy nenahraditelnou roli v fadé funkci
spojenych se zachovanim zdravi svého hostitele a zaroven maji také vyznamny probioticky
potencial, jimZ 1ze krom¢ hostitelova zdravi a mentalni pohody ovlivnit a modifikovat také jeho
celd mikrobialni spolecenstva. Pro popis novych druhti a vyvoj probiotik je nezbytna podrobna
fenotypova a genotypova charakterizace bifidobakterii az na kmenovou turoven.

Nové informace o mikrobialnich spoleCenstvech stifeva jsou v piimé souvislosti s rozvojem
mikrobiomovych analyz, které dany mikrobiom hodnoti vétSinou ze SirStho a velmi
komplexniho pohledu. Pokud je ale cilem zajmu zaméfit se na nékteré mikroorganismy vice do
hloubky s dirazem na nizsi taxonomickou uroven, jsou Casto tyto typy analyz nedostate¢né.
Z tohoto diivodu je Zadouci kombinovat moderni sekvenacni analyzy spolu s kultivacné
zavislymi metodami. V ptipadé¢ kultivace 1ze totiz detekovat i skupiny mikroorganismi, které
jsou v ramci komplexniho mikrobiomu skryté. Do budoucna je poté velmi zajimavé zaméfit se
na tyto izolaty a jejich interakce s bifidobakteriemi, které¢ jsou v danou chvili méné abundantni,
coz umoznilo detekcei prave 1 dalSich izolatd v podminkach vhodnych pro rast bifidobakterii.
Testovani interakci je poté Zadouci i na Girovni celé mikrobioty.

Aktudlni trend objevovani a popisovani novych druhi bifidobakterii ze stfevni mikrobioty
primati ma stale velky potencial. Zejména novosvétské opice jsou nevyCerpanym zdrojem
velkého mnozstvi potencialné novych druhd. Na zakladé naSich vysledkt bude v budoucnu
pravdépodobné popsano minimalné 5 dalSich druht bifidobakterii izolovanych z tamarind.
Nov¢ druhy bifidobakterii 1ze objevit také v jinych ekologickych nikéch, jako je naptiklad pes,
ale s mensi pravdépodobnosti.

Obecné jsou bifidobakterie markerem prosperujici sttevni mikrobioty. V pfipad€ jejich
snizeného zastoupeni, at’ uz z divodu zanétlivych stfevnich onemocnéni, antibiotické 1é¢by, ¢i
alergii adalSich vlivi,, je Zadouci jejich cilend podpora. Z tohoto divodu je nezbytné

objevovani novych specifickych prebiotik, ktera by byla optimalné pfirodniho ptivodu a mohla
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by byt i béznou soucasti diety hostitele. Jako takovy lze zminit potencial ptirodnich gum a
rostlinnych B-glukosida. Pii vybéru jakychkoliv substrati je ale nezbytné vyuzit znalosti o
sacharolytickych schopnostech bifidobakterii a otestovat selektivitu téchto substratii i vV ramci

celkové mikrobioty in vivo.
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8 Seznam pouZitych zkratek
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ANI
CAZy
DDH
DSM
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G+C

GH
GNB/LNB
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ISAPP
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LPSN-PNU

MALDI-TOF MS

MFS

NGS
SCFAs

ATP-vazajici kazeta (ATP-Binding Cassette)

prumérna nukleotidova identita (Average Nucleotide Identity)
sacharidov¢ aktivni enzymy (Carbohydrate Active Enzymes)
DNA-DNA hybridizace

Némecka sbirka mikroorganismt a bunéénych kultur (Deutsche
Sammlung von Mikroorganismen und Zellkulturen)

Utad pro kontrolu potravin a 1é&iv (Food and Drug
Administration)

Evropsky ufad pro bezpeénost potravin (European Food Safety
Authority)

fruktoza-6-fosfat fosfoketolaza

guanin a cytosin

glykosyl hydrolazy

galakto-N-bidza/lakto-N-bidza (galacto-N-biose/lacto-N-biose)
oligosacharidy matetského mléka

Mezinarodni védecka asociace pro probiotika a prebiotika
(International Scientific Association of Probiotics and
Prebiotics)

vnitini transkribovany spacer (Internal Transcribed Spacer)
List of Prokaryotic Names with Standing in Nomenclature-
Prokaryotic Nomenclature Up-to-Date

hmotnostni spektrometrie s laserovou desorpci a ionizaci za
ucasti matrice s pruletovym analyzatorem (Matrix-Assisted Laser
Desorption/lonization Time-of-Flight Mass Spectrometry)
hlavni facilitatorova superskupina (Major Facilitator
Superfamily)

sekvenovani nové generace

mastné kyseliny s kratkym fetézcem
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