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Streszczenie

Pateczka ropy bigkitnej (Pseudomonas aeruginosa) jest Gram-ujemng bakteria,
powszechnie wystepujaca w S$rodowisku naturalnym. Jednocze$nie szczepy tego samego
gatunku sa niebezpiecznymi patogenami oportunistycznymi cztowieka, opornymi na
antybiotyki. P. aeruginosa zostata wraz z innymi szczepami bakteryjnymi zakwalifikowana do
tzw. grupy ,,ESKAPE”. Poszukiwanie zrodet zjadliwosci niniejszych drobnoustrojow jest
niezbedne do efektywnego leczenia infekcji. Mikroorganizmy stosunkowo szybko nabywajg
opornos¢ na antybiotyki, co jest zwigzane z powszechnym stosowaniem terapeutykow nie tylko
w medycynie, ale rowniez przemysle. Szczegodlnie niebezpieczne dla zdrowia i zycia czlowieka
sg szczepy wzrastajagce w $rodowiskach szpitalnych. Badanie mechanizméw opornosci na
antybiotyki na réznych poziomach molekularnych pozwala na znalezienie niepoznanych dotad
zmian metabolicznych oraz biomarkerow antybiotykoopornosci. Jedng z nauk, ktéra moze
przyczyni¢ si¢ do poznania réznic pomig¢dzy wspomnianymi szczepami jest metabolomika,
zajmujaca si¢ analizg niskoczasteczkowych zwigzkéw odzwierciedlajacych ,,obecny stan”

komorki bakteryjne;.

Glownym celem badan przeprowadzonych w ramach rozprawy doktorskiej byto
poznanie i porownanie profili metabolomicznych roznych szczepow pateczki ropy bigkitnej,
pozwalajace na zrozumienie proceséOw adaptacji mikroorganizmu do zmienionych warunkéw
srodowiskowych czy nabywania opornosci na antybiotyki. Przedstawiona dysertacja doktorska
stanowi zbior spojnych tematycznie artykutdow — sktada si¢ z jednego artykutlu przegladowego
oraz trzech prac zawierajacych oryginalne wyniki badan eksperymentalnych, w ktorych
skupiono si¢ na analizie profili metabolomicznych mikroorganizmow, ze szczegdlnym
uwzglednieniem

P. aeruginosa.

W pierwszej pracy, ktora ma charakter przegladu literaturowego, zdefiniowano pojecie
metabolomiki oraz omoéwiono mozliwosci jej wykorzystania w doswiadczeniach na
drobnoustrojach. Badania te dotycza identyfikacji mikroorganizmow, a takze wptywu

czynnikow zewnetrznych na P. aeruginosa.

Kolejny artykul przedstawia rezultaty eksperymentu metodologicznego, w ktorym
oprocz pateczki ropy bigkitnej przeanalizowano rowniez profile metabolomiczne pigciu innych
bakterii. Przeprowadzono analiz¢ poréwnawcza trzech metod dezintegracji komorek
bakteryjnych — sonikacji, mtyna piaskowego i dezintegratora tkanek. Wyniki pokazaty, ze przy
uzyciu kazdej z wymienionych metod uzyskujemy takie same jako§ciowo rezultaty. Zmiany sg

ilosciowe 1 dotycza roznic w stgzeniach poszczegdlnych metabolitow. Dodatkowo w pracy



udowodniono, ze spektroskopia H NMR jest narzedziem dyskryminujagcym metabolom
badanych drobnoustrojow. Wyniki potwierdzaja, ze w przypadku badan metabolomicznych
kazdy etap eksperymentu musi zostaé przeprowadzony w identyczny sposob, a jakiekolwiek

zmiany podczas przygotowania probek prowadza do zaburzenia poprawnosci analiz.

Druga praca eksperymentalna dotyczy porownan metabolitéw wewnatrzkomorkowych
szczepéw pochodzacych z roznych zrodel. Do analiz wykorzystano szczepy P. aeruginosa
pochodzace ze Srodowiska naturalnego oraz izolowane z plwociny pacjentow chorych na
mukowiscydozg. Przeprowadzono poréownanie profili metabolomicznych z wykorzystaniem
techniki NMR. Wyniki jedno- i wielowymiarowych analiz danych wykazaly roznice
w relatywnych st¢zeniach zidentyfikowanych zwigzkéw. Zmiany te dotyczyly przede

wszystkim zwigzkow zaangazowanych w szlaki przemian aminokwasow.

Ostatni artykul to praca poréwnujgca inng ceche P. aeruginosa — oOpornos¢ na
antybiotyki. Do badan wybrano izolowane od pacjentow Szczepy, ktore posiadaty rozng
wrazliwos$¢ na antybiotyki. W eksperymencie, oprocz tzw. metabolomicznego odcisku palca —
pula metabolitbw wewnatrzkomérkowych, przeanalizowano réowniez tzw. metabolomiczny
odcisk stopy — pule analitow zewnatrzkomoérkowych pochodzacych z podtoza pohodowlanego.
Przeprowadzone analizy statystyczne pozwolity na zidentyfikowanie metabolitow
réznicujacych oba szczepy. Dodatkowo, wyniki poréwnan podtoza pohodowlanego pozwolity
na okreSlenie zwigzkéw wykorzystywanych w pierwszej kolejnosci w metabolizmie komorki
bakteryjnej. Zmieniony metabolizm réwniez w tym przypadku, zwigzany jest glownie ze

szlakami degradacji i syntezy aminokwasow.

Wyniki przeprowadzonych eksperymentow wykazaly, ze szczepy pochodzace
z réznych s$rodowisk majg odmienne profile metabolomiczne. Zaprezentowane wyniki
potwierdzajg obecnos$¢ réznic w niskoczgsteczkowych zwigzkach szczepow P. aeruginosa
majacych rézng oporno$¢ na antybiotyki. Roznice te wynikaty przede wszystkim ze
zmienionego metabolizmu aminokwasow. Dodatkowo potwierdzono, ze w eksperymentach
metabolomicznych kazdy z etapéw przygotowania probek powinien przebiegac identycznie,
a dobor odpowiedniej metody dezintegracji ma szczegdlne znaczenie w przypadku analiz
celowanych. Co wigcej, wykazano potencjat NMR jako narzedzia do rozrdzniania
i identyfikacji odmiennych rodzajow bakterii. Przyszte badania powinny skupi¢ si¢ na analizie
zmienionych $ciezek metabolicznych z wykorzystaniem dodatkowych technik analitycznych
takich jak LC- czy GC-MS.



Abstract

Pseudomonas aeruginosa is a gram-negative bacterium that is widely distributed in the
environment. At the same time, the same species strains are dangerous opportunistic pathogens
of humans, resistant to antibiotics. P. aeruginosa was classified, along with other bacterial
strains, into the so-called "ESKAPE" group. Searching for the sources of virulence of these
microorganisms is necessary for the effective treatment of infections. Microorganisms quickly
acquire resistance to antibiotics, which is related to the widespread use of therapeutics in
medicine and industry. Strains growing in hospital environments are particularly dangerous to
human health and life. Researching antibiotic resistance mechanisms at different molecular
levels allows for finding previously unknown metabolic changes and antibiotic resistance
biomarkers. One of the sciences that can contribute to understanding the differences between
the above-mentioned strains is metabolomics, which deals with the analysis of small-molecule

compounds reflecting the "current state” of the bacterial cell.

The main objective of the research conducted as a part of the doctoral dissertation was
to learn and compare the metabolomic profiles of various P. aeruginosa strains, enabling the
understanding of the processes of the microorganism's adaptation to changed environmental
conditions or the acquisition of antibiotic resistance. The presented doctoral dissertation is
a collection of thematically coherent articles - it consists of one review article and three papers
containing original experimental results. The experimental studies focused on analyzing the

metabolomic profiles of microorganisms, with particular emphasis on P. aeruginosa.

In the first work, a literature review, the concept of metabolomics was defined and the
possibilities of its use in experiments on microorganisms were discussed. The studies concern
the identification of microorganisms as well as the influence of external factors on

P. aeruginosa.

The next article presents the results of a methodological experiment in which, in
addition to the P. aeruginosa, the metabolomic profiles of five other bacteria were also
analyzed. A comparative analysis of three methods of bacterial cell disintegration was carried
out - sonication, sand mill, and tissue disintegrator. The results showed that using each of the
above-mentioned methods, allowed to obtain the same qualitative results. The changes are
guantitative and concern differences in the concentrations of individual metabolites.
Additionally, the study proved that *H NMR spectroscopy is a tool that discriminates against
metabolites of the studied microorganisms. The results confirm that in the case of metabolomics
studies, each step of the experiment must be carried out in the same way, and any changes

during the preparation of the samples lead to the incorrectness of the analysis.



The second experimental work concerns the comparisons of intracellular metabolites of
strains from different sources. For analysis, were used P. aeruginosa strains isolated from the
natural environment and off the sputum of patients suffering from cystic fibrosis. A comparison
of the metabolomic profiles using the NMR technique was performed. The results of one- and
multivariate data analyzes showed differences in the relative concentrations of the identified
compounds. These changes mainly concerned compounds involved in the pathways of amino

acid metabolism.

The last of the works is a study comparing another feature of P. aeruginosa - resistance to
antibiotics. Strains isolated from patients with different sensitivity to antibiotics were selected
for the study. In the experiment, in addition to the metabolomic fingerprint - the pool of
intracellular metabolites, also the metabolomic footprint - a pool of extracellular analytes
derived from the medium. The performed statistical analyzes allowed to identify the metabolites
differentiating both strains. Additionally, the results of comparisons of the post-culture medium
allowed determining the compounds used at the beginning in the metabolism of the bacterial
cell. The altered metabolism, also, in this case, is mainly related to the degradation and

synthesis pathways of amino acids.

The results of the conducted experiments showed that the strains from different
environments have different metabolomic profiles. The presented results confirm the presence
of differences in small-molecule compounds of P. aeruginosa strains having different resistance
to antibiotics. These differences were mainly due to altered amino acid metabolism. In addition,
it was confirmed that in metabolomics experiments, each stage of sample preparation should be
identical, and the selection of an appropriate disintegration method is of particular importance in
the case of targeted analyzes. Moreover, the potential of NMR as a tool of distinguishing and
identifying different types of bacteria has been demonstrated. Future research should focus on
the analysis of altered metabolic pathways using additional analytical techniques such as
LC-and GC-MS.



1. Wprowadzenie
1.1. Pseudomonas aeruginosa — paleczka ropy blekitnej

1.1.1. Wlasciwosci

Pateczka ropy bigkitnej (tac. Pseudomonas aeruginosa, P. aeruginosa) zostala po raz
pierwszy wyizolowana w 1882 roku przez Carla Gessarda i nazwana Owczesnie Bacillus
pyocuaneus. Doniesienia o zakazeniach bakteryjnych tym drobnoustrojem, rozpoznawane
poprzez charakterystyczny zapach bandazy i ich zielono-niebieskie zabarwienie byty juz jednak
opisywane wczesniej. Dopiero z biegiem lat, w 1894 roku, doktadne scharakteryzowanie
drobnoustroju spowodowato zmiang nazwy na obowigzujacg obecnie - Pseudomonas

aeruginosa [1,2].

Mikroorganizm ten nalezy do grupy Gram ujemnych bakterii tlenowych o wymiarach:
szerokos¢ 0,5 - 0,8 um, dhugosé: 1,5 - 3,0 um. Posiada jedng biegunowo potozona rzeske.
Gatunek Pseudomonas aeruginosa, nalezy do typu proteobakterii [3]. Szczegdétowa

przynaleznos$¢ systematyczng przedstawiono w tabeli ponizej (Tabela 1) [4].

Tabela 1. Przynaleinosé systematyczna Pseudomonas aeruginosa [4].

Krolestwo bakterie
Typ proteobakterie
Klasa gammaproteobakterie
Rzad Pseudomonadales
Rodzina Pseudomonadaceae
Rodzaj Pseudomonas

Pseudomonas aeruginosa
Gatunek o
(pateczka ropy bigkitnej)

Charakterystyczng cecha rodzaju jest tworzenie biofilmu, wytwarzanie sideroforéw oraz
wydzielanie barwnikow — najczesciej sa to piocyjanina (w kolorze blekitnozielonym) oraz
fluoresceina (zéttozielony pigment fluoryzujacy), dziatajgca jak siderofor — jest wydzielana do
podtoza, kiedy brakuje w nim zelaza niezbednego do wzrostu mikroorganizmu. Niektore

szczepy wydzielaja rowniez melaning (kolor brazowy) czy piorubing (kolor czerwony) [2,5,6].

10



Na podlozach statych obserwuje si¢ biato-szare kolonie pateczek. Szczepy izolowane od
pacjentow sg blyszczace i Sluzowe (ze wzgledu na wytwarzanie alginianu), a ich zapach
przypomina jasmin lub kredki $wiecowe. P. aeruginosa uplynnia zelatyne, wytwarza
dwuhydrolaze argininy, redukuje azotany, jest oksydazo-dodatnia, ma zdolno§¢ fermentacji
glukozy i maltozy (nie fermentuje laktozy), nalezy do mezofili (wykazuje duza tolerancj¢ na

temperaturg, chociaz temperatura optymalna wzrostu to 37°C) [3,5].

1.1.2. Wystepowanie i chorobotworczos¢

Bakterie z rodzaju Pseudomonas majg mate wymagania odzywcze, w zwiazku z czym
wystepuja w bardzo réznorodnych srodowiskach, tj. $cieki, gleba, woda, a nawet powietrze, co
czyni je dosy¢ ,,powszechnym” drobnoustrojem. Jednoczesnie ten sam gatunek moze by¢
bardzo niebezpiecznym mikroorganizmem oportunistycznym czlowieka (wywolujacym infekcje
u 0s6b z obnizong odpornoscia) [7,8]. Zakazenia P. aeruginosa sg szczeg6lnie niebezpieczne
dla 0s6b chorujacych na mukowiscydoze (ang. cystic fibrosis, CF), powodujac zakazenia uktadu
oddechowego — zapalenie ptuc [9]. Problem z infekcjami wywotanymi tym mikroorganizmem
jest czesta przypadloscia po zabiegach operacyjnych lub w przypadku rozlegltych oparzen
[10,11]. Drobnoustrdj ten moze powodowaé zapalenie wsierdzia (rozpoznawany czgsto u 0sob
po wszczepieniu sztucznej zastawki), zakazenia ucha wewnetrznego (tzw. ucho ptywaka),
zakazenia osrodkowego uktadu nerwowego (zapalenie opon moézgowo-rdzeniowych), zakazenia
przewodu pokarmowego (tzw. goragczka Shanghai), zakazenia kosci 1 stawow, zakazenia w
obszarze galki ocznej (czgsto u osOb noszacych soczewki kontaktowe), zakazenia ukladu
moczowego (zwigzane z cewnikowaniem) [12] oraz zakazenia skory (powszechnym zjawiskiem

sg zakazenia paznokci) [13].

Chorobotworczos¢ P. aeruginosa jest zwigzana z tzw. czynnikami zjadliwosci [14]. Do
najwazniejszych z nich naleza fimbrie — biatkowe wyrostki bakteryjnej btony komorkowej,
ktore pozwalaja na latwiejsza kolonizacj¢ nabtonkéw poprzez wigzanie si¢ do receptorow
galaktozowych, sjalowych i mannozowych [15]. Tworzenie biofilmu to kolejny czynnik, ktory
wpltywa na utrudnianie wchianiania substancji do wnetrza komorki bakteryjnej. Alginian
tworzacy S$luzowa warstwe, stanowi fizyczng barier¢ przed skladnikami uktadu
immunologicznego gospodarza, czy innymi mikroorganizmami i zapewnia komodrkom
stosunkowo stabilne warunki bytowania [16,17]. Pateczki ropy bigkitnej wytwarzaja rowniez

wiele toksyn, ktore wptywaja na komorki gospodarza. Do najpowszechniejszych naleza:

e egzotoksyna A, hamujaca synteze biatek, co prowadzi do martwicy komorek;
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e egzotoksyna S, stanowigca swego rodzaju marker zakazenia, wykrywana we krwi
pacjentéw przed wystgpieniem bakteriemii;

e endotoksyna (LPS), odgrywajaca role w patogenezie wstrzasu septycznego;

e cytotoksyna, rozktadajaca lipidy oraz tworzaca pory w btonie komoérek gospodarza;

e hemolizyny unieczynniajace komorki odpowiedzi immunologicznej gospodarza
[18,19].

Szczepy P. aeruginosa wytwarzaja dodatkowo réznorodne enzymy proteolityczne. Czgs¢
zZ nich jest odpowiedzialna za uszkadzanie tkanek (np. elastaza, proteaza alkaliczna), co utatwia
rozprzestrzenianie zakazenia w organizmie [20,21]. Za czynniki zjadliwosci sa uznawane
réwniez wspomniane juz wczesniej barwniki, produkowane przez mikroorganizm. Piocyjanina
(1-hydroksy-5-metylofenozyna) powoduje wzrost stezenia reaktywnych form tlenu,
doprowadzajgc w skrajnych przypadkach do nekrozy tkanek gospodarza, ale réwniez
powodujgc zahamowanie wzrostu innych drobnoustrojow wokot kolonii (t¢ whasciwo$¢ posiada
réwniez produkowany przez P. aeruginosa kwas piolipinowy, hamujacy wzrost pratkoéw

gruzlicy (lac. Mycobacterium tuberculosis) [22].

1.1.3. Antybiotykoopornos¢

Antybiotykooporno$¢ jest coraz powszechniejszym zjawiskiem. W 2017 roku Swiatowa
Organizacja Zdrowia (ang. World Health Organisation, WHO) opublikowata list¢ bakterii, dla
ktorych poszukiwanie nowych strategii leczenia jest kluczowe dla przysztosci medycyny [23].
Analizy przeprowadzone w 2019 roku pokazaly, ze zakazenia bakteryjne byly powodem
$mierci okoto 4,95 min ludzi w tym roku, z czego prawie 1,5 min to zgony spowodowane

szczepami wielolekoopornymi [24].

Pateczka ropy biekitnej (wraz z pigcioma innymi mikroorganizmami: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Enterobacter spp.) nalezy do grupy patogenéw zwanej ,,ESKAPE” (jest to akronim od nazw
rodzajowych bakterii wchodzacych w sktad tej grupy) [25], ktora charakteryzuje bakterie
posiadajace bardzo duzg oporno$¢ na antybiotyki. Znalezienie nowych sposoboéw zwalczania
infekcji wywotanych przez drobnoustroje z grupy ,,ESKAPE” jest kluczowe dla mozliwosci
dalszego leczenia [20,26].

Ze wzgledu na wystgpowanie szczepow opornych na antybiotyki, wybor zwiagzku
aktywnego jest dosy¢ waski. W zaleznosci od zjadliwosci do leczenia infekcji P. aeruginosa

stosuje si¢: penicyliny (najczgsciej z inhibitorami B-laktamaz, np. piperacylina), karbapenemy
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(np. meropenem, imipenem) oraz cefalosporyny IV i V generacji (np. cefepim, ceftazydym),
ktore wptywaja na zaburzenie syntezy S$ciany komorkowej bakterii poprzez blokowanie
transpeptydaz bakteryjnych; aminoglikozydy (np. tobramycyna, amikacyna), blokujace
polaczenie kodonu z antykodonem w podjednostce 30S rybosomu; fluorochinolony
(np. lewofloksacyna, ciprofloksacyna) inhibujace dziatanie gyrazy — enzymu nalezacego do
grupy topoizomeraz, odpowiedzialnego za prawidlowos$¢ procesu skrecania podwdjnej helisy
DNA oraz polimyksyny (np. kolistyna), nalezace do antybiotykow peptydowych, zaburzajace
strukture¢ btony komorkowej poprzez integracje z zawartymi w niej fosfolipidami [7,27].
Niestety, coraz czgéciej obserwujemy szczepy, ktore wykazuja opornos¢ na wszystkie mozliwe
antybiotyki, co uniemozliwia efektywne leczenie, a w przypadku oséb z obnizong opornoscia

prowadzi do zwigkszonej $miertelnosci [21].

Wszystkie wymienione wczesniej cechy chorobotwoérczosci posrednio sprawiaja, ze
niektore szczepy pateczki ropy bigkitnej sa bardzo oporne na antybiotyki. Opornos$¢ ta wynika
z cech wrodzonych, ale réwniez nabytych. Schematyczne omoéwienie chorobotworczosci

i antybiotykoopornosci przestawiono na Rysunku 1.

Pseudomonas aeruginosa

fimbrie system efflux
barwniki mutacje DNA
. . Zmienione struktury
L bton komérkowych
modyfikacje
toksyny podjednostek
rybosomow
enzymy dezaktywujgce
enzymy proteolityczne formy aktywne
antybiotykéw

Rysunek 1. Chorobotwdérczos¢ i antybiotykoopornosé¢ Pseudomonas aeruginosa.
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Podstawa wrodzonej opornosci bakterii na antybiotyki jest posiadanie przez szczepy wielu
enzymoéw  zdolnych do dezaktywacji form aktywnych stosowanych zwigzkow
(najpowszechniejsze sa PB-laktamazy, hydrolizujace wigzania w czasteczkach antybiotykow
B-laktamowych, ale sg to rowniez cefalosporynazy czy penicylinazy) oraz modyfikacje miejsc
docelowego dziatania antybiotyku lub podjednostek rybosoméw [28]. Cechy te posiada roéwniez
pateczka ropy bfiekitnej. Jednym z wrodzonych czynnikow wptywajacym na wieloopornosé
lekowa P. aeruginosa jest znaczaco zmniejszona przepuszczalno$¢ blony zewnetrznej oraz
mechanizm zamykania kanatléw porynowych, co uniemozliwia im wnikanie do wnetrza
komorki. W bakteriach bardzo rozwinigty jest rowniez tzw. system efflux, ktory pozwala na

aktywne usuwanie czasteczek lekow z komorki [29,30].

Oporno$¢ nabyta jest skutkiem mutacji i wytwarzania genow opornos$ci. Zmiany
te nastgpuja w wyniku horyzontalnego transferu genow migdzy drobnoustrojami lub jako
wypadkowa zmian $rodowiska, w ktorym bytuja bakterie. Wystepowanie wielu mutacji
jednoczesnie jest korzystne dla szybkiej adaptacji mikroorganizmu na niesprzyjajace warunki
(np. obecno$¢ réznych antybiotykdéw, wahania temperatury czy dostepnosci tlenu). Efektem jest
wytwarzanie dodatkowych enzymoéw wplywajacych na struktury czasteczek lekow [31,32].
Do$¢ powszechnym srodowiskiem bytowania P. aeruginosa sg szpitale, w ktérych stosuje si¢
wiele roznych srodkow dezynfekcyjnych. Paleczki ropy biekitnej nabywajg dodatkowe cechy
opornosci, ktore umozliwiajg im funkcjonowanie w coraz bardziej réznorodnych srodowiskach

i sprawiajg, ze sa one coraz trudniejsze do eradykacji [33].

1.2. Biologia systemowa

Badania naukowe prowadzone na zywych organizmach sg bardzo ztozone i czasochtonne ze
wzgledu na ogrom informacji i zmian, jakie nieustannie zachodza w komorce. Doktadne
zbadanie procesow jest skomplikowane i wymaga potaczenia informacji uzyskanych na r6znych
poziomach molekularnych. Na kazdym =z tych poziomow zakodowane sg informacje
biochemiczne, ktorych przemiany sa potaczone. Odkrycia nowych zwiazkéw i szlakow
metabolicznych na przestrzeni lat pozwolity na stworzenie obszernej sieci ich zaleznoSci.
Nalezy pami¢ta¢, ze te same zwigzki sa bardzo czegsto zaangazowane jednoczesnie w wiele
szlakoéw metabolicznych, jednak trwajacy obecnie rozwdj bioinformatyki oraz gromadzenie
nowych wynikéw w postaci baz danych, pozwala na odnajdywanie kolejnych potgczen (map)

szlakow biochemicznych [34].
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Podstawowy podzial nauk biologii systemowej obejmuje szereg nauk omicznych —
genomike, transkryptomike, proteomike i metabolomike. Kazda z dziedzin jest stosowana
w bardzo réznorodnych badaniach naukowych, a ich cechg wspoélng jest utrzymanie homeostazy
wewnatrz komorki, ktéra zmienia si¢ w czasie, ale rowniez w odpowiedzi na czynniki

srodowiskowe (Rysunek 2) [35].

GENOMIKA TRANSKRYPTOMIKA PROTEOMIKA

Z jakiego powodu
to sie dzieje?

Co motze sie

B Co zaczyna sie dziac?

Rysunek 2. Dziedziny biologii systemowej i ich interakcje.

Pierwszg i najbardziej podstawowa nauka nalezacg do biologii systemowej jest genomika,
ktora zajmuje si¢ badaniem informacji zawartych w DNA. Dynamika zmian genow jest
stosunkowo wolna, dlatego nauka ta pozwala posrednio odpowiedzie¢ na pytanie: ,,Co moze si¢
wydarzy¢?”. Jest to najbardziej ogdlny poziom badan, skupiajacy si¢ na analizie catego genomu
— okresleniu sekwencji genow, poznaniu ich funkcji, okre$laniu zmiennos$ci np. w obrebie tego
samego gatunku, a takze ewolucji genéw [36]. Kolejna dziedzina — transkryptomika, zajmuje
si¢ badaniem procesu transkrypcji, czyli przepisywania informacji z DNA na RNA. Zmiany
obserwowane na tym poziomie molekularnym sa bardziej dynamiczne niz w przypadku
genomiki. Analiza transkryptomu odpowiada na pytanie: ,,Co zaczyna si¢ dzia¢?” i stuzy
okreslaniu poziomu ekspresji genéw w komorce [37]. Przedostatnia z wymienionych dziedzin
biologii systemowej jest proteomika, w ktorej analizowane sa réznego rodzaju biatka, zwane
proteomem. Przemiany na tym poziomie sa dosy¢ dynamiczne. Badania proteomiczne dotycza
analizy sekwencji biatek, ich identyfikacji i rozdzielania, okres§lania powstatych modyfikacji
i ich tréjwymiarowej struktury, ale rowniez ilo§ciowego okreslania zawartosci bialek w badane;j
probce. W przypadku tej nauki omicznej, naukowcy poszukuja odpowiedzi na pytanie:
,»Z jakiego powodu to si¢ dzieje?” [38]. Podobne lub nawet bardziej dynamiczne zmiany moga
by¢ obserwowane przy pomocy ostatniej z nauk omicznych — metabolomice. Na tym poziomie
molekularnym naukowcy staraja si¢ odpowiedzie¢ na pytanie: ,,Co dzieje si¢ obecnie?”. W tym

celu analizujg metabolity dostepne w danym czasie w komorce [39].
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Kazda z nauk omicznych moze by¢ wykorzystywana do bardzo réznorodnych celow —
badan probek pochodzacych od pacjentow, linii komorkowych, tkanek, produktow
spozywczych oraz szeroko rozumianej mikrobiologii, pozwalajac na uzyskanie coraz bardziej
doktadnego obrazu przemian biochemicznych zachodzacych w mniej lub bardziej ztozonych

systemach biologicznych.

1.2.1. Metabolomika

Metabolomika (ang. metabolomics) to nauka zajmujaca si¢ analiza niskoczasteczkowych
zwigzkéw (<1500 Da), zwanych metabolitami. Catos¢ tych zwiazkoéw tworzy metabolom
(np. komorki bakteryjnej) [40]. Pierwsze doniesienia o badaniach, ktore teraz z perspektywy
czasu mozna uzna¢ za metabolomiczne, pochodzg z XVI wieku. Niemiecki lekarz Urlich Pinder
stworzyl wowczas tzw. kolo urynowe, stuzace do diagnozowania chordb poprzez analize
koloru, smaku i zapachu moczu pacjenta [41]. Obserwacje metabolitéw na obecnym poziomie
jako pierwszy prowadzit w swoich badaniach Jeremy Nicholson juz w 1989 roku,
wykorzystujgc protonowg spektroskopie magnetycznego rezonansu jadrowego ‘H NMR [42],
jednak nazwe tej dziedziny nauki wprowadzit po raz pierwszy Olivier Fiehn w 2002 roku [43].
Od tego czasu nastgpit bardzo szybki rozwoj badan metabolomicznych, na co bezposredni
wplyw miat rozwoj technik analitycznych — ich czuto$ci i doktadnosci. Obecnie pojawia si¢
coraz wigcej podziatlow badan metabolomicznych, ktore zajmuja si¢ analiza konkretnej grupy

zwigzkow (np. lipidomika — badanie lipidéw, czy cukromika — analiza cukrow) [44].

Ogolny podzial analiz, jakie sg przeprowadzane w obrebie badan metabolomicznych,
to analizy celowane oraz niecelowane (tzw. profilowanie metabolomiczne). Analizy celowane
skupiaja si¢ na konkretnych szlakach lub zwigzkach. W drugim przypadku analizie podlega caty
zbidr metabolitow wykrytych w danym dos$wiadczeniu. Jesli badania prowadzone sg na
metabolitach znajdujacych si¢ wewnatrz komorki, mowimy o tzw. metabolomicznym odcisku
palca (ang. metabolomics fingerprinting). Analizy medium pohodowlanego, czyli substancji
uwolnionych do $rodowiska, w ktorym hodowane sg bakterie, nazywane sg

tzw. metabolomicznym odciskiem stopy (ang. metabolomics footprinting) (Rysunek 3) [45].
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Rysunek 3. Rodzaje badan metabolomicznych.

Badania metabolomiczne prowadzi si¢ analizujac profile metabolomiczne, czyli
wszystkie niskoczasteczkowe zwiazki zidentyfikowane w probce. Generalnie przyjety schemat
analiz polega na analizie poréwnawczej, czyli poréwnaniu jednej grupy probek do drugiej -
odnosnikowej. Dla przykladu, za grupy mozna uznaé probki pochodzace od pacjentéw
zdrowych (ktore stanowig kontrolg) oraz probki od pacjentow ze zdiagnozowang chorobg.
Analogicznie,

w przypadku badan mikrobiologicznych, grupg stanowi pula szczepow bakteryjnych
0 odmiennych cechach (np. majacych rézng wrazliwo$¢ na antybiotyki). Oznacza to,
ze poroOwnania bazujg na zmianach w st¢zeniach zidentyfikowanych zwigzkéw, co moze
wskazywaé¢ zmienione (np. pod wptywem choroby - w przypadku probek od pacjentéw lub
zmienionego miejsca bytowania bakterii) szlaki biochemiczne. Analizy mogg by¢ prowadzone
w sposob ilosciowy oraz jakosciowy. W pierwszym przypadku stezenie metabolitow jest
doktadnie okreSlane, a przeprowadzane analizy statystyczne i chemometryczne sg w stanie
okresli¢ réznice w poziomach niskoczasteczkowych zwigzkow, ktore najbardziej roznicuja
badane grupy probek. Jakosciowy sposob pozwala na okreslenie odmiennosci badanych probek
na podstawie catego profilu metabolomicznego, bez koniecznosci identyfikacji poszczegolnych
zwigzkéw [46]. Ten sposob jest stosowany bardzo czgsto do identyfikacji i rozrdzniania

drobnoustrojow [47].

Eksperyment metabolomiczny w kazdym przypadku ma bardzo podobny przebieg
(Rysunek 4) [48]. Pierwszy etap to zebranie materiatu do badan (dla badan mikrobiologicznych
— hodowla drobnoustroju), nastepnie - w zaleznosci od celu eksperymentu - zostaje
przeprowadzona ekstrakcja masy komorkowej lub pozywki pohodowlanej. Metoda ekstrakcji
jest dobierana dla konkretnego materiatu (np. biofluidu czy komoérek bakteryjnych), ktéry ma

by¢ przeanalizowany. Najbardziej powszechng metoda jest ekstrakcja z uzyciem metanolu
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i wody. W przypadku analiz metabolitow wewnatrzkomorkowych, niezbgdne jest réwniez
dobranie odpowiedniego sposobu dezintegracji. Przygotowane odpowiednio probki sg badane
technikami analitycznymi (NMR oraz/lub MS), a otrzymane dane po obrobce sa gotowe do
identyfikacji metabolitow oraz analiz danych (zaré6wno jedno- jak i wielowymiarowych)
[49,50].

INA
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5] © masa komoérkowa A
| ( O)(O ) »?%9
5 O 2Sel:
— YO
hodowla odwirowanie dezintegracja
bakteryjna
pozywka
pohodowlana
u-[]-[;-l-l % ekstrakcja

jednowymiarowa

e o) k-

identyfik.af:ja obrébka danych NMR/MS
metabolitow

analiza danych

Rysunek 4. Ogélny przebieg eksperymentu metabolomicznego dla mikroorganizmow.

1.3. Techniki analityczne stosowane w metabolomice

W metabolomice powszechnie stosuje si¢ dwie techniki analityczne — spektroskopia
magnetycznego rezonansu jadrowego (ang. nuclear magnetic resonance, NMR) oraz
spektrometria mas (ang. mass spectrometry, MS), potgczona z chromatografig cieczowsa
(ang. liquid chromatography, LC) lub gazowa (ang. gas chromatography, GC). W niniejszej
dysertacji doktorskiej badania zostaly przeprowadzone za pomocg spektroskopii NMR,

w zwigzku z czym wykorzystana metoda analityczna zostata krotko omowiona ponizej.
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1.3.1. Spektroskopia magnetycznego rezonansu jadrowego (NMR)

NMR jest technika wykorzystywang do analizy sktadu ilosciowego i jakosciowego badanej
probki. Metoda ta zostata odkryta w 1946 roku wtasciwie jednoczes$nie przez dwa niezalezne
zespoly badawcze — Edwarda Purcella [51] oraz Felixa Blocha [52], jednak juz w 1924 roku
Wolfgang Pauli pisat o mozliwym posiadaniu przez jadra atomowe momentu magnetycznego
[53].

Podstawa stosowania tej metody jest posiadanie przez jadra atomowe danego pierwiastka
niezerowego spinu jagdrowego (I # 0) (do takich jader zaliczamy *H, **C, *N, YO, °F oraz 3!P).
Umieszczenie probki w zewnetrznym polu magnetycznym By powoduje uporzadkowanie jader
atomowych rownolegle (m.12) lub antyrownolegle (m.i2) wzgledem kierunku przytozonego
pola. Jesli tak uporzadkowany uktad spinow zostanie poddany dziataniu promieniowania
elektromagnetycznego o odpowiedniej czgstosci, nastapi absorpcja energii i spiny zmienig
polozenie z nizszego poziomu energetycznego na wyzszy. Dokladna energia (czesto$¢
promieniowania elektromagnetycznego) AE, niezbedna do spetnienia warunku rezonansu,
zalezy od rodzaju jadra i natezenia zewngtrznego pola magnetycznego. Zwigkszanie wartosci
Bo powoduje zwigkszenie rdznicy energii, a co za tym idzie, zwigksza rozdzielczo§¢ aparatu
(Rysunek 5) [54,55]. Informacja jaka otrzymuje si¢ po skonczeniu pomiaru to wykres
zaleznoSci intensywnoS$ci sygnatu od czasu, zwany swobodnym zanikiem indukcji (ang. free
induction decay, FID). Dopiero po wykonaniu transformaty Fouriera otrzymujemy widmo

NMR, czyli zalezno$¢ intensywnos$ci absorpcji od natezenia pola magnetycznego [56].
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Rysunek 5. Wplyw zewnetrznego pola magnetycznego Bo na spiny jader atomowych.
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Pozycje sygnalu absorpcyjnego na widmie okresla si¢ mianem przesuni¢cia chemicznego.
Sygnat wzorca (TSP - 3-(trimetylosililo)-propinosulfonian sodu lub TMS - trimetylosilan)
oznacza punkt zerowy, a pozostale sygnaly (skalibrowane w tzw. skali przesuniecia
chemicznego & wyrazonego w jednostkach ppm)) znajdujg si¢ zazwyczaj z lewej strony widma
[55]. W celu okre$lenia wzglednej liczby roznych protonéw w analizowanej czasteczce, sygnaty
na widmie sg poddawane integracji (catkowaniu), co pozwala na okreslenie powierzchni pod
kazdym z pikéw. Stosunek powierzchni pikéw jest proporcjonalny do liczby réwnocennych
jader w danej grupie. Warto zwrdci¢ uwage na fakt, ze sygnaty absorpcji na widmie najczgsciej
nie wystepuja w postaci pojedynczych pikow. W czasteczkach sgsiadujgce spiny jadrowe
oddzialuja ze soba, co powoduje rozszczepienie sygnatu absorpcji i jest obserwowane na
widmie jako tzw. sprezenie-spinowo spinowe wystepujace w postaci sygnatldow o roznej

multipletowosci [57].

W spektroskopii NMR najczesciej wykonuje si¢ widma jedno (1D) oraz dwuwymiarowe
(2D) (przyktadami mogg by¢ eksperymenty: homojadrowe *H-'H — np. COSY (ang. correlation
spectroscopy) oraz heterojadrowe 'H-*C — np. HSQC (ang. heteronuclear single-quantum
correlation spectroscopy). W badaniach metabolomicznych w glownej mierze wykonuje si¢
jednowymiarowe widma protonowe (*H), a do pomiaréw wykorzystuje si¢ probki w fazie
ciektej. Do wykonania pomiarow metabolomicznych nalezy dobra¢ odpowiednig sekwencje
pulsow w zaleznosci od analizowanego materialu biologicznego. Odpowiednia sekwencja
pulséw umozliwia wyeliminowanie sygnatu pochodzacego od rozpuszczalnika rozpuszczalnika
lub/oraz sygnatow pochodzacych od makromolekut (np. biatek czy lipidow), co z kolei pozwala
na uzyskanie lepszego jako$ciowo widma. Najczesciej uzywanymi w metabolomice
sekwencjami  pulsow sa: NOESY (ang. nuclear overhauser effect spectroscopy,
w nomenklaturze Bruker: noesyprld) oraz CPMG (ang. Carr-Purcell-Meiboom-Gill,
w nomenklaturze Bruker: cpmgprld). Pierwsza z nich jest wykorzystywana, gdy konieczna jest
presaturacja rozpuszczalnika, druga natomiast, kiedy dodatkowo w probce znajduje sie duzo

makromolekut zaburzajacych sygnaty pochodzace od innych zwiazkow [54,55].

1.4. Przygotowanie danych *H NMR do analizy metabolomicznej

Przygotowanie widm NMR do analizy danych jest wicloetapowe, a kazdy etap ma
kluczowe znaczenie dla rzetelno$ci uzyskanych wynikow. Podstawowy przebieg oborki danych

to: korekcja linii bazowej i sygnalow rezonansowych, normalizacja i skalowanie danych oraz
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identyfikacja metabolitow. Kazdy =z etapow (wraz =z analizami statystycznymi

i chemometrycznymi danych) zostanie omowiony ponize;j.

1.4.1. Korekcja linii bazowej

Poprawna korekcja widm uzyskanych przy pomocy spektroskopii jadrowego rezonansu
jadrowego pozwala unikngé niepozadanej zmiennoéci pomigdzy probkami. Podstawa jest
sprawdzenie symetrycznosci szeroko$ci sygnatow rezonansowych. Dla kazdego widma nalezy
sprawdzi¢ réwniez (i odpowiednio skalibrowaé, jesli jest taka potrzeba) punkt odniesienia
sygnalu rezonansowego (najczgsciej jest to TSP) oraz przeprowadzi¢ korekcje fazy i linii
bazowej. Na rynku istnieje wiele komercyjnie dostgpnych programéw (np. Mestrenova
(Mestrelab Research S.L.), TopSpin (Bruker) czy Delta (Jeol), w ktorych algorytmy
umozliwiajg czg¢$ciowe zautomatyzowanie tych procesow. Pomimo to istotne jest manualne
zweryfikowanie wynikow przed przystgpieniem do dalszych etapow analiz oraz ich

,wyeksportowanie” do formatu stosowanego np. w srodowisku Matlab.

1.4.2. Korekta sygnalow rezonansowych

Uzyskane widmo NMR stanowi zbior sygnatow rezonansowych oraz fragmentow, ktore nie
dostarczajg informacji o zwigzkach — jest to tzw. szum. Podczas dalszej obrobki danych,
fragmenty takie zostaja usuni¢te. Podobnie postepuje si¢ rowniez z sygnalem rozpuszczalnika.

Probki biologiczne (pomimo zastosowania buforéw) moga mie¢ nieznaczenie zmienione
przesuniecia chemiczne dla poszczegdlnych metabolitow, a ich odpowiednie dopasowanie
stanowi podstawe poprawno$ci pédzniejszych analiz statystycznych i chemometrycznych.
W celu ulatwienia dopasowania, mozliwe jest zastosowanie wielu réznych algorytmow
pozwalajacych na poprawne nalozenie sygnalow rezonansowych niskoczasteczkowych
zwigzkéw [58]. Jednym z nich jest algorytm stosowany w obszarze calego widma
spektroskopowego — COW (ang. correlation optimized wraping) [59]. Naktadanie sygnatow
mozna réwniez prowadzi¢ dla zadanych przedziatéw. Narzedziem do tego stuzacym moze by¢

algorytm icoshift [60]. Efekt jego dziatania przedstawiono na Rysunku 6.
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Rysunek 6. Efekt dzialania algorytmu icoshift stosowanego do nakladania sygnaléw rezonansowych.

Odpowiednia korekta sygnatow na widmie pozwala na doktadniejsza normalizacje danych.

1.4.3. Normalizacja i skalowanie danych

Probki pochodzenia biologicznego (ludzkie, odzwierzece czy mikrobiologiczne) maja
tzw. zmiennos$¢ biologiczng. Odpowiednia normalizacja danych pozwala na usuni¢cie ze zbioru
danych zmienno$ci niebiologicznej — sa to przykladowo rdéznice w rozcienczeniach czy
licznosciach materialu wzigtego do analiz. Na usuni¢cie zmienno$ci pozwala szereg
normalizacji stosowanych powszechnie w badaniach metabolomicznych [61]. Popularng metoda
jest normalizacja do standardu wewnetrznego, jednak czesto stosowana jest rowniez
normalizacja do probabilistycznego ilorazu (ang. probabilistic quotient normalisation, PQN),
w ktorej stosuje si¢ mediang jako oszacowanie najbardziej prawdopodobnego ilorazu warto$ci
z uwzglednieniem widm referencyjnych (bedacych najczesciej grupa kontrolng) [62].

Skalowanie danych (przeprowadzane w kolumnach macierzy, czyli sygnatach zmiennych)
pozwala na zmniejszenie wpltywu czynnikow zaréwno biologicznych (np. duze rdznice
w stezeniach testowanych zwiazkéw), jak i technicznych (do ktorych mozna zaliczy¢ redukcje
wplywu szumu w pomiarach). Wybranie odpowiedniej metody jest istotne i pozwala na
uniknigcie utraty czeSci informacji o zmienno$ci miedzy probkami. W metabolomice
najpopularniejszg metoda dla analiz wykorzystujacych relatywne stezenia metabolitow jest
tzw. skalowanie do jednostkowej wariancji (ang. unit variance, UV) (stosowane najczgsciej dla
analiz wynikéw uzyskanych technika NMR), natomiast w przypadku eksperymentéw
opierajacych si¢ o cale profile metabolomiczne jest to normalizacja Pareto (stosowana
najczesciej dla analiz wynikéw uzyskanych technika MS) [63]. Metody skalowania danych
sg stosowane przede wszystkim dla metod wielowymiarowych, ktére zostang omowione

w Kkolejnych podrozdziatach.
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1.4.4. Identyfikacja metabolitow

Identyfikacja metabolitow jest koncowym etapem wstepnego przetwarzania danych. Kazdy
sygnal rezonansowy na widmie powinien zosta¢ przypisany do konkretnego
niskoczasteczkowego zwigzku. W tym celu pomocne sg powszechnie dostepne bazy danych,
w ktérych zdeponowane s3 informacje o przesunigciach chemicznych dla poszczegolnych
metabolitow. Najczesciej stosowane sa3 HMDB (ang. Human Metabolome Database) [64] czy
KEGG (ang. Koyoto Encyclopedia of Genes and Genomes) [34], jednak istniejg rOwniez bazy
dedykowane poszczegdlnym mikroorganizmom (przyktadem jest PAMDB (ang. Pseudomonas
aeruginosa Metabolome Database)) [65]. Identyfikacje metabolitow wspomaga roéwniez
przeanalizowanie literatury przedmiotu, a w szczegdélnych przypadkach analiza widm 2D.
Komercyjnie dostepne sg programy (ChenomX, ChemonX Inc.), ktére wykorzystuja bazy
danych, pozwalajg cze$ciowo automatycznie przypisywac sygnaty rezonansowe na widmach do

okreslonych zwiazkow.

1.5.  Analiza danych

Dane metabolomiczne uzyskane z widm spektroskopowych posiadaja ogromng liczbe
zmiennych, ktére moga mie¢ znaczenie w rdéznicowaniu probek oraz opisywaniu ich zmiennosci
biologicznej. Fakt ten powoduje, ze w celu prawidlowej analizy danych stosowane sa

jednowymiarowe analizy statystyczne oraz wielowymiarowe analizy chemometryczne [66].

1.5.1. Analizy statystyczne

Jednowymiarowe analizy danych sa kluczowym elementem badan metabolomicznych.
Celem analiz statystycznych jest dostarczenie informacji o réznicach pomiedzy testowanymi
grupami. Podstawowy podzial tej dziedziny to statystyka opisowa oraz statystyka
matematyczna. Statystyka opisowa utatwia interpretacj¢ danych dostarczajac informacji miedzy
innymi
o parametrach takich jak: §rednia i mediana (tzw. miary tendencji centralnej) oraz wariancja
i odchylenie standardowe (tzw. miary zmiennosci) [67]. Trzeba zaznaczy¢, ze ten rodzaj
statystyki dostarcza informacji o konkretnej badanej probce — nie umozliwia wnioskowania
odnosnie catej populacji. Z tego powodu, niezbedna do opisania zjawisk jest statystyka
matematyczna (jako narzedzie wykorzystujgce teori¢ rachunku prawdopodobienstwa pozwala

analizowa¢ wyniki dla calej populacji), [68].
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Schemat postepowania dla tego typu analiz danych przedstawia Rysunek 7.

Wyznaczenie Okreslenie .
. Tr Zebranie Statystyka Statystyka
hlpotezw_j . 21520 L . danych . opisowa . matematyczna
zerowej populacji

L Wyniki i
whioski

Rysunek 7. Schemat postepowania dla jednowymiarowej analizy danych.

Pierwszym krokiem jest postawienie hipotezy zerowej Ho, ktéra bedzie sprawdzana
w kolejnych etapach analiz. Identyfikacja zmiennych za pomocg statystyki opisowej pozwala na
testowanie postawionych wczes$niej hipotez badawczych za pomoca dedykowanych testow.
Najczesciej sa to testy parametryczne dotyczace wartosci parametrow populacji — $rednia czy
wariancja oraz testy nieparametryczne opisujace posta¢ rozktadu lub losowos¢ prob. Testy
nieparametryczne stosowane sg Wtedy, kiedy nie ma spetnionych podstawowych zatozen testow
parametrycznych, a wigc kiedy dane nie spelniaja rozktadu normalnego, grupy nie sg rownie
liczne lub istniejg obserwacje odstajace. Wybor odpowiednich testow ma kluczowe znaczenie
dla poprawnosci uzyskanych danych. W pierwszej kolejnosci sprawdza si¢ normalno$¢ rozktadu
(stuza do tego np. test Shapiro-Wilka czy Lillieforsa), nastepnie analizuje si¢ wariancj¢ probek
(uzytecznym narzedziem moze by¢ test Fischera lub test Levene’a). Ostatni krok to wybor testu
statystycznego weryfikujacego poprawnos¢ postawionej hipotezy (np. test Manna-Whitneya-
Wilcoxona, test t-Studenta, test Kruskala Wallisa czy test ANOVA) [67,69]. Bardzo waznym
elementem analiz jest okre§lenie odpowiedniego poziomu istotnosci uzyskanych wynikoéw -
najczesciej jest to 5%, chociaz mozna tez spotkaé analizy, gdzie poziom istotno$ci okreslono na
1%, a nawet 0.1% [70].

1.5.2. Analizy chemometryczne

Analiza statystyczna pozwalajgca na uzyskanie reprezentacji danych maksymalnie w trzech
wymiarach, ze wzgledu na zlozono$¢ danych uzyskiwanych w eksperymencie
metabolomicznym, jest niewystarczajaca do uzyskania pelnego obrazu zmian. W analizach
opierajacych si¢ na zidentyfikowanych sygnatach rezonansowych otrzymuje si¢ macierz
sktadajaca si¢ z kilkudziesigciu zmiennych. Co wigcej, analizy moga by¢ rowniez wykonywane

na calosci widma NMR - w tym przypadku, po procedurze segmentowania, otrzymuje si¢ dane

24



tworzace macierz sktadajaca si¢ z okoto dziesigciu tysiecy zmiennych. Taka ilos¢ informacji
wymaga przygotowania wielowymiarowych analiz danych, ktore pozwalaja na wyznaczenie

najbardziej istotnych dla zmienno$ci modelu parametrow [71,72].

Najbardziej podstawowg technika wykorzystywang w analizach chemometrycznych jest
analiza glownych sktadowych (ang. principal component analysis, PCA). Jest to metoda
nienadzorowana, co oznacza, ze do przeprowadzenia analiz nie jest konieczna znajomos$¢
przynalezno$ci obserwacji. Obliczanie modelu PCA polega na zamianie wyjSciowych
zmiennych nowymi, okre§lanymi jako gtowne sktadowe, co jest mozliwe dzieki skonstruowaniu
nowych przestrzeni obserwacji. Obliczenie tadunkéw czynnikowych (ktoére stanowia
wytlumaczenie wariancji jako warto$¢ procentowa) oraz stworzenie tzw. wykresu osypiska
pozwala na okreslenie ilosci sktadowych pozwalajacych na stworzenie modelu (najczesciej od
2 do 5). Kazda kolejna sktadowa modeluje coraz mniejszy procent wyttumaczonej wariancji.
Redukcja wielowymiarowo$ci danych pozwala na zobrazowanie grupowania si¢ prob

i wykrycia zalezno$ci pomigdzy nimi [73,74].

Bardzo czgsto celem wielowymiarowych analiz danych jest okre$lenie réznic pomigdzy
testowanymi grupami. W tym celu wykorzystuje si¢ metody nadzorowane, w ktérych konieczna
jest znajomos$¢ przynaleznosci obserwacji do danej grupy. Sa to: analiza dyskryminacyjna
czesciowych mniejszych kwadratow (ang. partial last squares discriminant analysis, PLS-DA)
oraz ortogonalna analiza dyskryminacyjna cze$ciowych  mniejszych  kwadratow
(ang. orthogonal partial last squares discriminant analysis, PLS-DA). Metody nadzorowane,
w zalezno$ci od liczby badanych grup, dziela przestrzen eksperymentalnych zmiennych na
okreslong liczbe. Kazda obserwacja moze byC przydzielona tylko do jednej wyznaczonej
przestrzeni. W przypadku tych modeli, wyznaczane sg kowariancje pomigdzy macierzami.
Model OPLS-DA rézni si¢ od PLS-DA kompleksowos$cig, dajac mozliwo$¢ lepszego
rozdzielenia wariancji, a co za tym idzie umozliwia skupienie si¢ na zmienno$ci

miedzygrupowej, a nie wewnatrzgrupowej [73,75].
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2. Cele pracy

Celem przewodnim badan przedstawionych w niniejszej rozprawie doktorskiej byto

zastosowanie badan metabolomicznych do charakterystyki réznych szczepow Gram-ujemnej

bakterii Pseudomonas aeruginosa. Poznanie nowych cech biochemicznych oraz procesoéw

metabolicznych wyrdzniajacych ten drobnoustrdj od innych, stanowi podstawe doglgbnego

zrozumienia procesow adaptacji mikroorganizmu do zmienionych warunkéow Srodowiskowych

czy nabywania opornosci na antybiotyki.

Cele szczegotowe pracy doktorskiej:

1.

Opracowanie najbardziej efektywnej metody dezintegracji komorek bakteryjnych
wykorzystywanej w analizach metabolomicznych.

2. Analiza profili zwigzkéw niskoczasteczkowych roznych rodzajow  bakterii

3.

(P. aeruginosa, E. coli, K. pneumoniae, E. feacalis, B. cereus oraz C. glutamicum).

Okreslenie réoznic w metabolomie szczepow P. aeruginosa pochodzacych
ze $rodowiska naturalnego i izolowanych z plwociny pacjentow chorych
na mukowiscydoze, pozwalajace na identyfikacje metabolitow szczegdlnie istotnych

W procesie przystosowywania si¢ drobnoustroju do zmienionych srodowisk bytowania.

Scharakteryzowanie wewnatrz- i zewnatrzkomorkowego profilu metabolomicznego
szczepow pateczki ropy bigkitnej opornych i wrazliwych na antybiotyki, wyznaczenie

metabolitow majacych kluczowe znaczenie dla antybiotykoopornosci bakterii.

26



3. Metodologia

3.1. Bakterie wykorzystane do eksperymentow

3.1.1. Szczepy Pseudomonas aeruginosa

Wigkszo$¢ eksperymentéw przeprowadzono na szczepach Pseudomonas aeruginosa,
izolowanych od pacjentow chorych na mukowiscydoze oraz izolowanych ze s$rodowiska

naturalnego.

Ponizej przedstawiono krotka charakterystyke wspomnianych drobnoustrojow.

3.1.1.1.  Szczepy izolowane od pacjentow chorych na mukowiscydoze

Szczepy P. aeruginosa izolowane z plwociny pacjentéw chorych na mukowiscydoze byty
wykorzystane do eksperymentéw poréwnujgcych opornos¢ na antybiotyki oraz rdznic
wynikajacych z miejsca bytowania. Charakterystyka szczepow dostgpna jest w sekcji
materiatbw dodatkowych pracy ,,Possible metabolic switch between environmental and
pathogenic Pseudomonas aeruginosa strains: *H NMR based metabolomics study”. Dodatkowo
w pracy ,,Metabolomics comparison of drug-resistant and drug-susceptible Pseudomonas
aeruginosa strains (intra- and extracellular analysis)” w tabeli 1 mozna znalez¢ informacje

o0 antybiotykoopornosci testowanych szczepow.

3.1.1.2.  Szczepy izolowane ze Srodowiska

Do poréwnania szczepéw P. aeruginosa izolowanych z réznych zrodel, oprocz szczepdw
pobranych od pacjentow, wykorzystano rowniez szczepy izolowane ze srodowiska naturalnego
(byty to miejsca takie jak rzeka, doniczki, akwarium, powierzchnia owocow). Szczegdtowe
informacje o szczepach rowniez sa dostepne w sekcji materialow dodatkowych pracy ,,Possible
metabolic switch between environmental and pathogenic Pseudomonas aeruginosa strains:

'H NMR based metabolomics study”.

Dla szczepow $rodowiskowych dostepne byly dane o opornosci na antybiotyki oraz wyniki

testu API NF20, ktore potwierdzily rozpoznanie mikroorganizmu.
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3.1.2. Pozostale mikroorganizmy

W eksperymencie, ktory miat na celu poréwnanie efektywnosci metody dezintegracji na
analizy metabolomiczne, wykorzystano szczepy referencyjne bakterii. Oprocz P. aeruginosa
wykorzystano jeszcze pig¢ innych bakterii — zarowno Gram-dodatnich jak i Gram-ujemnych.

Informacje o szczepach przedstawiono ponizej w Tabeli 2.

Tabela 2. Charakterystyka pozostatych szczepow drobnoustrojow wykorzystanych w badaniach.

L.p. Nazwa drobnoustroju kal':lalfg;]%:/vy
Bakterie Gram-ujemne
1. Pseudomonas aeruginosa DSMZ 1707
2. Escherichia coli ATCC 9212
3. Klebsiella pneumoniae ATCC700603
Bakterie Gram-dodatnie
4. Enterococcus feacalis ATCC 29212
5. Bacillus cereus ATCC 11778
6. Corynebacterium glutamicum ATCC 13287

3.2. Hodowle bakteryjne

Wszystkie hodowle mikrobiologiczne byly prowadzone w podiozu LB (ang. lysogeny
broth) w temperaturze 37°C przy 180 obr/min (w doswiadczeniu poréwnujagcym metody
dezintegracji do podtoza dodano 0,5% glukozy, co umozliwitlo uzyskanie OD hodowli,
pozwalajace na normalizacj¢ probek). W pierwszej kolejnosci wykonywano posiew
drobnoustroju na podtoze state, nastepnie przygotowywano hodowle wstepng w objetosci 5 ml.
Hodowla wtasciwa zaktadana byta w objetosci 100 ml podtoza LB. Czas hodowli byt rozny
w zaleznosci od przeprowadzonego doswiadczenia. Dla porownan szczepow P. aeruginosa byty
to 24 h, natomiast w pracy metodologicznej hodowle drobnoustrojéw prowadzono do czasu ich

wejscia w faze wzrostu logarytmicznego.

Dla czgsci szczepoéw wykonano rowniez krzywe wzrostu. W tym celu sprawdzano warto$ci

OD poszczegdlnych hodowli co godzine w osiemnastu punktach czasowych.
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3.3. Metody przygotowania probek do pomiaréw (ekstrakcja)

Analiza  metabolitébw  wewnatrzkomérkowych, opréocz  dobrania  odpowiednich
rozpuszczalnikow do ekstrakcji, wymaga réwniez doboru odpowiedniej metody dezintegracji

komorek bakteryjnych.

W przypadku eksperymentu poréwnania metabolitow P. aeruginosa pochodzacych
z roznych zrédet, przygotowano 300 mg nawazki mokrej masy komorkowej, ktore byly
nastepnie ekstrahowane przy uzyciu mieszaniny woda: metanol: chloroform (5:5:8) oraz

homogenizowane przy uzyciu dezintegratora tkanek (Tissue Lyser II, Qiagen).

W pozostatych dwoch eksperymentach ekstrakcje prowadzono na liofilizowanej suchej
masie komorkowej (10 i 20 mg). Usunigcie wody pozwolito na doktadne okreslenie biomasy
i znormalizowanie danych. Jako ekstrahenta uzyto mieszaniny metanol: woda (1:1), a do
dezintegracji - oprocz dezintegratora tkankowego - wykorzystano réwniez miyn piaskowy
(FastPrer-24 5G Sample Preparation System, M. P. Biomedicals) oraz sonikacj¢ (Microson

Ultrasonic Cell Disruptor, Mison).

Analiza  zewnatrzkomorkowych — metabolitow  wymagata  odparowania  podtoza

pohodowlanego, ktdre nastgpnie rozpuszczono w buforze PBS.

3.4. Eksperymenty NMR

Wszystkie widma magnetycznego rezonansu jadrowego, przygotowane
w przeprowadzonych eksperymentach, zostaly zarejestrowane przy pomocy spektrometru
Bruker Avance II (Bruker, GmBH, Niemcy). Czgstotliwo$¢ aparatu wynosi 600,58 MHz.
Pomiary wykonano dla sekwencji pulsow noesyprld oraz cpmgprld (w nomenklaturze firmy
Bruker). Do analiz wykorzystano druga z nich, ze wzgledu na mozliwo$¢ automatycznego
zredukowania sygnatow rezonansowych pochodzacych od makromolekut. Szerokos¢ widma
wynosita 20,01 ppm, a liczba punktow to 64 tysigce. Zastosowano 128 skandow z opdznieniem

relaksacji (D1) rownym 3,5 s oraz czasem akwizycji 2,72 s.

W celu przygotowania widm do analizy, na kazdym z widm polozenie sygnatu
referencyjnego (TSP) przesunigto do 0,0 ppm, a nastgpnie wykonano korekcje linii bazowej

przy pomocy programu MestreNova (MestreNova v. 11.0.3).

Do identyfikacji sygnatéw na widmach 'H NMR uzyto programu Chenomx NMR Analysis
Software (NMR suite v. 8.5, Chenomx Inc.), ktory stanowi baz¢ danych o metabolitach
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w zaleznos$ci od czuto$ci instrumentu oraz pH probki. Kazdorazowo potwierdzano rowniez
zidentyfikowany zwiazek za pomoca powszechnie dostepnych baz danych, takich jak KEGG

i PAMDB oraz sprawdzano literature przedmiotu.

3.4.1. Jedno — i wielowymiarowe analizy danych

Analizy jedno- i wielowymiarowe uzyskanych danych przeprowadzano dla zestawu
zidentyfikowanych metabolitow. Jako wzgledne st¢zenie metabolitu przyjeto sumg punktow
w macierzy danych dla zakresu nienakladajacych si¢ sygnatéw. W pracy metodologicznej do
analiz wykorzystano warto$ci stezen poszczegélnych metabolitow uzyskane w programie
Chenomx NMR Analysis Software (NMR suite v. 8.5, Chenomx Inc.) poprzez poréwnanie do

intensywnosci sygnatu TSP o znanym stezeniu.

Analizg statystyczng wykonano przy uzyciu programu MATLAB (MATLAB, v. R2014a,
Mathworks Inc.). W celu zoptymalizowania naktadania si¢ sygnatéw na widmach zastosowano
algorytmy COW oraz icoshift [59,60]. Przeprowadzono normalizacje do probabilistycznego
ilorazu POQN. Normalno$¢ rozktadu danych oceniono przy uzyciu testu Shapiro-Wilka. Dla
danych posiadajacych rozktad normalny wykorzystano test t-Studenta, natomiast dla danych nie
spelniajagcych  normalno$ci  rozkladu wykorzystano test Manna-Whitneua-Wilcoxona.
Dodatkowo w celu sprawdzenia poréwnan wielokrotnych, przeprowadzono procedurg
Benjamini-Hochberd (ang. false discovery rate, FDR). Dla wszystkich analiz

jednowymiarowych przyjeto poziom istotnosci < 0.05.

Analizy wielowymiarowe przeprowadzono przy uzyciu programu SIMCA (wersja 15.02,
Sartorius Stedim Data Analytics AB). Zbior danych do analizy stanowita przeksztalcona
macierz danych. Przed analiza chemometryczng wykonano skalowanie Pareto zbioru danych.
Wykonano analize gtéwnych sktadowych PCA oraz ortogonalng analiz¢ dyskryminacyjna
czesciowych mniejszych kwadratow OPLS-DA. Graficzne reprezentacje wspomnianych analiz
zostaly skonstruowane z roznej liczny sktadowych. Modele OPLS-DA poddano procedurze
selekcji zmiennych z wykorzystaniem wartosci VIP ( ang. variance important in projection),
a istotno$¢ zostata sprawdzona przy pomocy testu CV-ANOVA (przyjeto poziom istotnosci
< 0.05).
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5.2.  Metabolomic studies of Pseudomonas aeruginosa

5.2.1. Skrotowe omowienie publikacji

,Metabolomics studies of Pseudomonas aeruginosa” jest praca przegladowa. W artykule
przedstawiono aktualng wiedz¢ na temat badan metabolomicznych dotyczacych szczepow

bakterii Pseudomonas aeruginosa.

W pierwsze] czesci pracy scharakteryzowano mikroorganizm bedacy przedmiotem badan
oraz powody, dla ktorych celowe jest przeprowadzanie eksperymentéw na omawianym
poziomie molekularnym, a takze przedstawiono dostepne bazy danych, w ktorych opisana jest
pateczka ropy biekitnej. W kolejnym rozdziale — ,,A closer look at an experiment in
metabolomics” - opisano podstawowe pojecia zwigzane z metabolomikg oraz zasady
przeprowadzania eksperymentow metabolomicznych (przygotowanie probek, ekstrakcje,
uzywane metody pomiaréw, obrobka i analiza uzyskanych danych), ze szczegdlnym
uwzglednieniem analiz drobnoustrojow. Kolejne rozdzialy poswigcone sg szczegdtowej
charakterystyce mozliwosci, ktore stwarzaja badania metabolomiczne w kontek$cie badan na
mikroorganizmami. Fragment pracy zatytulowany ,Bacterial strain identification and
differentiation” opisuje mozliwo$¢ szybkiej identyfikacji i rozrézniania drobnoustrojéw na
podstawie ich profilu metabolomicznego, przy uzyciu technik analitycznych takich jak NMR
i GC-MS. W kolejnej czesci — ,,Identification of metabolic pattern determined by genome
structure” — przedstawiono eksperymenty wykorzystujace wymienione wczesniej techniki
analityczne do identyfikacji specyficznych $ciezek metabolicznych wynikajacych ze zmienionej
struktury genomu. Fragment ten przedstawia mozliwosci badan metabolomicznych, ktére moga
stanowi¢ uzupelnienie innych nauk omicznych 1 umozliwiaja okreslanie zmian
niskoczasteczkowych zwigzkow w odpowiedzi na czynniki zewnetrzne (m. in. zmiana
warunkow wzrostu, zwigzki chemiczne, obecno$¢ innych mikroorganizméw). Charakterystyka
zmian profilu metabolitbw w odpowiedzi na czynniki zewnetrzne zostata przedstawiona
w rozdziale ,,Identification of metabolic changs in response to external factors”. Narzgdzia
metabolomiczne umozliwiajg réwniez poszukiwanie nowych niskoczasteczkowych zwigzkoéw
chemicznych charakteryzujacych drobnoustroje. W czesci ,,Identification of new metabolites”
przedstawiono mozliwos¢ identyfikacji nowych lipopeptydow w ekstraktach pochodzacych od

P. aeruginosa.

Praca przegladowa przedstawia pateczke ropy biekitnej jako mikroorganizm tatwo
adaptujacy sie do nowych srodowisk, a co za tym idzie, podatny na zmiany zewn¢trzne.

Metabolomika jest nauka, za pomoca ktorej analizowane s3 zmiany zachodzace w komorce
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w bardzo krotkim czasie - z tego wzgledu stanowi doskonale narzgdzie do monitorowania

proceséw zachodzacych w komorce jako odpowiedzi na czynniki zewnetrzne.

W omoéwionym artykule przedstawiono mozliwosci aplikacyjne metabolomiki, jednakze
zwrdcono rowniez uwage na konieczno$¢ stworzenia bardziej szczegétowych i obszernych baz
danych zawierajacych informacje o metabolitach zidentyfikowanych réznymi metodami
analitycznymi. Rozwoj technik analitycznych takich jak NMR i MS w kontekscie mikrobiologii
pozwala na coraz doktadniejsze poznanie szlakoéw biochemicznych i rozrdznianie wielu r6znych

drobnoustrojow, w tym oczywiscie rowniez P. aeruginosa.
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Abstract

Pseudomonas aeruginosa is a common, Gram-negative environmental organism. It can be a significant pathogenic factor of
severe infections in humans, especially in cystic fibrosis patients. Due to its natural resistance to antibiotics and the ability to
form biofilms, infection with this pathogen can cause severe therapeutic problems. In recent years, metabolomic studies of
P. aeruginosa have been performed. Therefore, in this review, we discussed recent achievements in the use of metabolomics
methods in bacterial identification, differentiation, the interconnection between genome and metabolome, the influence
of external factors on the bacterial metabolome and identification of new metabolites produced by P. aeruginosa. All of
these studies may provide valuable information about metabolic pathways leading to an understanding of the adaptations of
bacterial strains to a host environment, which can lead to new drug development and/or elaboration of new treatment and
diagnostics strategies for Pseudomonas.
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and often opportunistic infections in humans. It typically
infects airways and urinary tracts, causes blood infections,
and is the most common cause of burn injury infections,
hot-tub dermatitis, and outer ear infections (known as
swimmer’s ear). P. aeruginosa is the most frequent colo-
nizer of medical devices (catheters, nebulizers, humidi-
fiers) and is one of the pathogens that cause nosocomial
infections, such as ventilator-associated pneumonia,
meningoencephalitis, and sepsis (Bassetti et al. 2018).
Treatment of P. aeruginosa infections can be difficult due
to its natural and acquired resistance to antibiotics (Brei-
denstein et al. 2011).

Pseudomonas aeruginosa is one of the most common
organisms isolated from the respiratory tract of cystic
fibrosis patients (Bendiak and Ratjen 2009). The occur-
rence of the infection increases with age and can reach
80% in adults (Behrends et al. 2013). Several studies have
shown that this infection leads to higher rates of pulmo-
nary exacerbation and hospitalization in addition to more
rapid disease progression, which leads to irreversible
and destructive changes in the respiratory system and as a
consequence, to chronic respiratory failure. It is also asso-
ciated with more frequent cystic fibrosis complications,
such as malnutrition or diabetes (Emerson et al. 2002;
Kosorok et al. 2003; Nixon et al. 2001).

A characteristic feature of the genus Pseudomonas is
biofilm formation and fluorescent dyes and siderophore
production (Leon 1979; Peix et al. 2018; Winstanley et al.
2016). Moreover, microorganisms belonging to this genus
show a high capability of utilizing different substrates and
a high tendency toward antibiotic resistance. P. aeruginosa
shows significant adaptation capabilities, as in the case of
the development of chronic infections in patients with
cystic fibrosis (CF). At this stage, the pathogen is practi-
cally impossible to eradicate.

Research on the system biology of P. aeruginosa has
been carried out for a long time at different levels of molec-
ular organization (genome, transcriptome, and proteome),
resulting in detailed information about the genomic struc-
ture. The size of the P. aeruginosa genome is around
6.5 Mbp. However, the size range for different strains is
between 5.2 and 7 Mbp (Schmidt et al. 1996). There are
5021 genes with more than 70% sequence identity between
different P. aeruginosa strains, and among them, around
4500 genes with > 98% identity. It is suggested that about
4000 genes are common to the majority of the P. aerugi-
nosa strains (they are so-called ‘core genome’) (Parkins
et al. 2018). The core genome is accompanied by genes
that are present in a smaller number of strains. It is esti-
mated that the complete set of genes found in different
P. aeruginosa strains include between 10,000 and 40,000
genes. The arrangement of the genome may differ between
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strains; therefore, the identification of regions suitable for
gene markers is difficult.

Information about P. aeruginosa gene and protein data
is available from several databases: (1) the Pseudomonas
Genome Database, which now has more than 200 complete
Pseudomonas genomes (Winsor et al. 2016); (2) Pseudo-
Cyc with 121 pathways and over 800 enzymatic reactions
(Romero and Karp 2003); and (3) the SYSTOMONAS
database for the analysis of Pseudomonas systems biol-
ogy (Choi et al. 2007). The information is also available
in commonly used databases, such as KEGG (Kanehisa
et al. 2017), PubChem (Kim et al. 2016), and HMDB
(Wishart et al. 2013).

In recent years, metabolomic studies of P. aeruginosa have
also been performed. The metabolome is the set of all relatively
small compounds present in the cell and released to the envi-
ronment. These low molecular weight compounds (<1500 Da)
play different roles as substrates, intermediates, and products
of metabolism (Fiehn 2002; Pearson 2007). The information
about the presence and concentration of metabolites reflects
the activity of metabolic pathways in the cell. Metabolomic
studies usually rely on two analytical laboratory techniques
for metabolite identification and quantification: (1) mass spec-
troscopy coupled with chromatography (C/MS) or (2) nuclear
magnetic resonance (NMR) spectroscopy.

Metabolomic studies may help solve the scientific prob-
lems unsolved by using other approaches used in system
biology, such as identification of new metabolic pathways
(Patti et al. 2012). These studies can provide us with data
regarding virulence factors and adaptation features of a
given strain to the host environment, and thereby provide
a useful prognostic tool in P. aeruginosa infections. Due to
rapid culture-independent tests, diagnosis of urgent cases
and also their targeted treatment can occur quickly. These
types of studies may also be used in the development of
new strategies regarding the prevention and treatment
of infections caused by microorganisms (Xu et al. 2014).

In this article, we present a summary of the recent
achievements in the field of P. aeruginosa metabolomics.
Metabolomic studies about P. aeruginosa strains com-
parison are shown in Table 1. Studies about interactions
between two species of bacteria, such as quorum sensing
and co-cultures, were also conducted. The individual met-
abolic profile of a strain depends on internal and external
factors (such as genome structure and substrate availabil-
ity, respectively) (Fig. 1).
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Table 1 Metabolomic studies comparing Pseudomonas aeruginosa strains

Origin of samples Amount  Type of metabolites =~ Measurement method ~ Statistic methods Metabo-  Author, year
of sam- lites (in
ples total)
CF patients 179 Extracellular 'H NMR Linear modelling, 29 Behrends et al. (2013)
‘sunburst’ plots
Reference 2 Intra- and extracel- GC-MS PCA 243 Frimmersdorf et al.
strain PAO1 and CF lular (2010)
isolate TBCF10839
CF patients 49 Extracellular '"H NMR PCA, PLS, OPLS-DA 85 Kozlowska et al. (2013)
CF patient (different 1 Living cells "H HRMAS NMR Student’s t-test 24 Righi et al. (2018)
breeding)
CF patients 3 Intra- and extracel- LC-MS PCA 221 Robroeks et al. (2010)
lular
Clinical isolates: 2 Intracellular GC-MS Retention indices (RI) 80 Klockgether et al.
TBCF10839 and (2013)
TBCF121838
Reference 21 Intra- and extracel- 'H NMR, 'H HRMAS PCA - Gjersing et al. (2007)
strain PAO1 (differ- lular NMR
ent breeding)

Fig. 1 Metabolomic studies of

Pseudomonas aeruginosa Bacteria strain
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Identification of metabolic
patterns determined by
genome structure

A closer look at an experiment
in metabolomics

Experimental design, including metabolomic analytical
parts, may differ depending on the available materials,
resources, and scientific questions to be answered. The iden-
tification of metabolomic changes resulting from different
factors requires a distinct experimental approach. Neverthe-
less, the general experimental pattern is the same.

In metabolomics, as in many experiments, there are usu-
ally at least two sets of samples that are compared with one
of them being the control (or reference) group. In general,
metabolomic analyses cover two approaches to analyzing
metabolites: (1) fingerprinting and (2) footprinting. The first
contains the whole set of intracellular compounds, and
the second tracks nutrient uptake and metabolite secretion
(Behrends et al. 2014).

Identification of metabolic
changes in response to
external factors

A

Metabolomic studies of
Pseudomonas aeruginosa

o

Identification of new
metabolites

The typical workflow in microbiological metabolomic
studies includes a few steps (Fig. 2).

Usually, in the first step, microorganisms are cultured
in vitro. Appropriate disintegration (if intracellular metab-
olites studies are conducted) and an extraction method are
then used. Metabolites from a chosen group (for instance,
water-soluble) are isolated and concentrated. There are
many possible approaches for metabolite sample prepara-
tion. This part of the process should be studied and depends
on the purpose of the research.

In the next stage, metabolites are detected via analytical
chemistry techniques. In the case of MS method, metabolites
that are first separated by liquid or gas chromatography, then
ionised, and detected by mass spectrometry instruments.
This technique yields information about the mass to charge
ratio of the analysed compounds, which could be detected
by the most advanced instruments at very low femtomole to
attomole detection limits. This information may be used for
the identification of thousands of compounds in the sample
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Fig.2 Diagram of metabolomic
experiment
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or used as the characteristic metabolite pattern “fingerprint,”
in an untargeted approach to the studied specimen. NMR
spectroscopy due to application of a magnetic field allows
assignment of the chemical shifts of 'H and '3C nuclei in
organic compounds. This method enables identification and
quantification of metabolites but at a much higher concentra-
tion than MS, which is at the mM level and strongly depends
on the duration of the experiment. The second limitation is
the number of compounds that can be identified, which are
in the range of several dozen. However, the NMR method
ensures reliable compound identification via a combina-
tion of one- and two-dimensional (1D and 2D, respectively)
spectra measurements. A more detailed description of this
technique may be found in the review article by Dona et al.
(2016) or in dedicated handbooks. Both of these methods
are complementary and mostly used in metabolomic studies.

To extract the information about metabolite type and
concentration, the raw data must be further processed.
The metabolic profile (list of detected metabolites with cor-
responding concentrations) of a single sample is still a large
set of data; therefore, a comparison of samples and graphical
representation of results is not easy using the conventional
approach. Different statistical and chemometric methods
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are used to find differences and prepare data visualiza-
tion. The most commonly used method in multivariate data
analysis is the principal component analysis (PCA). This
method is used as a starting point for further analysis. PCA
is an unsupervised method, which means that the samples
are underlying without any additional input data. It allows
for the determination of variability and identification of
outliers during all of the attempts. Additionally, it enables
to determine the relationship between groups to find dif-
ferentiating metabolites. PCA may be used on a raw figure
without any initial metabolite identification and quantifica-
tion (Gjersing et al. 2007).

The partial and orthogonal partial least squares methods
(PLS and OPLS, respectively) are used to develop models,
predict differences, and search for significant markers. Both
of these methods are supervised methods, in which individ-
ual observations are assigned based on a specific parameter
(such as membership in a given group). A more detailed
description of multivariate data analysis in metabolomics
can be found in an article by Worley and Powers (2013).

Information concerning a metabolome may also be
stored in a database. A database dedicated to the P. aer-
uginosa metabolome was created by Huang et al. (2018).
The P. aeruginosa metabolome database (PAMDB) provides
information about> 4370 metabolites and their chemical
and biological functions, more than 1250 proteins includ-
ing enzymes, and almost 1000 associated pathways. Fur-
thermore, for some compounds, NMR and MS spectra are
available. The database was created based on information
available in other databases and in the literature (Huang
et al. 2018).

Bacterial strain identification
and differentiation

One way to conduct metabolomic experiments with micro-
organisms is to compare strains originating from differ-
ent sources. Most studies describing strain identification
use pure strains cultivated in vitro; however, a collec-
tion of a large set of metabolomic profiles is the first step
in the development of methods enabling identification
of strains without the need for bacteria isolation and culti-
vation. Such an approach would be a useful diagnostic tool
because it would reduce the time between material collec-
tion and result delivery. For instance, preliminary research
has proven that the analysis of volatile organic compounds
(VOC) in a person’s breath might be useful for identification
of respiratory tract bacterial infections; however, determina-
tion of the pathogenic strain responsible for the infection is
still not possible (Maniscalco et al. 2019; Montuschi et al.
2012; Robroeks et al. 2010).
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Bacterial strain identification based on the profile of
volatile metabolites would be very useful in lung infection
diagnoses. Nizio et al. conducted VOC profiling using gas
chromatography/gas chromatography-time-of-flight mass
spectroscopy (GC/GC-TOFMS) to differentiate bacteria
associated with lung infections (P. aeruginosa, Haemophi-
lus influenzae, Streptococcus pneumoniae, Burkholderia
cenocepacia, Stenotrophomonas maltophilia, and S. mill-
eri). Samples were analyzed in two periods: (1) short-term
(between 2 and 5 days) and (2) long-term (between 48 and
50 days). Moreover, bacteria were cultured in two differ-
ent growth phase conditions (stationary and logarithmic).
The multivariate analysis showed that the VOC profile was
sufficient for differentiation of bacteria species. However,
the profiles were affected by sample storage conditions
and bacterial growth phase (Nizio et al. 2016).

A similar approach for bacterial species identification
was taken by Lawal et al. (2017). They investigated VOC
profiles for the following bacterial species: (1) Escherichia
coliy (2) Klebsiella pneumoniae; (3) P. aeruginosa; and (4)
Staphylococcus aureus. These bacteria are often the cause of
lung infections. To better simulate conditions in the respira-
tory tract, bacteria were also cultured in an artificial sputum
medium. Comparison of VOC profiles was sufficient for
species identification; however, profiles were considerably
altered by the cultivation medium type (Lawal et al. 2017).

Moreover, in another article, Lawal et al. showed that
the presence of the additional pathogen in the environ-
ment also changed the observed VOC profiles. The GC/
MS method was used to identify and compare metabolites
in mono and co-cultures of P. aeruginosa ATCC 10,145
and Enterobacter cloacae DSM 30,054. Among 60 VOCs
identified, 24 had significantly increased and 13 decreased.
Among these, under axenic cultures, bacteria-specific VOCs
metabolites were identified as 2-methyl-1-propanol, 2-phe-
nylethanol, and 3-methyl-1-butanol for E. clonacae while
methyl 2-ethylhexanoate was characteristic for P. aerugi-
nosa. However, in co-cultures, 2-methylbutyl acetate and
methyl 2-methylbutyrate were found, both of which exhib-
ited antimicrobial activity (Bail et al. 2009). In the PCA
score plot, three nonoverlapping groups were observed: (1)
P. aeruginosa; (2) E. cloacae; and (3) co-culture (Lawal
et al. 2018).

A similar experiment conducted by Neerincx et al. also
used two strains of bacteria (and co-culture): (1) P. aerugi-
nosa strain ATCC 27,853 and (2) Aspergillus fumigatus
strain AZN 8196 to compare VOCs in samples using the
GC/MS method. They identified and examined 104 com-
pounds. The PLS score plot was constructed for three-time
points (16, 24, and 48 h). The analysis allowed identification
of the combinations of VOCs associated with each group
(P. aeruginosa, A. fumigatus, and co-culture). For each time
point, specific VOC biomarker combinations were found,

and individual VOCs, which were present at all-time points
(for example, 8-nonen-2-one in A. fumigatus and 2-nonanone
in co-culture), were also assigned. What is more, the loca-
tion of the groups on the PLS score plot changed over time;
after 48 h, the metabolic profile of the co-cultures shifted
towards P. aeruginosa (Neerincx et al. 2016). These results
imply that the use of VOC profiling as a diagnostic tool may
require a cultivation model that more accurately reproduces
the conditions in the respiratory tract.

Palama et al. compared the bacteria responsible for uri-
nary tract infections using the footprint approach. Using
NMR, they measured the extracellular metabolites of 48
strains belonging to six species (E. coli, P. aeruginosa,
Proteus mirabilis, Enterococcus faecalis, S. aureus, and
S. saprophyticus). Analysis of samples collected at differ-
ent growth stages identified 43 metabolites. Unsupervised
multivariate data analysis showed significant discrimination
between the studied samples. Furthermore, the PCA score
plot showed non-overlapping groups, which originated from
different microorganisms. This experiment demonstrated
that metabolic profiling could be a rapid method for identi-
fying bacterial species (Palama et al. 2016).

Kozlowska et al. recovered 15 P. aeruginosa isolates
from sputum samples and described several culture proper-
ties, such as mucoid, pigmentation, diversity, culture pH,
and others. These properties were compared with informa-
tion about the subjects (age, sex, body mass index [BMI],
diabetes). Analysis of the media using 'H NMR was per-
formed. Statistical methods (PCA and OPLS-DA) were
used to identify groups of isolates. The score plot showed
four different clusters of various strains of P. aeruginosa.
Additionally, each cluster was related to the pH of culture.
Furthermore, the analysis of variance (ANOVA) test was
used to find the relationship between PCA and clinical data.
These experiments suggest that P. aeruginosa isolates have
a range of growth strategies. Moreover, cluster member-
ship was correlated with predicting patient lung function.
Thus, NMR-based metabolomic profiling may be used as
a prognostic tool in the diagnostics of P. aeruginosa infec-
tions (Kozlowska et al. 2013).

Identification of metabolic patterns
determined by genome structure

Adaptation of bacteria metabolism is crucial for microor-
ganism survivability in different environments. In particu-
lar, pathogens change their metabolism to use available
resources in a host organism in the most efficient way and
to evade the host immune system (Behrends et al. 2013).
Identification of critical metabolic pathways necessary for
pathogen survival may open new possibilities in therapy
development. It may lead to a breakthrough in the treatment
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of chronic infections, such as those observed in the case of
cystic fibrosis patients.

Metabolic adaptation in the case of long-term infection
is considered to be mainly the result of genomic changes.
The comparison of closely related strains isolated from
patients at different stages of infection development seems
to be the best experimental approach for investigating these
kinds of metabolomic alterations. Beherends et al. investi-
gated the adaptation of P. aeruginosa strains to lung infec-
tions among CF patients. Exometabolomic, morphology,
growth rate, and clinical data for 179 clinical isolates were
analyzed. The isolates were recovered from 18 individual CF
patients for 20 years. Metabolic experiments relied on NMR
spectroscopy and allowed 29 metabolites to be identified.
Despite the limited set of analyzed metabolites, significant
changes in metabolic pathways could be identified. Strains
isolated from patients suffering from long-term infection
showed an improvement in amino acid uptake with a high
biosynthetic cost. NMR was used to conduct exo-metabo-
lomic analyses. This method provides a non-targeted and
universal profile of all small-molecule metabolites present
in cells. In total, 29 metabolites were identified, but not
all of these were seen in all the samples. Nine metabolites
have an association with length of infection, but most of
the metabolites had no change. The exceptions were acetate,
valine, serine, lysine, phenylalanine, tryptophan, trehalose,
and tyrosine. Linear modelling for each metabolite against
the variable ‘patient’ and ‘length of infection” was used,
and ‘sunburst’ plots for visual examination of the data were
applied. This method allowed the comparison of the differ-
ences between patients and changes during infection to be
followed. It also enabled the metabolomic profiling to iden-
tify the changing responses to long-term infection (Behrends
et al. 2013).

A more detailed characterization of metabolome pro-
files was obtained using the GC/MS technique. However,
the set of strains examined in this approach was relatively
small. This approach was used by Klockgether et al. to
compare several P. aeruginosa strains: (1) the reference
strain (PAO1); and two strains isolated from CF patients:
(2) TBCF10839 and (3) TBCF121838. GC/MS metabolomic
analysis identified 80 intracellular compounds in the expo-
nential growth phase. The concentrations of 21 compounds
differed more than threefold between strains. In the case of
trehalose, the level observed in strain TBCF10839 was 100
times higher than the one found in TBCF121838. The num-
ber of observed compounds in the stationary phase was
similar. Moreover, this is one of the most detailed compari-
sons of P. aeruginosa strains that has ever been carried out.
Apart from endo-metabolomic analysis, the experiments
included several parameters: (1) genomic sequencing and
comparison; (2) proteomic and transcriptome analysis; (3)
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exopolysaccharide phosphorylation pattern determination;
and (4) phenotypic examination (Klockgether et al. 2013).

Han et al. tested polymyxin-resistant and -suscepti-
ble strains to check bacterial metabolic and lipid profile
responses. In this experiment, three strains of P. aeruginosa
(wild-type and two pmrB mutant strains) were investigated
using LC/MS analysis together with DNA sequencing and
genomic analysis. Various extraction methods were used for
the lipidome analysis. The PCA graph showed that metab-
olites were grouped depending on the extraction method,
and there was a difference between the wild-type strain and
pmrB mutants. The metabolomic analysis allowed identi-
fication of 578 metabolites. The PCA score plot revealed
the sample grouping for each strain. These studies show that
mutations in the P. aeruginosa genome causing resistance
(or lack thereof) to antibiotics are reflected in the bacterial
metabolomic profile (Han et al. 2018).

Possible metabolic adaptations to oxidative stress were
analyzed by Thippakorn et al. two P. aeruginosa strains,
PAOI1 and a hyperpigmented strain HP, were compared.
Metabolites were identified using the GC/MS technique.
The comparison of exo-metabolome revealed differences
in the level of antimicrobial compounds (lower in the case of
the HP strain) and antioxidant compounds (lower in the case
of PAO1). Adaptation to oxidative stress was also observed
at the enzyme expression level; the HP stain had a sig-
nificantly higher expression of malate synthase and isoci-
trate lyase. These enzymes produce substrates required for
the synthesis of DHN-melanin (antioxidant dye). Surpris-
ingly, the expression of antioxidant enzymes in the HP strain
was reduced in comparison to the PAO1 strain (Thippakorn
et al. 2018).

Identification of metabolic changes
in response to external factors

Metabolic changes resulting from factors other than gene
mutations may also play an important role in bacterial adap-
tation and survival. In the case of P. aeruginosa, several
factors affecting metabolome were investigated: (1) growth
medium composition; (2) growth conditions; (3) the pres-
ence of specific chemical compounds (including antibiot-
ics); (4) other microorganisms; and (5) phage infection.
Research focusing on these factors is crucial for the under-
standing of bacterial ecology and biochemistry. It may help
to understand the mechanisms underlying phenomena, such
as biofilm formation and antibiotic resistance (a considerable
problem in the treatment of infections) or the mechanism
of phage infection (possible alternative for conventional
antibiotic therapy). Observation of metabolomic changes
in response to a specific antibiotic compound may also help
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in the discovery of the metabolic pathways responsible for
microbial resistance (Han et al. 2019).

To identify metabolic response to environmental condi-
tions, two P. aeruginosa strains, PAO1 and clinical isolate
TBCF10839 (responsible for CF infections), were analyzed
by Frimmersdorf et al. Exo- and endo-metabolomes from
different culture conditions were compared. GC/MS analy-
sis showed the presence of at least 243 compounds. One-
hundred forty-four of these compounds could be identified
when compared with metabolite libraries. Sixty metabo-
lites were found in all culture conditions, and an additional
64 were present in most of the resulting profiles. Only 65
compounds were characteristic for specific growth condi-
tions, and the observed changes were usually dependent on
the selected medium. Moreover, not all carbon sources were
used, which was the case even in the stationary phase (Frim-
mersdorf et al. 2010).

The problem of great clinical importance is the develop-
ment of antibiotic resistance. Metabolomics was used by
Han et al. to understand the molecular mechanisms underly-
ing P. aeruginosa-related polymyxin resistance. Polymyxins
are cyclic peptides used as the last-line therapeutic option
for treatment of difficult-to-treat Gram-negative patho-
gens. The metabolic response of two P. aeruginosa strains
(polymyxin susceptible PAK and resistant PAKpmrB6) to
the presence of polymyxin B (4 mg/dm?) was compared.
The metabolites were analyzed with LC/MS techniques.
Four-hundred twenty-seven hydrophobic and 871 hydro-
philic metabolites were identified. Most significant changes
in the metabolic profile of both strains were observed after
1 h of incubation with polymyxin B. Polymyxin induced
osmotic stress in both analyzed strains as indicated by
the increased level of trehalose-6-phosphate. Moreover,
the PAK showed a significant decrease in lipopolysaccha-
ride and peptidoglycan synthesis. These results may be used
in the development of a new generation of polypeptide anti-
biotics (Han et al. 2019).

A very interesting scientific question is the influence of
bacteriophage infection of the bacterial metabolome. Inves-
tigation of mechanisms associated with phage infection
may result in the development of new strategies in treat-
ing bacterial infection. The influence of phage infection on
the metabolome of P. aeruginosa was investigated by De
Smet et al. (2016). They used the PAOI1 reference strain and
infected it during the exponential growth state with six dif-
ferent bacteriophages. Metabolites were detected and quanti-
fied with injection-time-of-flight MS. This approach allowed
for the identification of 518 metabolites. Metabolomic
profiles of infected distinguished phages relying solely on
resources available in host cells and could actively modulate
host biosynthesis pathways. Phage infection had a signifi-
cant influence on the concentration of 24.5% of the detected
metabolites. However, only 2.4% of observed alterations

were common to all investigated phages. These metabolites
were part of the nucleotide and sugar synthetic pathways.
Amino acid metabolism is also affected by phage infection.
However, the observed changes are not common and differ
between individual bacteriophages. Some of the observed
metabolic differences could be explained by the presence
of enzymes encoded by auxiliary metabolic genes (AMG).
However, the authors speculate that non-enzymatic proteins
encoded by AMGs may be of equal importance. The data
obtained in this project is available in the open database
(https://www.biw.kuleuven.be/LoGTdb/phageBiosystems/
Home.aspx).

Combined analyses of metabolome and the expression
profile were carried out in the case of infection of P. aer-
uginosa PAK with PAK_P3 bacteriophage. Metabolite
detection was done according to the protocol developed by
De Smet et al. (2016). In this case, the pyridine metabo-
lism was severely affected by phage infection. Moreover,
the authors found that RNA-based regulation plays a cen-
tral role in the PAK_P3 lifecycle since antisense transcripts
are mainly produced during the early stage of infection, and
viral small non-coding RNAs are expressed at the end of
infection (Chevallereau et al. 2016).

In another study concerning phage infection, Zhao et al.
investigated the changes in P. aeruginosa metabolism and
gene expression after infection with the PaP1 phage. For
metabolite detection, 'H NMR was used. The authors were
able to identify and quantify 48 metabolites. In the case of
12 compounds, the observed level was significantly altered.
Most changes were observed in the case of metabolites
involved in energy metabolism and amino acid synthe-
sis. Moreover, levels of NAD™ and betaine had consider-
ably decreased. The authors conclude that the majority
of observed changes were the result of the regulation of
the host gene expression by the phage. Furthermore, they
suggest that the alteration of the betaine synthesis pathway
may be a potential target for therapy due to the importance
of this compound for P. aeruginosa during infection (Zhao
et al. 2017).

One of the most critical features of P. aeruginosa is
its ability to form a biofilm. Gjersing et al. proved that
the metabolome of P. aeruginosa planktonic cells dif-
fers from that of biofilm cells. They decided to compare
the metabolomic profile of the reference strain, PAOI,
with two different models of growth: (1) planktonic and
(2) biofilm. For these two different types of growth, intra-
and extracellular profile of the metabolites were examined.
The '"H NMR and high resolution-magic angle spinning
nuclear magnetic resonance ('H HRMAS NMR) methods
were used. For both growth models, the recorded spectra
showed different signal profiles, which showed separa-
tion between studied groups on the PCA score plot. This
study demonstrates that the supernatants of biofilm and
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batch planktonic cultures could be readily distinguished by
PCA (for both'H NMR and '"H HRMAS NMR). The results
showed that the levels of metabolites in the planktonic cul-
ture were higher than in biofilm types of growth. The reason
for this could have been the culture method. The planktonic
culture was a standard batch fermentation without medium
replacement. In biofilm culture, the medium was continu-
ously replaced, thus metabolites produced by bacteria could
not accumulate (Gjersing et al. 2007).

A fundamental phenomenon observed in bacteria is
quorum sensing (QS). QS is a cell-to-cell communication
mechanism, which is a biochemical mechanism that allows
different bacterial groups to coordinate gene expression in a
variety of environments and to also control bacterial metabo-
lism. The functions controlled by QS are varied and depend
on the needs of bacteria (Lee and Zhang 2015; Reading and
Sperandio 2006). Such communication between cells plays
an essential role in the creation of biofilms and infection ini-
tiation (de Kievit 2009). P. aeruginosa is one of the bacteria
in which functioning QS plays a vital role. Reports showed
that QS could be responsible for the central metabolism of
this pathogen (Goo et al. 2015).

Righi et al. used "THRMAS and '"H NMR spectroscopy to
determine changes in the metabolome in live bacterial cells
in response to 2-aminoacetophenone (2-AA) (Righi et al.
2018). 2-AA is considered to be a volatile quorum-sensing
molecule associated with the expression of virulence factors
in P. aeruginosa and promoting the development of chronic
infection (Kesarwani et al. 2011). To understand the impact
of 2-AA on the metabolome, a clinically isolated P. aerugi-
nosa strain, UCBPP-PA 14, was cultured with and without
2-AA. NMR analysis used whole cells without any metabo-
lite extraction. This rapid detection method was previously
optimized for UCBPP-PA14 strain and prove to be accurate
for P. aeruginosa metabolomic analysis. Twenty-four metab-
olites, such as osmolytes, amino acids, and phospholipids,
were identified. The combined use of 1D and 2D spectra
provided complete and unambiguous metabolite identifica-
tion in the samples with the conclusion that 2-AA affects
the metabolic profile of cells. Changes observed in metabo-
lome suggest that 2-A A may induce changes in the capsular
polysaccharides composition and trigger cellular osmopro-
tectant mechanisms (Righi et al. 2013).

Chen et al. conducted an experiment in which they stud-
ied the QS inhibitor, resveratrol. The P. aeruginosa reference
strain, PAO1, was cultured with and without resveratrol (con-
trol group). "H NMR was then used to compare intracellular
metabolites, which allowed 40 compounds to be identified.
The PCA and PLS methods separated samples from the con-
trol cultures and resveratrol-treated cells. A reduced level of
betaine and increased concentration of ethanolamine suggest
the presence of oxidative stress in resveratrol-treated bacteria.
Accumulation of succinate and branched-chain amino acids

@ Springer

implies the disruption of the TCA cycle and protein synthesis
(Chen et al. 2017).

Another experiment by Devenport et al. compared
the influence of N-acyl homoserine lactone (AHL) on
the intracellular metabolite content of two P. aeruginosa
strains. The studies were performed using the 'H NMR,
LC-MS, and GC-MS methods. One of the strains was
the wild-type while the second was double mutant A las]
rhll, which did not allow the production of AHL signalling
compounds. MS analysis allowed fatty acids in the samples
to be identified. Observation of metabolic profiles in the time
intervals (from 1 to 10 h) enabled the visualization of how
the metabolite concentrations changed. In the mutant’s
supernatant, no AHL was detected. Furthermore, the mutant
strain produced more acetate and used alanine faster than
the wild-type strain. Moreover, PCA analysis clearly showed
the strain grouping. The results showed that QS molecules
influence fatty acid metabolism (Davenport et al. 2015).

Identification of new metabolites

Metabolomic analysis may be a very useful tool in the iden-
tification of novel compounds produced by microorganisms.
Identification of new compounds produced by microorgan-
isms is one of the fundamental goals of present-day micro-
biology. Microbiologically produced substances may be
significant for medicine (new drugs), industry, and environ-
mental protection (natural biodegradable detergents) (Janek
et al. 2010).

Nguyen et al. identified new lipopeptides produced by
Pseudomonas strains using LC/MS-based metabolomic
analysis. In these studies, the authors investigated 260 strains
of Pseudomonas isolated from different locations. Massive
extracellular metabolomic analysis based on the C/MS tech-
nique allowed identification of common and strain-specific
compounds. For the identification of potentially novel com-
pounds, data obtained from LC-MS/MS was processed
with Global Natural Products Social Molecular Network-
ing. Further structural analysis of strain-specific compounds
based on NMR spectroscopy has led to the identification
of new lipopeptides and enabled evolutionary comparisons
between them. Four new compounds produced by Pseu-
domonas strains were identified, poaemides and banana-
mides (Nguyen et al. 2017).

Conclusions

Pseudomonas aeruginosa is a very flexible and variable
microorganism, which allows it to adapt to various life con-
ditions. Chronic infection in patients with cystic fibrosis are
often incurable and represent a severe problem. The adapta-
tion of P. aeruginosa to the environment is a scientifically

51



World Journal of Microbiology and Biotechnology (2019) 35:178

Page9of11 178

exciting problem and may be significant for therapeutic rea-
sons. Therefore metabolomic analysis used for comparison
of P. aeruginosa strains, causing infections among people
suffering from cystic fibrosis can be very beneficial.

The presented research shows the diversity of the carried
out experiments. Each of them: (1) comparing metabolome
of isolates from patients suffering from cystic fibrosis with
healthy people (2) characterization of compounds that make
up the metabolome (3) identification of changes in metabo-
lites during co-culture and quorum sensing; introduces a
lot of new information on the functioning and dependence
of this organism. The initial research showed that there
are metabolome differences between strains isolated from
the patients (Kozlowska et al. 2013). Observed changes
included improved amino-acid uptake and reduced acetate
production in strains responsible for chronic infection.
However, the research also revealed great diversity between
strains isolated even from one patient, thus it is hard to find
any general pattern for P. aeruginosa adaptation strategy
(Behrends et al. 2013). Moreover, it seems likely that metab-
olome is influenced more by the environment (medium type)
than the strain genome (Frimmersdorf et al. 2010). Further
research may give a better understanding of P. aeruginosa
adaptation, however it must include a much bigger set of
tested strains including environmental isolates.

Bacteriophages are considered an alternative for anti-
biotic therapy, especially in cases of antibiotic-resistant
strain treatment. At present, the use of bacteriophages is
an experimental therapy for individual cases. However, it is
possible that in the future, human-designed bacteriophages
will become more universal and more effective infection
treatment method. The research on bacterial metabolomic
changes during bacteriophage infection provides the foun-
dations for the development of synthetic therapeutic
bacteriophages.

The development of new diagnostic tools may signifi-
cantly improve the therapy for P. aeruginosa infections.
The most important information for the physician is the type
of bacteria causing disease and its susceptibility to antibiot-
ics. This type of information is critical at the beginning of
therapy when a suitable and efficacious antibiotic has to be
selected. The time required for data acquisition is crucial,
especially in the case of life-threatening infections. Moreo-
ver, diagnostic tools are also critical in the assessment of
therapy effectiveness. In the case of treatment effectiveness
assessments, VOC analysis seems to be promising due to its
noninvasive character and speed. However, the initial trials
described in the literature were done on small groups of
patients, and further tests are required.

In summary, complete identification and characterization
of P. aeruginosa strain based on analytical multiplatform
metabolic profiling is necessary. For some applications, a
single method may be sufficient (treatment monitoring).

The use of metabolomic analytical tools for diagnostics will
be possible only after the development of an extensive data-
base containing metabolic profiles of different P. aeruginosa
strains. Moreover, appropriate analytical software must be
used for data interpretation.

Metabolomic studies of P. aeruginosa has provided new
interesting information about the life of this microorgan-
ism. There is still much to be done before we obtain the full
scope of P. aeruginosa capabilities. Yet there is no doubt
that the effort must be taken, since it may help us resolve
the health threats associated with P. aeruginosa infections.
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5.3. Comparison of bacteria disintegration method and their
influence on data analysis in metabolomics

5.3.1. Skrotowe omowienie publikacji

Jednym z pierwszych krokéw w analizie materiatu biologicznego jest przygotowanie
probek, ktore jest niezwykle wazne ze wzgledu na jego znaczenie dla otrzymanych koncowych
wynikow analitycznych. Jednakze kazdy z etapow moze byé przeprowadzony z uzyciem
réznych metod badawczych i kazdy z nich ma wptyw na efektywno$¢ otrzymywanych danych.
Z tego powodu podczas przeprowadzania poréwnan metabolomicznych, probki musza by¢
przygotowywane w identyczny sposob. Tylko takie rozwigzanie moze zapewni¢ brak wptywu

czynnikow trzecich na wyniki.

We wstepie pracy ,,Comparison of bacteria disintegration method and their influence on
data analysis in metabolomics” oméwiono najbardziej popularne metody ekstrakcji oraz
dezintegracji mikroorganizméw, ktorych szczegéty dostepne sa w tabeli nr 1 publikacji.
Dodatkowo scharakteryzowane zostaly réznice w budowie komorek bakteryjnych dla réznych
rodzajow mikroorganizméw oraz ich mozliwy wplyw na efektywno$¢ roznych metod

niszczenia bton komérkowych.

Do porownan wybrano sze$¢ rodzajow bakterii — trzy bakterie Gram-ujemne
(P. aeruginosa, E. coli oraz K. pneumoniae) oraz trzy Gram-dodatnie (B. cereus, C. glutamicum
oraz E. feacalis). Wszystkie analizy wykonano w 5 powtoérzeniach biologicznych. Hodowle
drobnoustrojow prowadzone byly w czasie pozwalajagcym na zebranie materialu do badan
w fazie wzrostu logarytmicznego, dzieki czemu mozemy bezposrednio poréwnywaé zmiany
w metabolomie. W tym miejscu nalezy zaznaczy¢, ze metabolizm mikroorganizméw zmienia
si¢ stosunkowo szybko i moze diametralnie r6ézni¢ sie pomiedzy fazami wzrostu. Informacje
0 krzywych wzrostu dla poszczegélnych szczepow dostgpne sg na rysunku 1 w materiatach
dodatkowych. W celu porownania wydajno$ci procesu przygotowania probek, do ekstrakcji
wykorzystano mieszaning rozpuszczalnikow o statym stosunku objgtosciowym metanol:woda
(1:1), wraz z uzyciem trzech instrumentow dezintegracyjnych: dezintegratora tkankowego,
sonikatora oraz mtyna piaskowego. Wszystkie badania zostaly przeprowadzone za pomoca

protonowej spektroskopii jadrowego rezonansu magnetycznego ‘H NMR.

Analiza widm pozwolita na zidentyfikowanie we wszystkich badanych ekstraktach
bakteryjnych 42 metabolitéw, jednak niektore z nich wystepowaly tylko w wybranych
szczepach mikroorganizmow. (np. 5-aminopentanian i izocytrynian zostaly zidentyfikowane
tylko w P. aeruginosa). Stezenia zidentyfikowanych zwiazkéw dostepne sg w materiatach

dodatkowych publikacji w tabelach S2 i S3. Reprezentatywne widma 1D *H NMR dla kazdego
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rodzaju bakterii wraz z opisem sygnatow rezonansowych przedstawiono na rysunku 2.
Szczegotowe informacje o przesunigciach chemicznych sg dostgpne rowniez w materiatach
dodatkowych (tabela S1, rysunek S2 i S3). Warto zaznaczy¢, ze dla roznych metod
dezintegracji, w przypadku jednego szczepu nie odnotowano zmian jako$ciowych. Oznacza to,
7ze kazda z metod dezintegracji pozwolila na zidentyfikowanie takich samych metabolitow,
jednak ich poziomy stezen roéznity w zaleznosci od sposobu niszczenia blon komdrkowych.

Roznice te zostaly przedstawione w formie mapy ciepta — ,,heatmapy” (rysunek 3).

W celu okreslenia istotnej statystycznie zmiennos$ci pomiedzy metodami dezintegracji
dla poszczegélnych metabolitow w obrebie jednego mikroorganizmu, przeprowadzono testy
statystyczne, ktorych wyniki zebrano w tabeli 2. Rdznice nie byly istotne statystycznie dla
kazdego ze zidentyfikowanych metabolitow, jednak zostaly pokazane dla poszczegoélnych
zwigzkow. Na podstawie zmienno$ci w stezeniach poszczegdlnych metabolitow wybrano
sposob, ktdrego zastosowanie pozwolito na wuzyskanie najbardziej wydajnej metody
dezintegracji, w rozumieniu otrzymania najwigckszych stezen wigkszosci zidentyfikowanych
metabolitow. Sonikacja pozwolita na uzyskanie najwyzszych stezen niskoczasteczkowych
zwigzkow dla dwoch bakterii Gram ujemnych - P. aeruginosa i K. pneumoniae oraz jednej
bakterii Gram dodatniej - C. glutamicum. Dezintegrator tkankowy jest najbardziej efektywna

metoda dla B. cereus, natomiast mtyn piaskowy dla E. coli i E. feacalis.

Wyniki wielowymiarowych analiz danych poréwnujacych rezultaty badan analitycznych
otrzymanych poprzez zastosowanie rdéznych metod dezintegracji badanego materiatu
biologicznego (przedstawione na rysunku 5) pokazuja grupowanie si¢ probek, co Swiadczy
o wplywie zastosowanych metod niszczenia bton komérkowych na efektywnos¢ uzyskanych
wynikow. Roznice te wida¢ szczegdlnie w przypadku E. coli oraz P. aeruginosa. Najmniejszy
wplyw zauwazono dla B. cereus — w tym przypadku punkty odzwierciedlajgce r6zne metody
dezintegracji nie grupowaly si¢. Dodatkowo nalezy zaznaczyé, ze wspomniane rdznice
wynikaja ze zmienionych stezen metabolitow, a nie z faktu ich obecnosci lub nie w danej
probce, co najprawdopodobniej jest nastgpstwem rdéznej budowy $ciany komorkowej

testowanych mikroorganizmow.

Oprocz  porownania metod  dezintegracji  przeanalizowano rowniez  profile
mikroorganizmoéw pomiedzy soba. Uzyskane wyniki nienadzorowanych wielowymiarowych
analiz danych przeprowadzonych dla metabolitow wewnatrzkomorkowych (przedstawione na
rysunku 4 modele PCA), pokazuja réznicowanie si¢ probek. Grupowanie to uzyskano przy
wykorzystaniu kazdej z metod dezintegracji, co jasno wskazuje, ze'H NMR moze byé
wykorzystywany do identyfikacji i rozroézniania drobnoustrojoéw poprzez roéznicowanie ich

metaboloméw i moze dodatkowo wspomagaé lub zastgpi¢ obecnie coraz czeSciej stosowane
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narzedzie do identyfikacji mikroorganizmow jakim jest MS. Jednakze zastosowanie tej metody
w identyfikacji mikroorganizméw wymaga dalszych badan, w tym stworzenia dedykowanych

baz danych, ktorych dostgpnosc jest obecnie mata.

W przeprowadzonym badaniu potwierdzono, ze wybdr metody dezintegracji jest kluczowy
dla poprawnosci eksperymentow metabolomicznych. Otrzymane wyniki udowadniaja,
ze dezintegracja probek bedacych elementem jednego projektu (jesli wyniki majg by¢
zanalizowane poprawnie) musi by¢ przeprowadzona w doktadnie taki sam sposob. Rezultaty
przeprowadzonych badan moga by¢ bardzo pomocne w analizach metabolomiki celowanej -
wskazujac metode dezintegracji komorki bakteryjnej, ktora pozwoli na uzyskanie najwyzszych

stezen konkretnego zwigzku niskoczasteczkowego.
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5.3.2. Publikacja
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Comparison of bacteria
disintegration methods and their
influence on data analysis

in metabolomics

Karolina Anna Mielko?, Stawomir Jan Jabtoriski?, Marcin tukaszewicz? & Piotr Mtynarz™

Metabolomic experiments usually contain many different steps, each of which can strongly influence
the obtained results. In this work, metabolic analyses of six bacterial strains were performed in

light of three different bacterial cell disintegration methods. Three strains were gram-negative
(Pseudomonas aeruginosa, Escherichia coli, and Klebsiella pneumoniae), and three were gram-
positive (Corynebacterium glutamicum, Bacillus cereus, and Enterococcus faecalis). For extraction,
the methanol-water extraction method (1:1) was chosen. To compare the efficiency of different

cell disintegration methods, sonication, sand mill, and tissue lyser were used. For bacterial extract
metabolite analysis, 'H NMR together with univariate and multivariate analyses were applied. The
obtained results showed that metabolite concentrations are strongly dependent on the cell lysing
methodology used and are different for various bacterial strains. The results clearly show that one

of the disruption methods gives the highest concentration for most identified compounds (e. g.

sand mill for E. faecalis and tissue lyser for B. cereus). This study indicated that the comparison of
samples prepared by different procedures can lead to false or imprecise results, leaving an imprint

of the disintegration method. Furthermore, the presented results showed that NMR might be a
useful bacterial strain identification and differentiation method. In addition to disintegration method
comparison, the metabolic profiles of each elaborated strain were analyzed, and each exhibited its
metabolic profile. Some metabolites were identified by the 'H NMR method in only one strain. The
results of multivariate data analyses (PCA) show that regardless of the disintegration method used,
the strain group can be identified. Presented results can be significant for all types of microbial studies
containing the metabolomic targeted and non-targeted analysis.

The analysis of cell metabolite compositions and concentrations (metabolomics) is a rapidly developing research
tool. It was successfully used to analyze bacterial cell adaptation, microorganism identification, and phage infec-
tion mechanisms'. It is also considered a promising diagnostic tool in the case of bacterial infections?. Analytical
technologies used in metabolomics include mainly chromatography coupled with mass spectrometry (MS) or
nuclear magnetic resonance (NMR).

Due to the low concentration of metabolites (approximately 2% of cell dry mass) and detection limits of
analytical techniques, the investigation of intracellular metabolites usually requires initial extraction and con-
centration. The metabolite extraction efficiency determines the amount of biomass required for the experiment,
which may cause problems due to low biomass yields for certain species of microorganisms®*.

Methods used in sample preparation differ depending on reported research (Table 1). This situation may
be confusing for scientists starting their adventure with metabolomics. Moreover, it was proven that the choice
of sample preparation method may influence obtained metabolite profile®. Thus making comparisons of data
obtained by different research teams is very difficult.

Choosing a proper disruption method and conditions for selected materials may be crucial for the reli-
ability of the obtained experimental results. “Too-mild” conditions lead to a lower metabolite extraction effi-
ciency and underrepresentation of metabolites from more break-up-resistant cells. This effect may be very
significant for samples containing different species of microorganisms. On the other hand, an excessively long
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Disruption method Extraction method Organism Amount of biomass Analytical method | References
Freeze-thaw (x 3) Chloroform/methanol/water (1:3:1) | P. aeruginosa ~10% CFU/ml (ODgy,=0.5) HPLC/LC-MS 6
Ultrasonic bath 15 min. 70 °C Methanol/water/chloroform (3:3:2) | P. aeruginosa 150 mg wet biomass GC/MS 78

o 5 TS
?roefz:itﬁgnd at 78 °C for 2 min, liquid nitrogen 3 ml ethanol (60%) P aeruginosa 4.10% CFU, 1 ml OD600 1.0 TOF-MS o
Vortexed with methanol Methanol/water/chloroform (5:5:8) | P. aeruginosa 300 mg wet biomass '"H NMR 10
Freeze—thaw (x 3) in 50% methanol Methanol/water (1:1) K. pneumoniae | ~8-10° CFU/ml (ODs5,=0.7) | 'H NMR 1
Cryostat (~ - 50 °C) 100% methanol K. pneumoniae | (ODg,=0.4-0.6) LC/MS 12
Homogenization with PBS and sonication bath 30 min | PBS buffer K. pneumoniae | 300 ml, ODgy,=0.7-0.9 'H NMR 13
tlfreeze_—thaw (X 3) in 50% methanol, liquid nitrogen Methanol/water (1:1) B. cereus 50 mg GC/TOF-MS 14,15
reezeing 1 min
Boiling in water for 15 min Water C. glutamicum | 1-4 mg GC/MS 16
Ultrasonic bath 15 min 70 °C in methanol Methanol/water/chloroform (3:3:2) | C. glutamicum | 5-10'° CFU GC/MS 7
Incubation with solvents in — 20 °C for 4 h Methanol/water/chloroform (1:1:2) | C. glutamicum | 20-50 mg wet biomass LC/MS-MS 18
Freeze-thaw (x3) in 50% methanol Methanol/water (1:1) E. faecalis 50 ml of culturebroth GC/MS 19
gg?;ci;ﬁon: sequence (65/4 5) for 6 min and bath for Methanol/water/chloroform (4:1:1) | E. coli 5 ml, ODgy=1.0 GC-MS =
il:;eze—tha\w (x3) in methanol, liquid nitrogen freeze- 100% methanol E coli 20 ml, 10° CFU/ml IH NMR 21

Table 1. Cell disruption methods used in metabolome analysis.

disintegration process may alter the metabolite composition due to the degradation of liable compounds or
enzymatic reactions®™.

The bacterial cytoplasmic membrane is the most important barrier holding metabolites in the cell. It may
be passively passed by small uncharged or nonpolar molecules (water, carbon dioxide or hydrogen, protonated
organic acids). The membrane is relatively susceptible to disruption with chemical agents such as organic solvents
or detergents?®?, and it is not an effective barrier for hydrophobic molecules. Due to lipid solubility in organic
solvents, most metabolite extraction protocols use organic solvents such as methanol, chloroform, or ethanol.
The additional role of organic solvents is the denaturation of enzymes, which may influence the metabolite
profile after cell disruption.

The presence of a thick cell wall could reduce the amount of extracted metabolites. The cell wall is resistant
to disintegration with chemical solvents, however, it is not as an effective barrier for soluble molecules as lipid
membrane. Passive diffusion through the cell wall is possible for globular molecules up to 25 kDa?*. It is known
that cell wall disruption affects the metabolomic profile obtained of bacteria and the effect is much stronger in
the case of gram-positive Enterococcus faecalis than for gram-negative Escherichia coli*>**.

The more substantial effect of cell wall disruption in the case of E. faecalis may be explained by bacterial
cell wall resistance and structure. Bacteria are classified as gram-positive or gram-negative. This classification
originates from the result of Gram staining, which is associated with the structure of the cell wall. The bacte-
rial cell wall is mainly composed of the peptidoglycan polymer, which is also known as murein. In the case of
gram-negative bacteria, the layer of peptidoglycan is localized in the periplasmatic space and is relatively thin. In
Escherichia coli the peptidoglycan layer is flexible net, and its thickness is between 2.5 and 6 nm?. The pressure
required for the destruction of the cell wall in E. coli is around 50 MPa*. In gram-positive bacteria, only one lipid
membrane is present, and the outer peptidoglycan layer is thicker. In species like Staphylococcus aureus murein
still resembles a net composed of relatively short amino sugar strands (6 disaccharide units on average)”. The
thickness of this structure is around 25 nm?. In the case of Bacillus subtilis the cell wall organization is more
sophisticated. The cell wall is composed of long murein cables wrapped around the cell along the longer axis.
A considerable fraction (around 25%) of peptidoglycan strains is longer than 500 disaccharide units®. The cell
wall of gram-positive species, in general, is regarded as tough. The pressure required to destroy the cell wall in
Staphylococcus aureus is around 250 MPa, and in B. subtilis it is around 100 MPa, respectively. Higher durability
of S. aureus cell may result also from spherical cell shape. Cell resistance in the general population of bacteria is
not equal for all cells. Thus disruption of 50% of cells is much easier than disrupting 95% of cells.

Several methods were developed to achieve this since disruption of the bacterial cell wall is crucial in many
laboratories and industrial operations (DNA and protein isolation). Physical cell disruption methods involve
the following processes: pressure disruption, sonication (exposure to ultrasound), freezing, and milling®>*'. In
pressure disruption, cells are forced to pass through narrow channels with high flow velocities. The cells are dis-
rupted by forces caused by shear stress, turbulence, and friction. During sonication, cells are disrupted by shock
waves produced by a dedicated device. During milling, cells are squeezed and damaged during collisions with
bead particles and vessel walls. Freezing causes the formation of water crystals inside cells, resulting in volume
extension and cell disruption. The efficiency of the cell disruption process depends on the amount of energy
delivered to the system. Better disruption requires harsh conditions or longer time?**.

In metabolomics studies, each step of the sample preparation influences results. An adequately prepared
protocol is more reliable and can be useful. Metabolomics as a scientific branch could give information about dif-
ferences between microorganisms. The most popular analytical tool in clinical laboratories is mass spectrometry
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(MS)??, but the results of previous experiments provided evidence that the nuclear magnetic resonance (NMR)
method can be used as an analytical tool for rapid bacterial identification®®. Metabolic analysis has been used
to examine and compare extra- and intracellular bacterial primary and secondary metabolites. Furthermore,
it can be useful in pathway discovery and regulation®. These examples clearly show that the development of
NMR techniques, database creation, and finding the most suitable sample preparation protocol can improve
metabolomics studies and probably support future clinical diagnosis.

Our goal was to determine the influence of the cell mechanical disruption method on the metabolite profile
obtained with '"H NMR spectroscopy for six different bacteria species. Bacteria species selection was based on
their difference in cell wall structure and shape. These factors may influence cell mechanical resistance and
metabolite extraction procedure efficiency.

Objectives
The research aimed to check which disintegration method is the best for conducting NMR analysis (metabolomic
fingerprinting) and if it influences the analysis of different bacterial strains.

Material and methods

Bacterial strains and culture conditions. In this study, six strains were analyzed. Three strains were
gram-negative bacteria (Pseudomonas aeruginosa DSMZ 1707, Escherichia coli ATCC 9212, and Klebsiella pneu-
moniae ATCC 700603), and three were gram-positive bacteria (Enterococcus faecalis ATCC 29212, Bacillus cereus
ATCC 11778, and Corynebacterium glutamicum ATCC 13287).

In the first step, the strains were routinely grown on Miller’s LB broth agar (BioShop) with 0.5% glucose
(BioShop) (Behrends, 2013), which provided growth suitable for the collection of the inoculum.

To evaluate the differences between strains, bacteria were cultured in 10 cm Petri dishes for 24 h at 37 °C.
Afterward, a preculture was prepared by inoculating the bacterial culture into 20 ml of liquid LB broth medium
and incubated for 24 h at 37 °C with shaking (315 r.c.f.). Next, 100 ml of the culture was prepared in a 300 ml
Erlenmeyer flask. The initial ODgyy,, for all cultures was 0.1. Cultures were incubated at 37 °C for the appropriate
time for the particular strain (Table 2).

Growth curve measurements (in triplicate) were conducted for each strain to determine when the bacteria
were in a logarithmic growth phase. For this purpose, the absorbance of the samples was measured at a wave-
length of 600 mm. The measurement was started during the establishment of the culture (from ODgy 1, =0.1)
and was carried out for 16 h. The growth curves are available in the Supplementary materials (Figure S1). These
results allowed us to obtain the culturing time for each strain. It was seven hours for P. aeruginosa, four hours
for E. coli, three and a half hours for K. pneumoniae, three hours for E. faecalis, five hours for B. cereus, and nine
hours for C. glutamicum.

After this time, the cultures were centrifuged (23,635 rcf, 5 min, 4 °C) (Sigma 3-18KS, Polygen), and the
bacterial pellet was washed with 0.9% NaCl solution and stored at — 80 °C. To determine the number of cells,
the bacterial pellet was lyophilized (ScanvacCoolsave, Labogene). Before extraction, 10 mg of each sample was
weighed in tubes (Eppendorf). The entire protocol was repeated for each strain, and each disintegration method
was performed five times.

Extraction, disintegration and samples preparation. Ten milligrams of lyophilized cells were sus-
pended in 500 pl of methanol (LiChrosolv) and 500 ul of water (LiChrosolv). To compare the effectiveness of
disintegration methods, we chose three methods. In the first case, sonication was used. The samples were soni-
cated for 5 min ina 15 s/15 s cycle (Microson Ultrasonic Cell Disruptor, Mison). The second method used a sand
mill. For each sample, 0.5 mL of 0.5 mm glass balls (Carl Roth GmbH + Co. KG) was added and homogenized
in 9 cycles of 60 s/60 s (FastPrep-24 5G Sample Preparation System, M. P. Biomedicals). In the third method of
disintegration, a tissue lyser was used (Tissue Lyser II, Qiagen). Samples were homogenized for 10 min at 30 1/s
frequency. Each sample was performed in five replicates.

After disintegration, the samples were centrifuged (2100 rcf, 10 min, 4 °C) (Micro 220R, Hettich), and 720 pl
of the clarified upper phase was transferred into a new tube (Bionovo). The extracts were evaporated in a vacuum
centrifuge (40 °C, 1500 rpm, 8 h) (WP-03, JWElectronic). In the next step, 600 pl of PBS buffer (0.5 M,10% D,0,
1 g NaN;, pH=7.0, TSP=0.3 mM) was added to each sample and mixed for 3 min. The obtained samples were
centrifuged (21,000 rcf, 10 min, 4 °C), and 550 pl was transferred into 5-mm NMRtubes (5SP, Armar Chemicals)
for measurement. Until the measurements were taken, the samples were stored at 4 °C.

The experimental scheme is shown below (Fig. 1).

IH NMR spectroscopy analysis of the bacterial metabolites. Standard one-dimensional 'H NMR
experiments were performed on a Bruker AVANCE II 600.58 MHz spectrometer. All one-dimensional 1H NMR
spectra were obtained using the cpmgprld pulse sequence (in Bruker notation) by the suppression of water
resonance through presaturation. The acquisition parameters were as follows: spectral width, 20.01 ppm; the
number of scans, 128; relaxation delay, 3.5 s; total spin-echo delay, 0.001 s; acquisition time, 2.72 s; selective
irradiation of the water resonance signal, 4.712 ppm; and time-domain points, 64 K. Before Fourier transforma-
tion, the FIDs were multiplied by an exponential function equivalent to that of a 0.3 Hz line-broadening factor.
The spectra were referenced to the TSP resonance at 0.0 ppm and manually corrected for the phase and baseline
(MestReNova v. 11.0.3).

Concentration counting and metabolites identification.  All spectra were exported to Matlab (Mat-
lab v. 8.3.0.532) for preprocessing. For 'H NMR signal identification and counting the metabolite concentration,
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G(+) G(-)
Metabolite BC CG EF EC KP PA
5-Aminopentanoate - - - - - 2.90E-02
4-Aminobutyrate 7.57E-01 1.21E-01* | 4.94E-03 | 7.33E-01" |5.39E-02* |-
Acetate 1.90E-01 2.72E-01 8.56E-04 | 8.65E-03" | 3.52E-04 |7.30E-05
Adenine 2.91E-01" | 8.42E-03 - - 2.05E-01 -
Adenosine 8.31E-02 |- 9.02E-03 | 1.93E-03* | 1.14E-01% |-
Alanine 3.43E-03 | 7.99E-01 1.28E-03 | 3.88E-02° | 4.24E-02° | 5.62E-04
AMP - 9.23E-02 | 5.47E-02* | 8.08E-03* | - 3.57E-01
Asparagine - - 1.17E-01 - - -
Aspartate 5.70E-01 6.31E-01 1.05E-01 - - 3.72E-01
Betaine 7.62E-01 5.19E-01 6.82E-01 - 8.88E-01 8.05E-02°
Cholate 5.09E-02 2.99E-03* | 1.45E-01° | 1.93E-02* | 2.53E-02 3.65E-027
Formate 3.48E-02 |1.17E-07 | 1.98E-01 4.00E-02* | 9.85E-01" | 1.91E-03*
Fumarate - - - - 8.06E-01 -
Glutamate 7.56E-01 4.48E-01 2.33E-01 - - 2.72E-01
Glutamine - - 7.09E-01 - - -
Glycine 1.04E-01* | 6.78E-01 1.37E-01* | 9.44E-03" |2.31E-02 | 4.02E-01
Histidine 9.21E-01 5.25E-03* | 1.40E-01* | 4.03E-01* | 6.14E-02 -
Inosine 5.21E-02 | 3.54E-02° | 1.24E-02 |- - -
Isocitrate - - - - - 1.06E-02*
Isoleucine 1.90E-01 6.26E-01 1.78E-01 9.97E-02* | 1.18E-01 8.24E-01
Lactate 3.55E-01 9.35E-03 5.41E-01 1.83E-02% | 7.66E-01 2.68E-01
Leucine 5.48E-01 1.54E-01 1.82E-01* | 1.25E-01" | 2.46E-01 6.43E-02
Lysine 6.97E-01 9.14E-01* | 4.93E-03 | 1.28E—02* | 3.80E-02% | 4.49E-06
Methionine 5.90E-05 | 9.63E-03* |3.07E-03* | 1.07E-15" | 3.68E-03 | 5.92E-04
NAD+ 9.97E-02* | 1.79E-02 | 2.30E-01* | 7.11E-03* |3.66E-02 | 4.62E-01
Nicotinate - - - - 2.30E-017 | -
O-Phosphocholine 4.58E-02 | 2.06E-01 5.93E-01 2.00E-02* | 3.20E-01* |5.36E-03
Oxypurinol 5.48E-02 8.25E-03 | - - 4.06E-01 -
Phenylalanine 3.00E-01 9.22E-01 8.05E-01 9.14E-01* | 4.24E-01 2.95E-01
Propyleneglycol 7.81E-03 | - - - 1.37E-01 -
Pyruvate 4.12E-01 5.08E-01 4.53E-02* | 3.07E-03% |3.25E-01* | 5.78E-01
Sarcosine 4.47E-03* | 9.91E-01 1.10E-02 | - 1.12E-01 1.53E-01
Succinate 6.80E-01 4.16E-01 4.39E-01 6.13E-02* | 3.68E-01" | 2.87E-01
Threonine 9.18E-01 4.39E-01 9.05E-01 1.68E-01* | 6.77E-01* | 1.38E-01
Trehalose - 5.10E-01* | - - - -
Tyramine 9.05E-01 7.50E-01 5.65E-01 - 2.93E-01 3.53E-01
Tyrosine 4.00E-01 9.22E-01 4.62E-01 - 3.67E-01 5.59E-01
UDP-glucose 7.57E-01 4.63E-01 - 6.99E-03% | - -
Uracil 5.59E-01 - - 2.31E-01* | 9.64E-01 1.45E-01
Uridine 1.00E-02 | - - - - -
Valine 1.88E-01 4.48E-01 2.72E-01 5.39E-02* | 5.31E-02" | 2.24E-01
f-Alanine 8.99E-01 8.99E-01 - - - -

Table 2. The p-values resulting from analysis of variance between three disintegration methods in each
bacteria strain (BC—B. cereus; CG—C. glutamicum; EF—E. feacalis; EC—E. coli; KP—K. pneumoniae; PA—P.

aeruginosa). *Kruskal-Wallis test; bold—results with p-value <0.05.

Chenomx NMR Analysis Software (NMR suite v. 8.5, Chenomx Inc.) was used. The concentration of each com-
pound was calculated by comparison to a reference signal—TSP with a known concentration of 0.3 mM. The

metabolites for each strain were also checked in the KEGG database.

Statistical data analysis.

Statistical analysis was done in R software (version 4. 1.0) with gplots package
(version 3.1.1). For all repetitions, distribution normality of data was tested with Shapiro-Wilk method, equity
of variance was checked with Bartlett’s test. The repetitions were also checked with the Dixon test to see if one
outlier value can be rejected. In comparison among bacteria strains and disintegration method, assumptions
variance analysis with ANOVA method, followed by post hock analysis with HDS Tukey test were done for data
samples fitting. For other data, Kruskal-Wallis alternative test was used, followed by the Wilcoxon signed-rank
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Figure 1. The experiment scheme.

test for individual pairs of data sets with p-value correction according to the Benjamini-Hochberg procedure.
Statistical significance was assumed at the p-value <0.05. Additionally, the heatmap for each sample was gener-
ated. For this analysis, function "heatmap.2’ was used with default settings for hierarchical clustering.

Multivariate data analysis. Multivariate data analysis was performed on a set of the assigned metabolites.
To compare all samples—17 metabolites present in all samples were used (acetate, alanine, cholate, formate,
glycine, isoleucine, lactate, lysine, leucine, methionine, NAD+, o-phosphocholine, phenylalanine, pyruvate,
succinate, threonine, and valine). For comparison of gram-negative strains—18 metabolites common for this
bacteria were used (uracil in addition to previously described metabolites). For comparison between gram-
positive strains—26 metabolites common for this bacteria were used (compounds common for all strains and
4-aminobutyrate, aspartate, betaine, glutamate, histidine, inosine, sarcosine, tyramine, and tyrosine). The input
for SIMCA-P (v 17.0, Umetrics, Umea, Sweden) software was a transformed data matrix consisting of metabolite
concentrations for each sample. The data sets were scaled using UV scaling before the chemometric analysis. For
bacteria strains classification, principal component analysis (PCA) was carried out.

Results

Metabolites identification and concentration. On the obtained spectra, in total, 43 metabolites were
identified. Not all metabolites were found in the spectrum of each strain. Eighteen common metabolites were
identified for all 6 strains (acetate, alanine, cholate, formate, glycine, isoleucine, lactate, leucine, lysine, methio-
nine, methanol, NAD+, o-phosphocholine, phenylalanine, pyruvate, succinate, threonine, valine). Some of the
metabolites were identified for only one strain (in the P. aeruginosa spectrum:5-aminopentanoate and isocitrate;
in the E. feacalis spectrum: asparagine and glutamine; in the B. cereus spectrum: uridine and B-alanine; in the
K. pneumoniae spectrum: fumarate and nicotinate; in the C. glutamicum spectrum: trehalose).Other metabo-
lites (4-aminobutyrate, adenine, adenosine, AMP, aspartate, betaine, glutamate, histidine, inosine, sarcosine,
tyramine, oxypurinol, tyrosine, UDP-glucose, propylene glycol, uracil) have been identified in several strains.

Representative 'H NMR spectra obtained from different bacteria strains with marked identified metabolites
are presented below (Fig. 2). A more detailed representation of the identified peaks for each of the tested strains
is available in the supplementary materials (Figures S2, S3), where information about the chemical shift for each
metabolite are deposited in Table S1.

In E. coli strain 23 metabolites were identified, while in B. cereus—34 and in C. glutamicum—31. The number
of identified metabolites in E. feacalis and K. pneumoniae was 30. In P. aeruginosa 28 metabolites were identi-
fied. For each sample, the concentration of the metabolites was calculated. The cell disruption method did not
affect the number of identified metabolites. The data about average concentration with the standard deviation
are presented in the supplementary materials (Tables S2, S3).

Methods comparison—statistical analysis. The changes in the metabolite concentrations, which
depend on the disintegration methods are present on the heatmap (Fig. 3). Hierarchical clustering of average
metabolite concentrations resulted in the grouping of samples from individual species in separate clusters. Fur-
thermore, this analysis revealed that for K. pneumoniae, E. coli, and E. feacalis the most differentiating method is
sand mill. The tissue lyser was the most distinguishing method in P. aeruginosa and C. glutamicum strain, while
for B. cereus—sonication was different from the other disintegration processes.

The results obtained on the heat-map (Fig. 3) should be analyzed together with statistical analysis results
(Table 2). This analysis was performed to find out the differences between the three disintegration methods for
each strain.

Among all metabolites identified for B. cereus, the statistically significant differences between disintegration
methods were obtained for alanine, formate, methionine, o-phosphocholine, propylene glycol, sarcosine, and
uridine. Comparing the metabolite concentrations obtained by three different methods for Bacillus cereus samples
showed that the highest average concentrations of 25 metabolites were found after using the tissue lyser instru-
ment, accounting almost 74% of all identified metabolites in this strain. However, only in the case of sarcosine, the
difference was statistically significant. Sonication of B. cereus samples allowed us to obtain the highest concentra-
tion for two metabolites and was statistically significant only for formate. The sand mill gave the highest yield
of extraction for other metabolites, and the difference was statistically significant for alanine and methionine.
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Figure 2. The representative 1D 'H NMR cpmgprld spectra obtained from different bacteria strains. (1:
5-aminopentanoate; 2: 4-aminobutyrate; 3: acetate; 4: adenine; 5: adenosine; 6: alanine; 7: AMP; 8: asparagine;
9: aspartate; 10: betaine; 11: cholate; 12: formate; 13: fumarate; 14: glutamate; 15: glutamine; 16: glycine;

17: histidine; 18: inosine; 19: isocitrate; 20: isoleucine; 21: lactate; 22: leucine; 23: lysine; 24: methanol; 25:
methionine; 26: NAD+; 27: nicotinate; 28: O-phosphocholine; 29: phenylalanine; 30: pyruvate; 31: sarcosine; 32:
succinate; 33: threonine; 34: trehalose; 35: tyramine; 36: tyrosine; 37: UDP-glucose; 38: uracil; 39: uridine; 40:
valine; 41: f-alanine; 42: oxypurinol; 43: propylene glycol).

In gram-positive species, Enterococcus faecalis, statistically significant differences between disintegration
methods were found for nine metabolites—4-aminobutyrate, acetate, adenine, alanine, lysine, methionine, pyru-
vate, and sarcosine. Disintegration using a sand mill gave the highest concentrations for twenty-six compounds,
accounting almost 87% of all identified metabolites. Eight metabolites were statistically significant. Sonication
gave the highest concentration in the case of three metabolites, but only sarcosine turned out to be significant.
Tissue lyser use gave the highest amount of phenylalanine.

The analysis of the third gram-positive strain, Corynebacterium glutamicum, showed that the statistically
significant differences between disintegration methods were obtained for nine metabolites—adenine, cholate,
formate, histidine inosine, lactate, methionine, NAD+, and oxypurinol. Sonication gave the highest concentration
of most of the identified metabolites—twenty, which consist more than 64% of all identified metabolites, but the
statistical importance was obtained for six compounds. The tissue lyser yielded the highest concentration for
six metabolites, among which three were statistically different. Additionally, five metabolites were found at the
highest level when the sand mill was used, but no one was statistically important.

When we compared the metabolite concentrations in Escherichia coli samples, the highest concentrations
of eleven metabolites were obtained after sand milling. Among these compounds, seven were statistically sig-
nificant—acetate, adenosine, alanine, AMP, glycine, lysine, and pyruvate. Sonication and tissue lyser of these
samples allowed us to obtain the highest concentrations for six metabolites. For sonication, four metabolites were
statistically significant (cholate, lactate, methionine, and NAD+), when tissue lyser gives only two differentiating
metabolites—formate and o-phosphocholine.

In the case of a different gram-negative strain, Pseudomonas aeruginosa, the statistically significant differences
between disintegration methods were obtained for nine—5-aminopentanoate, acetate, alanine, cholate, formate,
isocitrate, lysine, methionine, and o-phosphocholine. For almost all identified metabolites, disintegration using
sonication yielded the highest concentrations. It is 19 metabolites, which consist almost 68% of all identified
metabolites in this strain, among which seven were statistically significant. The tissue lyser yielded the highest
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Figure 3. Heat-map comparing the average concentration of metabolites. The heat map was generated by
hierarchical clustering analysis (HCA) of all identified metabolites. Red color represents high metabolite
concentration and intense blue color represents very low metabolite concentration or metabolite absence (SM—
sand mill; TL—tissue lyser; SON—sonication; BC—B. cereus; CG—C. glutamicum; EF—E. feacalis; EC—E. coli;
KP—K. pneumoniae; PA—P. aeruginosa).

concentration for three metabolites, but only cholate was statistically significant. Sand milling yielded the highest
amounts of six metabolites, but the result was statistically significant for acetate.

Analysis of the third gram-negative strain, Klebsiella pneumoniae, allowed to obtained seven statistically
important metabolites—acetate, alanine, cholate, glycine, lysine, methionine, and NAD+. Sonication yielded
the highest concentrations of sixteen identified metabolites, of which three were statistically important. The
tissue lyser enabled us to obtain the highest concentrations of three metabolites, no one of them was significant.
When the sand mill was used, the highest concentrations of eleven metabolites were found. However, only four
of them were statistically important.

To investigate if all disintegration methods give the same information about the average concentration relation
and statistical comparison among gram-positive and gram-negative strains, additional analyses were performed.

In the group of gram-negative strains, the all average level ratio of common metabolites was almost the same
in acetate, alanine, cholate, formate, glycine, lactate, leucine, lysine, methionine, NAD+, o-phosphocholine,
phenylalanine, succinate, threonine, and uracil. Three metabolites had different relations of the concentration
average—isoleucine, pyruvate, valine. Statistical analysis performed on one disintegration method allowed to
obtained many statistical importance differences between strains, but the results are not similar in each disinte-
gration method. Detailed information about these analyses is available in supplementary materials (Table S4).

Analogical analyses were performed for gram-positive strains. In this case, the average concentration relation
wasn’t the same in almost half of the common metabolites. Also for statistical analyses performed on one disin-
tegration method, the statistical important metabolites are not similar in each disintegration method. Detailed
information about analyses performed in gram-positive strains is available in supplementary materials (Table S5).

Scientific Reports |

(2021) 11:20859 | https://doi.org/10.1038/s41598-021-99873-x nature portfolio

65



www.nature.com/scientificreports/

@ B. cereus

B C. glutamicum
AE. coli

w7 E. feacalis

>
<
4

4 K. pneumoniae

e

1

PC2 [23.5%]
o

PC2 [20.2%]

B oo

//

|
¢
v
w

-2 pC1[40.2%] 2

B C
L g 4
. g ¥
% Q A/ 3 ~ = 5 @ P. aeruginosa
R e &

T T -6
4 6 -8

T T T -5 T T T T

1
-2 PC1[33.8%] 2 4 6 -8 -6 -4 -2 PC1[40.1%] 2 4 6

Figure 4. PCA score plots for each one disintegration method for all strains: (A) sonication, (B) sand mill, (C)
tissue lyser.

A
4B Jc
e [ L] 4]
2 v 2
= v =
3 0- —m—‘— %0 ¥
g s
g2 v vo 52
a o ‘
4 4
-6 R2X=0.789 -6
-8 T T | T — T > -8 T T T
-15 -10 -5 0 5 10 -10 -8 -6 -4 -
PC1 [45.7%] PC1 (50.1%) PC1 [38.0%]
| | SM
A A —
b o o B son
o & ] ) v
] ) ] ® © 2
2 ‘ ) i =
g g [ 4 "
go w o] o0
iy v E VW | :2
Q'Z Yy |V g-2- o o
-4+ -4 A\ A\ 4
-6 v 6 R2X=0.696 2 R2X=0.878
R2X=0.876 | =
84— o = -8—— —t - — 87 T T J T T
-10 4 2 0 6 8 -5 410 5 0 10 -5 10 5 9 10
PC1 [36.1%] PC1[40.8%] PeLIG2) SIMCA 17

Figure 5. PCA models for separate analysis of each single bacterium strain. (A) B. cereus; (B) E. feacalis; (C)
C. glutamicum; (D) E. coli; (E) K. pneumoniae; (F) P. aeruginosa (SM—sand mill; SON—sonication; TL—tissue
lyser).

Multivariate data analysis. Multivariate data analyses were performed to compare disintegration meth-
ods for different bacteria strains. PCA score plots show how disintegration methods influence multivariate data
analysis. This unsupervised comparison allowed to obtain grouping of samples according to the type of micro-
organism for each disintegration method. It is worth to mentioning that this type of chemometric analysis dis-
tinctively reflects the similarities and differences of the cell disruption method on studied bacterial strands. The
PCA model for the samples subjected to sonication was prepared based on seven PCs with the total variance in
the data equal 0.982. The sand mill model consists of six PC’s and with an R2X value of 0.955, while the tissue
lyser model consists of two PC’s and with an R2X value equal 0.603 (Fig. 4).

The results showed, that each of the used disintegration methods can be applied in metabolomics studies, but
for the data preparation only one of them should be chosen.

Besides comparison on all strains, the analyzes were conducted among the limited data. One of them is
the comparisons made separately for the gram-positive strains and gram-negative strains. In this case, we can
observe the clear separation of each strain comparing samples together and separately for each disintegration
method, while PCA analysis is performed. The models and their parameters are available in supplementary
materials (Figure S4).

Additionally, multivariate analyses for each strain separately were prepared to obtained information about
samples grouping for different disintegration methods. These results showed that among all strains, we can
observe distinguished groups for the disintegration method only in E. coli, while for some other strains the
clustering trends are outlined. The remaining PCA analyzes performed for the single bacterium illustrate that
samples prepared with different disintegration methods are similar or overlap (Fig. 5).
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Discussion
The adequately prepared protocols are essential in research studies. In metabolomics, the fundamental issue is
the sample preparation, which allows performing reliable analyzes.

Many protocols are based on cell disintegration—this step is especially important when intracellular metabo-
lites analyses are performed. To compare the differences between the disruption method, six bacteria strains were
used in the study—three gram-positive strains and three gram-negative strains. LB medium used for bacterial
cultivation was additionally enriched with 0.5% glucose to obtain better biomass growth, which allowed to obtain
enough material for analyses. These changes were necessary because some strains are growing very poorly, and
the typical LB medium does not allow to obtain the required weight of the lyophilisate. Additionally, for each
strain, growth curves were prepared. During bacterial growth, changes in bacterial metabolism occurred, and
these results allowed to determine when all exanimated bacterial strains were in the logarithmic growth phase.
In this phase, the division of bacteria is continuous at a constant rate, and the number of cells increases exponen-
tially. Furthermore, the bacterial population in this phase is nearly uniform in terms of their number, chemical
composition, other physiological properties of the cell, and metabolic activity’>*.

The extraction procedure was performed on lyophilized samples, giving us the possibility to accurately deter-
mine each sample’s biomass. The methodological advantages of this bacterial preparation form for metabolomic
applications are the possibility of longer storage/transport, ease of measuring the same number of cells (mass
provides sufficient information), and reduction of the extraction scale (this involves a large number of samples
that are compared in metabolomics)*”.

In metabolomics studies, many different solvents and procedures are using for sample preparation. We
decided to use for extraction water and methanol. The use of polar solvents allowed us to obtain a wide range
of compounds in the samples. Additionally, from the practical preparation way, this method seems to be for us
the most proper.

The conducted experiment confirmed that each of the disintegration methods allows obtaining similar metab-
olites in samples of the same strains. The obtained differences are likely due to the different cell wall structures.
As described above, the difference in the cell wall structure between gram-negative and gram-positive bacteria is
obvious and influences mechanical resistance®. If we compare these two groups of bacteria, gram-negative bac-
teria have a relatively thin layer of peptidoglycan, and the cell wall can be destroyed by the action of pressure®®>!.

It is hard to define if a given disintegration method the best for a specific bacteria strain. Among all inves-
tigated strains, the identified metabolites concentrations were different for different disruption methods. In all
cases, most metabolites’ level was the highest for one of the disruption methods, but there is no strain in which
we obtained the highest concentration for one disruption method. For example, in E. feacalis, almost 87% of
metabolites had the highest concentration when the sand mill was used, but some had the highest concentration
after sonication or tissue lyser use. We can observe in B. cereus in the analogical situation that almost 74% of the
highest concentrations were obtained with tissue lyser (Tables S2 and S3). These results can be helpful in targeted
analysis, where a specific group of compounds or individual metabolites should be studied. If one specific com-
pound should be investigated, it is worth checking if some commonly used disintegration methods can yield the
highest concentration. In many cases, the differences between obtained concentrations are not significant, but
these differences are essential for some compounds and can influence the analysis. This fact clearly showed the
importance, in metabolomics studies, of correct and consistent sample preparation. During data interpretation,
we must remember about a limited number of biological repetitions. It is possible that experimenting with more
repetitions for each sample would give a more accurate result.

Multivariate data analyses are typical for metabolomics studies. The untargeted method (PCA) performed
on all microorganism samples, allowed us to obtain the natural strains grouping (Fig. 3). The analogical results
were obtained, where the disintegration methods were compared separately. In all cases, the distinction of bac-
teria strains is possible (Fig. 4). These results and many published results indicate that NMR can be useful for
identifying and distinguishing bacterial strains; however, MS is currently more widely used>'®*. This finding
indicates that each bacterial strain has its metabolomic qualitative profile regardless of the disruption method
(only the metabolite concentrations change).

The same results—clearly natural grouping of samples for each strain —can be observed when gram-positive
and gram-negative strains are compared (regardless of the disintegration method chosen) (Figure S4). Besides the
comparison of different bacteria strains depending on the disruption methods, the PCA models comparing the
disintegration methods for each strain were performed (Fig. 5). Among all comparisons only in E. coli showed a
clear grouping of samples depending on the disruption methods, where the most metabolites showed statistical
importance. These results showed that all from the used disruption method can be useful for untargeted metabo-
lomics analysis. Additionally, these results can allow the selection of the best method of sample preparation to
analyze specific compounds, which are important in targeted metabolomics.

Conclusions

The performed experiments provide results that can be used in different areas of microbial metabolomics experi-
ments and demonstrated the importance of accurately chosen sample preparing protocols. Our findings confirms
that the disintegration method impacts the extraction quality (thus, comparing samples prepared by different
methods may lead to false results) and should be selected for specific bacterial microorganisms. It is worth
to mention that the disintegration methods do not influence the qualitative profile of intracellular microbial
metabolites changing only their concentration.
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Figure S1. Growth curves of bacterial strains.
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Table S1. 'H NMR signal assignments.

KEGG . .
L.p. Compound Identification Chemicalshift
number [ppm]
1. 5-aminopentanoate C00431 3.0;2.2;1.6
2. 4-Aminobutyrate C15987 2.3
3. Acetate C00036 1.9
4, Adenine C00147 8.2
5. Adenosine C00212 8.3;6.1
6. Alanine C00041 3.8;15
7. AMP C00360 8.6;8.3;6.1
8. Asparagine C00152 2.9
9. Aspartate C00049 2.8
10. Betaine C00719 3.9;3.3
11. Cholate C02528 0.7
12. Formate C00058 8.4
13. Fumarate C00122 6.5
14. Glutamate C00025 3.7;24;23;2.1; 2.0
15. Glutamine C00064 2.5;24
16. Glycine C00037 3.6
17. Histidine C00135 7.1
18. Inosine C00294 8.2
19. Isocitrate C00311 2.6;2.5
20. Isoleucine C00407 0.9
21. Lactate C00256 4.1;1.3
22. Leucine C00123 1.0
23. Lysine C00047 1.7
24. Methanol C00132 3.4
25. Methionine C00073 2.6;2.1
26. NAD+ C00003 9.3;9.1;88;84;4.4
27. Nicotinate C00253 8.9
28. O-Phosphocholine C04230 3.2
29. Phenylalanine C02265 74;7.3
30. Pyruvate C00022 2.4
31. Sarcosine C00213 2.7
32. Succinate C00042 2.4
33. Threonine C00188 3.6
34. Trehalose C01083 5.2;3.8;3.4
35. Tyramine C00483 7.2,6.9
36. Tyrosine C00082 7.2,6.9
37. UDP-glucose C00029 7.9;6.0
38. Uracil C00106 7.5;5.8
39. Uridine C00299 7.9;5.9
40. Valine C00183 3.6;1.0
41. p-Alanine C00099 3.2;25
42. Oxypurinol C07599 8.2
43. Propylene glycol C00583 1.1
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Figure S2. The representative 1D *H NMR spectra of gram-positive bacteria samples. A — Bacillus cereus, B — Enterococcus feacalis,
C - Corynebaterium glutamicum

(1 — 5-aminopentanoate; 2 — 4-aminobutyrate; 3 — acetate; 4 — adenine; 5 — adenosine; 6 — alanine; 7 — AMP; 8 — asparagine; 9 — aspartate; 10 — betaine;
11 — cholate; 12 — formate; 13 — fumarate; 14 — glutamate; 15 — glutamine; 16 — glycine; 17 — histidine; 18 — inosine; 19 — isocitrate; 20 — isoleucine; 21 — lactate;
22 — leucine; 23 — lysine; 24 — methanol; 25 — methionine; 26 — NAD+; 27 — nicotinate; 28 — O-phosphocholine; 29 — phenylalanine; 30 — pyruvate; 31 — sarcosine;
32 — succinate; 33 — threonine; 34 — trehalose; 35 — tyramine; 36 — tyrosine; 37 — UDP-glucose; 38 — uracil; 39 — uridine; 40 — valine; 41 — B-alanine;
42 — oxypurinol; 43 — propylene glycol)
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Figure S3. The representative 1D *H NMR spectra of gram-negative bacteria samples. A — Escherichia coli, B— Klebsiella pneumoniae,
C — Pseudomonas aeruginosa

(1 — 5-aminopentanoate; 2 — 4-aminobutyrate; 3 — acetate; 4 — adenine; 5 — adenosine; 6 — alanine; 7 — AMP; 8 — asparagine; 9 — aspartate; 10 — betaine;
11 — cholate; 12 — formate; 13 — fumarate; 14 — glutamate; 15 — glutamine; 16 — glycine; 17 — histidine; 18 — inosine; 19 — isocitrate; 20 — isoleucine; 21 — lactate;
22 — leucine; 23 — lysine; 24 — methanol; 25 — methionine; 26 — NAD+; 27 — nicotinate; 28 — O-phosphocholine; 29 — phenylalanine; 30 — pyruvate; 31 — sarcosine;
32 — succinate; 33 — threonine; 34 — trehalose; 35 — tyramine; 36 — tyrosine; 37 — UDP-glucose; 38 — uracil; 39 — uridine; 40 — valine; 41 — B-alanine;
42 — oxypurinol; 43 — propylene glycol)
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Table S2. Metabolites concentration with standard deviation [mMM] for gram-negative strains (SM — sand mill; TL — tissue lyser;
SON - sonication).

. E. coli K. pneumoniae P. aeruginosa
Metabolite
SM TL SON SM TL SON SM TL SON
5-aminopentanoate - - - - - - 0.197+0.023 | 0.159:0.019 | 0.207+0.033
4-Aminobutyrate | 0.259:0.046 | 0306+0.123 | 0.290£0.006 | 0.124+0.054 | 0.084+0.012 | 0.163+0.031 - - -
Acetate 2386+0.175 | 1.801£0.175 | 1.818+0.026 | 2.216+0.132 | 1.252+0.378 | 14720265 | 0.188£0.017 | 0.111x0.019 | 0.151£0.017
Adenine - - - 0.088+0.024 | 0.063£0.016 | 0.079+0.020 - - -
Adenosine 0.031+0.003 | 0.008£0.002 | 0.022+0.000 | 0.007+0.001 | 0.012+£0.006 | 0.013+0.002 - - -
Alanine 0.166+0.004 | 0.145+0.017 | 0.148+0.003 | 0.128+0.021 | 0.106+0.005 | 0.138+0.025 | 0.068+0.006 | 0.055:0.008 | 0.081::0.009
AMP 0.012£0.002 | 0.004£0.003 | 0.011+0.000 - - - 0.085+0.005 | 0.091£0.015 | 0.082+0.009
Aspartate - - - - - - 0.056+0.009 | 0.05£0.0130 | 0.060+0.010
Betaine - - - 0.063+0.078 | 0.068+0.076 | 0.088+0.102 | 0.942+0.022 | 0.8930.138 | 1.035+0.070
Cholate 0.010+£0.000 | 0.010£0.001 | 0.011+0.000 | 0.007+0.001 | 0.005+0.001 | 0.006+0.001 | 0.008+0.001 | 0.010£0.001 | 0.008+0.000
Formate 0.739+0.063 | 0.862+0.247 | 1.124x0.018 | 0.107+0.141 | 0.034+0.034 | 0.026x0.017 | 0.019£0.001 | 0.011x0.001 | 0.024=0.004
Fumarate - - - 0.0150.008 | 0.024+0.024 | 0.022:+0.029 - - -
Glutamate - - - - - - 0.812+0.061 | 0.788+0.085 | 0.859+0.048
Glycine 0.081£0.003 | 0.072£0.017 | 0.054+0.001 | 0.120+0.021 | 0.084+0.004 | 0.088+0.022 | 0.196+0.017 | 0.181+0.022 | 0.192+0.005
Histidine 0.01240.002 | 0.014£0.006 | 0.013+0.000 | 0.017+0.001 | 0.017+0.002 | 0.021+0.004 - - -
Isocitrate - - - - - - 0.097+0.002 | 0.095£0.028 | 0.162+0.018
Isoleucine 0.039+0.002 | 0.036x0.012 | 0.029+0.000 | 0.049+0.006 | 0.039+0.004 | 0.048+0.010 | 0.033£0.002 | 0.033£0.007 | 0.035+0.005
Lactate 1.047£0.137 | 1250£0.255 | 1.329+0.013 | 0275+0.235 | 0.247+0.170 | 0350+0.267 | 0.036£0.007 | 0.036x0.009 | 0.044=0.010
Leucine 0.076+0.005 | 0.082+0.024 | 0.067+0.003 | 0.099+0.017 | 0.086+0.010 | 0.106:0.026 | 0.077+0.006 | 0.070+0.015 | 0.087+0.008
Lysine 0.377+0.024 | 0287+0.053 | 0.312+0.007 | 0.196+0.070 | 0.135:0.018 | 0.251+0.049 | 0215£0.010 | 0.143+0.034 | 0.280+0.021
Methionine 0.020+0.003 | 0.020£0.001 | 0.020+0.000 | 0.025+0.011 | 0.023+0.007 | 0.0310.015 | 0.036£0.003 | 0.033+0.003 | 0.041+0.002
NAD+ 0.062+0.006 | 0.068+0.009 | 0.087+0.001 | 0.055+0.012 | 0.037+0.010 | 0.050+0.004 | 0.062£0.002 | 0.065:0.007 | 0.065:0.004
Nicotinate - - - 0.011+0.003 | 0.026£0.017 | 0.022+0.017 - - -
O-Phosphocholine | 0.0020.000 0.0020 0.002+0.000 | 0.005£0.003 | 0.017+0.013 | 0.019:0.016 | 0.013+0.003 | 0.017+0.003 | 0.020:0.003
Oxypurinol - - - 0.586+0.197 | 0.475+0.122 | 0.640+0.235 - - -
Phenylalanine 0.040+0.008 | 0.0410£0.006 | 0.042+0.001 | 0.050+0.008 | 0.044+0.007 | 0.054+0.017 | 0.053£0.005 | 0.051x0.010 | 0.060+0.010
Propyleneglycol - - - 0.089+0.043 | 0.029+0.020 | 0.081+0.067 - - -
Pyruvate 0.042+0.007 | 0.026+0.001 | 0.018+0.000 | 0.034+0.015 | 0.023+0.001 | 0.026:0.010 | 0.020£0.001 | 0.019+0.002 | 0.020+0.001
Sarcosine - - - 0.003+0.001 | 0.002+0.000 | 0.003£0.001 | 0.002+0.000 | 0.002£0.001 | 0.002+0.000
Succinate 0.266+0.008 | 0232+0.048 | 0.215:0.004 | 0.388+0.224 | 0.247+0.187 | 0.287+0.198 | 0.065:0.008 | 0.058+0.006 | 0.062+0.007
Threonine 0.189+0.003 | 0205+0.019 | 0.193+0.003 | 0.139+0.060 | 0.120+0.038 | 0.152+0.067 | 0.041£0.008 | 0.054x0.011 | 0.055+0.014
Tyramine - - - 0.024+0.004 | 0.022+0.002 | 0.027+0.007 | 0.026+0.004 | 0.024+0.003 | 0.028+0.003
Tyrosine - - - 0.023+0.004 | 0.020+0.002 | 0.025£0.007 | 0.027+0.002 | 0.027+0.004 | 0.029+0.003
UDP-glucose 0.01540.002 | 0.013+0.001 | 0.0170.000 - - - - . _
Uracil 0.040+0.002 | 0.040+0.013 | 0.029+0.001 | 0.061+0.021 | 0.063+0.018 | 0.06+0.019 | 0.016+0.004 | 0.011£0.003 | 0.013+0.003
Valine 0.065£0.007 | 0.0640.019 | 0.054:0.001 | 0.080+0.010 | 0.062£0.002 | 0.08+0.015 | 0.064+0.004 | 0.061£0.007 | 0.068+0.006

*the concentrations calculated for 4 biological replicates are marked in gray (the Dixon test was used to reject mismatched samples)




Table S3. Metabolites concentration with standard deviation [mMM] for gram-positive strains (SM — sand mill; TL — tissue lyser; SON

— sonication).
. B. cereus E. feacalis C. glutamicum
Metabolite
SM TL SON SM TL SON SM TL SON

4-Aminobutyrate | 0.130+0.028 | 0.125+0.007 0.12120.019 | 0.180+0.031 | 0.117+0.021 | 0.124£0.026 | 0.092+0.014 | 0.080£0.004 | 0.076+0.004
Acetate 1.086+0.343 | 0.855+0.252 0.728+0.277 1.271£0.218 | 0.626£0.120 | 0.735£0.266 | 0.238+0.038 | 0.214£0.062 | 0.185+0.044
Adenine 0.152+0.020 | 0.170+0.009 0.164+0.003 - - - 0.119+0.012 0.150+0.017 0.145+0.011

Adenosine 0.041£0.013 | 0.038+0.011 0.054+0.003 0.019+0.003 | 0.008+0.006 | 0.015+0.004 - - -
Alanine 0.3210.048 | 0.252+0.038 0.219+0.023 0.203+0.022 | 0.148+0.017 | 0.148+0.021 0.406+0.040 | 0.421%0.057 | 0.424+0.039
AMP - - - 0.008+0.003 | 0.012+£0.002 | 0.015£0.005 | 0.022+0.009 | 0.028+0.010 | 0.034+0.004

Asparagine - - - 0.073+0.017 | 0.054+£0.008 | 0.070+0.015 - - -
Aspartate 0.117£0.036 | 0.137+0.017 0.125+0.032 | 0.213+0.020 | 0.202+0.039 | 0.168+0.033 | 0.086=0.011 0.079+0.018 | 0.076£0.018
Betaine 0.252+0.092 | 0.281£0.080 | 0.245:0.071 0.049+0.020 | 0.041£0.010 | 0.047+0.014 | 0.155+0.010 | 0.154+0.010 | 0.164+0.020
Cholate 0.009+0.002 | 0.012+0.002 0.011£0.002 | 0.007+0.000 | 0.006£0.001 | 0.006:0.001 0.010+0.001 0.013+0.001 0.014+0.000
Formate 0.023£0.007 | 0.014£0.006 | 0.029+0.010 | 0.131£0.009 | 0.093+0.036 | 0.134+0.048 | 0.0110.001 0.008+0.001 0.016:0.001
Glutamate 0.779£0.179 | 0.829+0.069 0.7760.102 1.275+0.147 | 1.229+0.246 | 1.085+0.089 1.766+0.311 1.610£0.152 1.776£0.178

Glutamine - - - 0.084+0.024 | 0.073+0.011 | 0.077+0.027 - - -
Glycine 0.069+0.020 | 0.073+0.008 0.060+0.003 0.075+0.000 | 0.066:0.008 | 0.063+0.013 | 0.132+0.012 | 0.137+0.021 0.14120.010
Histidine 0.014£0.005 | 0.014+0.002 0.013£0.002 | 0.018+0.005 | 0.010£0.007 | 0.018+0.001 0.029+0.003 | 0.012+0.006 | 0.032+0.004
Inosine 0.023£0.008 | 0.042+0.012 0.027+0.013 0.021£0.004 | 0.009+£0.006 | 0.017+0.006 | 0.006+0.001 0.006+0.002 | 0.010+0.000
Isoleucine 0.035+0.008 | 0.039+0.004 | 0.032£0.004 | 0.059+0.010 | 0.050£0.008 | 0.048+£0.012 | 0.055+0.007 | 0.058+0.006 | 0.059+0.004
Lactate 0.500£0.0350 | 0.611+0.158 0.550+0.089 1.890+0.324 | 1.704£0.250 | 1.711x0.299 1.008+0.170 | 0.940+0.101 1.208+0.042
Leucine 0.076£0.021 | 0.085+0.012 0.076£0.009 | 0.129+0.005 | 0.105+0.016 | 0.107+0.029 | 0.109£0.009 | 0.111£0.015 | 0.122+0.005
Lysine 0.153£0.035 | 0.154+0.011 0.142+0.024 | 0.222+0.012 | 0.149+0.028 | 0.153+0.037 | 0.134£0.013 | 0.133£0.014 | 0.135+0.004
Methionine 0.029+0.006 | 0.036£0.004 | 0.031£0.005 | 0.060+0.007 | 0.052+0.006 | 0.046x0.007 | 0.444+0.033 | 0.420+0.009 | 0.445+0.007
NAD+ 0.089+0.012 | 0.099+0.004 | 0.094£0.004 | 0.081+0.007 | 0.071£0.007 | 0.073+0.014 | 0.071+0.008 | 0.088+0.012 | 0.088+0.007
Phosph?) ::holine 0.002+0.001 | 0.003£0.000 | 0.002+0.001 0.046+0.017 | 0.039£0.008 | 0.041+0.011 0.002+0.000 | 0.002+0.000 | 0.002+0.000
Oxypurinol 1.202+0.100 | 0.992+0.383 0.599+0.393 - - - 0.892+0.096 1.121£0.125 1.104+0.091
Phenylalanine 0.04£0.0100 | 0.047+0.007 0.041£0.006 | 0.024+0.006 | 0.025+0.006 | 0.023+0.004 | 0.050£0.005 | 0.052+£0.007 | 0.052+0.004

Propyleneglycol 0.093+0.033 | 0.034+0.009 0.070+0.024 - - - - - -
Pyruvate 0.016£0.004 | 0.018+0.002 0.015£0.002 | 0.029+0.003 | 0.025+0.004 | 0.023£0.000 | 0.057£0.007 | 0.054+£0.004 | 0.058+0.005
Sarcosine 0.005+0.001 | 0.025+0.008 0.0030.001 0.004+0.001 | 0.003£0.001 | 0.006+0.001 0.0040.001 0.004+0.000 | 0.004+0.001
Succinate 0.095+0.033 | 0.113£0.034 | 0.097+0.038 | 0.030+0.007 | 0.026£0.004 | 0.027£0.002 | 0.585+0.151 0.531£0.109 | 0.633+0.081
Threonine 0.112+0.042 | 0.116+0.022 0.107+0.028 | 0.177+0.024 | 0.177+0.031 | 0.171+0.018 | 0.348£0.019 | 0.336+0.035 | 0.362+0.038
Trehalose - - - - - - 0.452+0.124 | 0.525+0.180 | 0.398+0.033
Tyramine 0.012+0.003 | 0.013+0.003 0.013£0.004 | 0.025+0.004 | 0.024+0.004 | 0.022+0.003 | 0.029+0.001 0.029+0.003 | 0.028+0.002
Tyrosine 0.013£0.004 | 0.015+0.002 0.012+0.003 0.025+0.004 | 0.023£0.003 | 0.022+0.003 | 0.031+0.002 | 0.031+0.004 | 0.031+0.002
UDP-glucose 0.051£0.009 | 0.054+0.007 0.050+0.004 - - - 0.041£0.012 | 0.046£0.008 | 0.048+0.009

Uracil 0.033£0.013 | 0.024+0.010 | 0.026+0.015 - - - - - _

Uridine 0.015£0.004 | 0.030£0.006 | 0.023+0.009 - - - - - _
Valine 0.055+0.012 | 0.060+0.007 0.049+0.006 | 0.117+0.016 | 0.103+0.018 | 0.099+0.018 | 0.108+0.011 0.110£0.007 | 0.115£0.009

B-Alanine 0.045£0.013 | 0.042+0.016 | 0.041=£0.015 - - - - - -

*the concentrations calculated for 4 biological replicates are marked in gray (the Dixon test was used to reject mismatched samples)
6
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Table S4. Variation of metabolite concentration between gram-negative bacteria within disruption method.
(Ec - E. coli; Kp — K. pneumoniae; Pa — P. aeruginosa)

Statistical comparison

Average concentration relation

Metabolite Sonication Sand mill Tissue Lyser L . Tissue
- - - Sonication Sand mill L

p-value | Interpretation | p-value | Interpretation | p-value | Interpretation yser
Acetate 1,93E-03* Ec>Kp>Pa 5,25E-03% Ec>Kp =Pa 2,43E-03* Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa
Alanine 9,00E-03* Ec>Kp =Pa 1,93E-03* Ec>Kp>Pa 9,78E-08 Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa
Cholate 1,93E-03* Ec>Pa>Kp 8,02E-03* Ec =Pa>Kp 9,31E-06 Ec>Kp =Pa Ec>Pa>Kp Ec>Pa>Kp Ec>Pa>Kp
Formate 7,97E-03* Ec = Pa>Kp 1,71E-02* Ec=Pa>Kp 8,06E-03* Ec=Pa>Kp Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa
Glycine 3,07E-03% Pa>Kp>Ec 3,07E-03% Pa>Kp>Ec 1,01E-06 Pa>Ec=Kp Pa>Kp>Ec Pa>Kp>Ec Pa>Kp>Ec
Isoleucine 9,75E-03* Inconclusive 3,03E-03* Kp>Ec> Pa 5,80E-01 Pa=Kp=Ec Kp>Pa>Ec Kp>Ec>Pa Kp>Ec>Pa
Lactate 3,06E-03* Ec>Kp> Pa 1,93E-03* Ec>Kp> Pa 1,93E-03% Ec>Kp> Pa Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa
Leucine 6,81E-03* Kp>Ec = Pa 9,00E-03* Pa>Ec=Kp 3,47E-01 Pa=Kp=Ec Kp>Pa>Ec Kp>Pa>Ec Kp>Ec>Pa
Lysine 2,99E-02* Pa=Kp=Ec 8,65E-03* Ec =Pa>Kp 4,44E-05 Ec =Pa>Kp Ec>Pa>Kp Ec>Pa>Kp Ec>Pa>Kp
Methionine 5,85E-03* Kp>Ec = Pa 4,79E-03% Pa>Kp>Ec 8,65E-03* Kp>Ec = Pa Pa>Kp>Ec Pa>Kp>Ec Pa>Kp>Ec
NAD 9,00E-09 Ec>Pa>Kp 2,49E-01* Pa=Kp=Ec 1,84E-04 Ec>Kp = Pa Ec>Pa>Kp Ec>Pa>Kp Ec>Pa>Kp
0-Phosphocholine 8,58E-03* Kp>Ec = Pa 9,12E-03* Kp =Pa>Ec 1,83E-02* Kp>Ec = Pa Pa>Kp>Ec Pa>Kp>Ec Pa>Kp>Ec
Phenylalanine 1,21E-01* Pa=Kp=Ec 3,46E-02 Inconclusive 1,72E-01 Pa=Kp=Ec Pa>Kp>Ec Pa>Kp>Ec Pa>Kp>Ec
Pyruvate 1,73E-01* Pa=Kp=Ec 3,47E-02% Inconclusive 6,05E-05 Ec>Kp> Pa Kp>Pa>Ec Ec>Kp>Pa Ec>Kp>Pa
Succinate 8,65E-03* Kp = Pa >Ec 1,06E-02* Kp = Pa >Ec 8,65E-03* Kp = Pa>Ec Kp>Ec>Pa Kp>Ec>Pa Kp>Ec>Pa
Threonine 1,22E-02% Ec>Kp =Pa 1,06E-02* Ec>Kp =Pa 2,64E-06 Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa Ec>Kp>Pa
Uracil 1,93E-03* Kp>Ec>Pa 6,99E-03* Kp =Pa>Ec 4,47E-03% Kp =Pa>Ec Kp>Ec>Pa Kp>Ec>Pa Kp>Ec>Pa
Valine 6,81E-03* Kp>Ec = Pa 7,86E-03 Kp =Pa>Ec 9,46E-01* Pa=Kp=Ec Kp>Pa>Ec Kp>Ec>Pa | Ec>Kp>Pa

#-Kruskal-Wallis test; grey background — results w

different for each disintegration method

th p-value < 0.05; table cells that are in bold and underlined — statistical

nterpretation or average relation is
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Table S5. Variation of metabolite concentration between gram-positive bacteria within disruption method.

(Ef — E. feacalis; Bc — B. cereus; Cg — C. glutamicum)

Statistical comparison

Average concentration relation

Metabolite Sonication Sand mill Tissue Lyser L . Tissue
Sonication Sand mill

p-value | Interpretation | p-value | Interpretation | p-value Interpretation Lyser
4-aminobutyrate 9,19E-03* Ef=Bc>Cg 5,13E-04 Ef = Bc>Cg 8,15E-03* Ef=Bc>Cg Ef>Bc>Cg Ef>Bc>Cg Ef>Bc>Cg
Acetate 9,19E-03* Ef=Bc>Cg 6,81E-03* Ef=Bc>Cg 5,25E-03" Ef=Bc>Cg Ef>Bc>Cqg Ef>Bc>Cqg Bc>Ef>Cq
Alanine 9,91E-09 Cg>Bc> Ef 9,36E-06 Cg>Bc> Ef 7,56E-07 Cg>Bc> Ef Cg>Bc>Ef Cg>Bc>Ef Cg>Bc>Ef
Aspartate 1,00E-03 Ef>Bc=Cqg 9,19E-06 Ef =Bc>Cqg 3,58E-05 Ef >Bc>Cqg Ef>Bc>Cg Ef>Bc>Cg Ef>Bc>Cg
Betaine 3,74E-03* Bc = Cg> Ef 4,47E-03% Bc = Cg> Ef 1,93E-03* Bc>Cg> Ef Bc>Cg>Ef Bc>Cg>Ef Bc>Cg>Ef
Cholate 4,04E-03% Cg>Bc> Ef 2,61E-02* Inconclusive 7,71E-03* Bc = Cg> Ef Cg>Bc>Ef Cg>Bc>Ef Cg>Bc>Ef
Formate 1,93E-03* Ef>Bc>Cg 3,07E-03* Ef>Bc>Cg 1,93E-03* Ef>Bc>Cg Ef>Bc>Cg Ef>Bc>Cg Ef>Bc>Cg
Glutamate 1,28E-07 Cg> Ef >Bc 6,04E-05 Cg> Ef >Bc 4,39E-05 Cg> Ef >Bc Cg>Ef>Bc Cg>Ef>Bc Cg>Ef>Bc
Glycine 1,32E-08 Ef>Bc=Cqg 6,99E-03% Cg> Ef=Bc 5,28E-06 Bc = Cg> Ef Co>Ef>Bc Co>Ef>Bc Cg>Bc>Ef
Histidine 1,91E-03* Cg> Ef >Bc 3,49E-04 Ef>Bc=Cqg 2,21E-01* Cg=Bc=Ef Cg>Ef>Bc Cg>Ef>Bc Bc>Cg>Ef
Inosine 1,12E-02* Cg=Bc=Ef 8,15E-03* Ef=Bc>Cgq 8,65E-03* Bc>Ef=Cg Bc>Ef>Cg Bc>Ef>Cg Bc>Ef>Cg
Isoleucine 3,12E-04 Ef=Cg>Bc 1,19E-03 Ef = Cg>Bc 1,35E-03 Ef = Cg>Bc Cg>Ef>Bc Ef>Cg>Bc Cg>Ef>Bc
Lactate 1,93E-03* Ef>Cg>Bc 3,07E-03* Ef >Cg>Bc 1,80E-06 Ef>Cg>Bc Ef>Cg>Bc Ef>Cg>Bc Ef>Cg>Bc
Leucine 1,61E-02* Inconclusive 4,35E-04 Ef = Cg>Bc 3,93E-02 Inconclusive Cg>Ef>Bc Ef>Cg>Bc Cg>Ef>Bc
Lysine 8,10E-01* Co=Bc=Ef 4,52E-04 Ef=Bc>Cq 2,21E-01 Ca=Bc=Ef Ef>Bc>Cq Ef>Bc>Cq Bc>Ef>Cqg
Methionine 4,47E-03* Bc = Cg> Ef 7,23E-06 Cg>Bc> Ef 8,06E-03* Bc = Cg> Ef Cg>Be>Ef Cg>Be>Ef Bc>Cg>Ef
NAD 1,11E-02 Inconclusive 3,21E-02 Inconclusive 9,75E-03* Inconclusive Bc>Cgo>Ef Bc>Ef>Cqg Bc>Cg>Ef
0-Phosphocholine 3,74E-03* Ef >Bc=Cq 9,19E-03* Ef>Bc=Cq 1,93E-03* Ef >Bc>Cq Ef>Bc>Cg Ef>Bc>Cg Ef>Bc>Cg
Phenylalanine 7,73E-07 Cg>Bc> Ef 3,20E-04 Cg> Ef=Bc 5,44E-05 Cg>Ef=Bc Cg>Bc>Ef Cg>Bc>Ef Cg>Bce>Ef
Pyruvate 3,03E-03* Cg> Ef >Bc 7,56E-08 Cg> Ef >Bc 1,38E-09 Cg> Ef >Bc Cg>Ef>Bc Cg>Ef>Bc Cg>Ef>Bc
Sarcosine 2,01E-03 Ef =Bc>Cqg 4,17E-01 Cg=Bc=Ef 6,04E-03* Be> Ef=Cqg Ef>Cg>Bc Bc>Ef>Cq Bc>Cg>Ef
Succinate 1,93E-03* Cg>Bc> Ef 1,93E-03* Cg>Bc> Ef 1,93E-03* Cg>Bc> Ef Cg>Bc>Ef Cg>Bc>Ef Cg>Bce>Ef
Threonine 2,64E-08 Cg> Ef >Bc 1,05E-07 Cg> Ef >Bc 1,95E-07 Cg> Ef >Bc Cg>Ef>Bc Cg>Ef>Bc Cg>Ef>Bc
Tyramine 2,04E-05 Cg> Ef >Bc 1,06E-05 Ef = Cg>Bc 5,05E-05 Ef = Cg>Bc Cg>Ef>Bc Cg>Ef>Bc Cg>Ef>Bc
Tyrosine 3,48E-07 Cg> Ef>Bc 6,04E-06 Cg>Ef>Bc 1,06E-05 Cg>Ef>Bc Cg>Ef>Bc Cgo>Ef>Bc Cgo>Ef>Bce
Valine 5,43E-06 Ef=Cg>Bc 1,54E-05 Ef=Cg>Bc 4,41E-05 Ef=Cg>Bc Ca>Ef>Bc Ef>Cg>Bc Co>Ef>Bc

#- Kruskal-Wallis test; grey background — results with p-value < 0.05; table cells that are in bold and underlined — statistical interpretation or average relation is
different for each disintegration method
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Figure S4. PCA score plots for separate analysis of gram-positive and gram-negative strains. A — gram-positive strains, all
disintegration methods; B — gram-negative strains, all disintegration methods; C - gram-positive strains, sonication; D - gram-positive
strains, sand mill; E - gram-positive strains, tissue lyser; F - gram-negative strains, sonication; G - gram-negative strains, sand mill;

H - gram-negative strains, tissue lyser.
((BCSM - B. cereus (sand mill); BCSON — B. cereus (sonication); BCTL — B. cereus (tissue lyser); CGSM — C. glutamicum (sand mill);
CGSON - C. glutamicum (sonication); CGTL — C. glutamicum (tissue lyser); ECSM — E. coli (sand mill); ECSON - E. coli (sonication);
ECTL - E. coli (tissue lyser); EFSM — E. feacalis (sand mill); EFSON - E. feacalis (sonication); EFTL — E. feacalis (tissue lyser); KPSM
— K. pneumoniae (sand mill); KPSON - K. pneumoniae (sonication); KPTL - K. pneumoniae (tissue lyser);
PASM - P. aeruginosa (sand mill); PASON - P. aeruginosa (sonication); PATL — P. aeruginosa (tissue lyser))
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5.4. Possible metabolomic switch between environmental
and  pathogenic  Pseudomonas  aeruginosa  strains:
'H NMR based metabolomics study

5.4.1. Skrotowe omowienie publikacji

Szczepy P. aeruginosa bardzo szybko nabywaja cechy umozliwiajagce przetrwanie
w trudnych warunkach bytowania, co w praktyce klinicznej oznacza nabywanie wielolekowej
opornosci mikroorganizmow szpitalnych i problemy w leczeniu infekcji. Problem ten jest
szczegoblnie istotny dla 0sob z obnizong odpornoscia. Poszukiwanie réznic pomigdzy szczepami
moze pozwoli¢ na identyfikacje szlakéw zaangazowanych w metabolizm prowadzacy do

patogennos$ci drobnoustrojow.

W  pracy ,Possible metabolomic switch between environmental and pathogenic
Pseudomonas aeruginosa strains: *H NMR based metabolomics study” przedstawiono wyniki
analizy porownawczej dwoch grup szczepéw P. aeruginosa. Pierwsza z nich to szczepy
izolowane ze S$rodowiska naturalnego (rzeki, jeziora, owoce) zdeponowane w Zakladzie
Biotransformacji Uniwersytetu Wroctawskiego. Druga grupe stanowily szczepy izolowane
z plwociny pacjentow chorych na mukowiscydoze, dostepne do badan dzigki wspotpracy
z Instytutem Matki i Dziecka w Warszawie. Analizy metabolomiczne dotyczyly w sumie
29 szczepow, wsrdd ktorych 11 to szczepy izolowane ze srodowiska, a 18 to szczepy izolowane
od pacjentow. Charakterystyka wykorzystanych w badaniu szczepdéw pateczki ropy bilekitnej

zostala zawarta w tabeli S2 materialow dodatkowych publikacji.

Eksperyment polegal na wykonaniu typowego badania metabolomicznego — w pierwszej
kolejnosci przeprowadzono hodowle szczepdéw. Nastepnie biomasa komorkowa zostata
oddzielona od medium za pomocg wirowania. Do ekstrakcji przy uzyciu metanolu, chloroformu
i wody wykorzystano 300 mg mokrej masy komorkowej. Kolejnym krokiem byto wykonanie
pomiarow *H NMR oraz przeprowadzenie identyfikacji metabolitow wraz z analizg statystyczna

i chemometryczng

W wyniku przeprowadzonych analiz udato si¢ zidentyfikowa¢ 31 metabolitow oraz
6 sygnalow rezonansowych nieprzypisanych do konkretnych zwigzkéow niskoczasteczkowych.
W materiatach dodatkowych w tabeli S1 dostepne sg przesuniecia chemiczne, natomiast
w pracy na rysunku 1 dostepne jest rowniez reprezentatywne widmo 1D *H NMR. Wyniki
potwierdzily, Ze istniejg istotne statystycznie rdznice pomigdzy szczepami pochodzacymi
z roznych $rodowisk (szczegdtowe wyniki jednowymiarowych analiz danych przestawiono
w tabeli 1), a nienadzorowane i nadzorowane wielowymiarowe analizy danych potwierdzity ten

trend — na wykresach PCA i OPLS-DA (rysunek 2) widzimy grupowanie si¢ probek.
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Wykazano, ze szczepy izolowane ze $rodowiska majg zwickszone stezenia kwasu
glutaminowego i bursztynianu, podczas gdy stgzenia pozostatych istotnych statystycznie
metabolitow (walina, alanina, leucyna, izoleucyna, N-acetyl tyrozyna, histydyna, glicyna,
malonian, niacynamid, UMP i kwas 5-aminopentanowy) byly zwigkszone w szczepach
izolowanych od pacjentow. Wyniki te przedstawiono na wykresie stupkowym uwzgledniajac

odchylenie standardowe (rysunek 3).

Analiza otrzymanych danych wykazala, ze szczepy izolowane z r6éznych $rodowisk maja
zmienione profile metabolomiczne. Szczepy izolowane od pacjentow chorych na
mukowiscydozg maja przyspieszony (w stosunku do szczepdéw pochodzacych ze srodowiska)
metabolizm aminokwaséw. Swiadczy o tym akumulacja aminokwasow, zmieniony poziomy
zwigzkéw przenoszacych energie w komorce i zburzone przemiany cyklu TCA. Rezultaty
omawianego eksperymentu potwierdzajg, ze metabolizm szczepdéw P. aeruginosa zalezy od

srodowiska, w jakim bytuja i sugerujg dalszy kierunek badan.

80



5.4.2. Publikacja
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The study aimed to assess whether Pseudomonas aeruginosa strains from different sources can be distin-
guished by the metabolomic fingerprint and to check whether antibiotic susceptibility distinctions are
available through metabolomic analysis.

TH NMR spectroscopy analysis of the bacteria metabolites was performed. Twenty-nine strains were
tested (18 isolated form cystic fibrosis patients and 11 environmental). Thirty-one metabolites were
identified, 12 were up-regulated in strains from CF patients, while 2 were higher level in strains from the
environment. Changed carbohydrate catabolic metabolism and the metabolic shift toward the utilization
of amino acids is suggested in strains from CF patients.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pseudomonas aeruginosa is a Gram-negative aerobic bacteria
common in the environment, being present in the water envi-
ronment and on the surface of plants and vegetables. Individual
strains can produce a variety of extracellular enzymes and other
bioactive molecules, such as biosurfactants and siderophores [1,2].
However, in certain circumstances, this bacteria may become
an opportunistic human pathogen causing a wound and burn
infections [3]. P. aeruginosa is also known to be responsible for
respiratory tract infections among patients suffering from cystic
fibrosis (CF). Due to its natural resistance to some antibiotics and
the ability to biofilm formation, P. aeruginosa infection is chal-
lenging to cure. Especially when its treatment is not sufficient,
chronic disease may develop, which constitutes a severe problem
among CF patients since it concerns up to 80 % of adult patients,
and it is associated with increased morbidity and mortality rate
[4].

Recent publications describe a series of adaptations abili-
ties of P. aeruginosa strains causing chronic infection in CF
patients in comparison to bacteria isolated at an early stage

* Corresponding author.
E-mail address: piotr.mlynarz@pwr.edu.pl (P. Mtynarz).

https://doi.org/10.1016/j.jpba.2020.113369

of the disease. Changes were observed in their morphology,
metabolism, and genome sequence. Strains causing chronic infec-
tion were able to live in reduced oxygen level conditions and
used preferentially amino acids for growth [5]. They also pro-
duced an increased amount of alginate (polymer building matrix
of the biofilm) and had reduced expression of virulence factors
[4].

Detailed analysis of P. aeruginosa was usually performed on a
limited number of strains, where the environmental isolates often
were not represented. Thus, the predisposition of strains for lung
colonization and adaptive evolution from environment isolates to
clinical strains is poorly understood.

Therefore, in this study, we decided to compare the collection of
P. aeruginosa strains isolated from the environment and microor-
ganisms from CF patients using metabolomics based on 'H NMR
[6].

2. Objectives

The research was aimed at checking whether Pseudomonas
aeruginosa pathogenic (isolated from cystic fibrosis patients) and
environmental (water, fruits, anaerobic digestion) strains can be
distinguished based on the metabolomic fingerprint.

0731-7085/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

82


https://doi.org/10.1016/j.jpba.2020.113369
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2020.113369&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:piotr.mlynarz@pwr.edu.pl
https://doi.org/10.1016/j.jpba.2020.113369
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 K.A. Mielko, S.J. Jabtoriski, W. Wojtowicz et al. / Journal of Pharmaceutical and Biomedical Analysis 188 (2020) 113369

3. Material and methods
3.1. Bacterial strains and culture conditions

In this study, twenty-nine pure strains isolated from single
colonies of P. aeruginosa were tested. Eleven of them were iso-
lated from the environment; the remaining eighteen were isolated
from patients with cystic fibrosis (CF). A table with detailed data is
available in supplementary materials — Table S2.

In the first step, the samples were routinely grown on Miller’s
LB Broth agar (BioShop) [7], which provided growth suitable for
the collection of the inoculum. To evaluate the differences and bio-
diversity between strains, bacteria were cultured in 10 cm Petri
dishes for 24 h at 37 °C. After this, pre-culture was prepared by inoc-
ulation of the bacterial culture in 5 mL of liquid LB Broth medium
and incubated for 24 h at 37 °C with shaking (180 rpm). Next, 100
mL of the culture was prepared and again incubated for 24 h at
the same conditions. After this time, the culture was centrifuged
(13,500 rpm, 5 min, 4 °C), and the bacterial pellet was washed with
0.9 % NaCl solution and stored at —80 °C.

3.2. Extraction and samples preparation

300 mg of wet weight cells were suspended in 500 pL of
methanol and 100 L of water. Samples were vortexed for 10 min,
then 800 pL of chloroform and 400 L of water were added to
each sample and again vortexed for 10 min. After the disintegra-
tion, samples were centrifuged (13,500 rpm, 5 min, 4 °C), and 1
mL of clarified upper phase was transferred into a new tube. The
extracts were evaporated in a vacuum centrifuge (Christ RVC 2-25
CDplus) (40°C, 1500 rpm, 8 h). In the next step, 600 L of PBS buffer
(0.5 M,10 % D, 0, pH = 7.0) were added to each sample and mixed
for 3 min. The obtained samples were centrifuged (12,000 rpm, 10
min, 4 °C)and 550 L were transferred into 5-mm NMR-tubes (5SP,
Armar Chemicals) for "TH NMR measurements.

3.3. TH NMR spectroscopy analysis of the bacterial metabolites

Standard one dimensional 'H NMR experiments were per-
formed on a Bruker AVANCE I1 600.58 MHz spectrometer equipped
with a 5 mm TBO probe at 300 K. All 1D 'H NMR spectra were car-
ried out using the cpmgprid (in Bruker notation) pulse sequence
with suppression of water resonance by presaturation. Acquisition
parameters were as follows: spectral width, 20.01 ppm; the num-
ber of scans, 128; acquisition time, 2.72 s per scan; relaxation delay,
3.5s; 01P =4.712 ppm was set for residual water signal presatura-
tion; 0.001 s spin echo delay and 64 K time-domain points. Before
Fourier transformation, the FIDs were multiplied by an exponential
function equivalent to that of a 0.3 Hz line-broadening factor. The
spectra were referenced to the TSP resonance at 0.0 ppm and man-
ually corrected for phase and baseline (MestReNova v. 11.0.3). For
TH NMR signal identification the Chenomx NMR Analysis Software
(v. 8.5, Chenomx Inc.) was used. For statistical analysis only one
signal for each metabolite was used. A table with NMR assignment
is available in supplementary materials — Table S1.

3.4. Data processing and multivariate statistical data analysis

All spectra were exported to Matlab (Matlabv. 8.3.0.532) for pre-
processing. Regions affected by solvent suppression were excluded
(4.56-5.15 ppm). Signals alignment was performed by the cor-
relation of optimized warping (COW) and interval correlation
shifting (icoshift) algorithms [8,9]. The spectra consisted of 8.910
data points and were normalized using the probabilistic quotient
method (PQN) to overcome the issue of dilution, where the all spec-
tra were used as reference group [10].

The multivariate and statistical data analysis was performed
on a set of the 31 (+6 unknown) assigned metabolites. The rela-
tive concentration of metabolite measured by NMR was obtained
as the sum of data points in data matrix for the no overlapping
resonances (or a part of partly overlapping resonances) range. The
input for SIMCA software (v 15.02, Sartorius Stedim Data Analyt-
ics AB) was a transformed data matrix. The data sets were scaled
using Pareto scaling before the chemometric analysis. For bacteria
strains, principal component analysis (PCA), and orthogonal partial
least square discriminant analysis (OPLS-DA) were carried out. The
graphical representation of the metabolite and bacteria strains PCA
biplot was constructed from the first two components and OPLS-DA
from one predition and one orthogonal components. The OPLS-DA
model reliability was tested with CV-ANOVA at the level of sig-
nificance of a < 0.05. Univariate analysis was performed by the use
MATLAB software (v R2019a, Mathworks Inc.) with use of Student’s
t-test (equal/unequal variance) for data originated from a normal
distribution and using Mann-Whitney-Wilcoxon test for data that
does not meet these requirements. Normality of distribution was
assessed by Shapiro-Wilk test. The correction for multiple compar-
isons was preceded with Benjamini-Hochberg procedure (FDR). All
univariate statistics were carried out at the level of significance of
o < 0.05.

4. Results

In total, 31 metabolites were identified (NAD+, niacinamide,
NADP+, formate, AMP, NADPH, uracil, UMP, histidine, pheny-
lalanine, tyrosine, phenylacetate, fumarate, N-acetyltyrosine,
betaine, glycine, methanol, o-phosphocholine, malonate, gluta-
mate, succinate, aspartate, methionine, leucine, acetate, isoleucine,
5-aminopentanoate, valine, lactate, alanine and cholate) (Fig. 1).
Also, 6 signals were assigned on the 'H NMR spectrum as unknown
(these, which cannot be attributed to metabolites based on data
appearing in spectroscopic databases). However, these metabolites
have significant signal intensities and they were also used in all
analyzes.

All assignments were verified using the following databases
(A Database of Metabolic Pathways in Pseudomonas aeruginosa
PAO1 (PseudoCyc), Pseudomonas aeruginosa Metabolome Database
(PAMDB), KEGG Pathways, PubChem).

4.1. Multivariate analysis of the metabolite fingerprinting and
antibiotic resistance

PCA plot revealed the natural grouping of the different bacterial
isolates (Fig. 2A). The first and second principal component (PC)
accounted respectively for 29.2 % and 20.4 % of the total variance
in the data (R2X = 0.663, four PC’s). Supervised analysis OPLS-DA
model (one prediction and orthogonal component) (Fig. 2B) passed
validation test (CV-ANOVA p value = 4.345e-05) and showed sta-
tisticaly imporant separation between environment and patients
bacteria strains. Main OPLS-DA model parameters were R2X =
0.371, R2Y = 0.875 and Q2 equal to 0.653.

4.2. Statistical analysis of the metabolite fingerprinting

Of all the identified metabolites 31 (+6 unknown), 14 showed
statistically significant difference between clinical and environ-
mental strains (p < 0.05) (glycine, UMP, histidine, malonate,
glutamate, niacinamide, 5-aminopentanoate, isoleucine, leucine,
alanine, N-acetyltyrosine, valine, succinate and Unk_5). A detailed
statistical data are available in Table 1.

Among the differentiating metabolites, the relative con-
centration of glycine, UMP, histidine, malonate, niacinamide,
5-aminopentanoate, isoleucine, leucine, alanine, N-acetyltyrosine,
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Table 1
Summary of univariate analysis of intracellular endometabolites Pseudomonas aeruginosa strains.

Metabolite Mean/median Mean/median RSD RSD Fold p-value FDR*

relative relative Patients Environment change

concentration concentration [%] [%]

Patients Environment
Unk.5 (8 =7.94 ppm)? 0.051 0.020 37.8 172 0.051 2.82E %6 1.04E- %4
glutamate ? 3.095 4.064 224 9.9 3.095 2.62E% 4.85E %
glycine 2 0.574 0.425 19.0 231 0.574 1.04E-%3 1.28E%?
isoleucine 2 0.165 0.106 37.2 25.0 0.165 1.53E-03 1.42E 2
UMP 2 0.019 0.014 24.2 201 0.019 2.76E-%3 2.00E-02
leucine P 0.357 0.233 41.8 22.7 0.405 3.24E % 2.00E 2
malonate ® 0.082 0.064 27.7 164 0.087 4.32E % 2.28E02
histidine 2 0.014 0.009 45.9 28.8 0.014 5.64E-03 2.42E 02
N-acetyltyrosine 2 0.016 0.012 329 27.0 0.016 6.29E %3 2.42E 02
5-aminopentanoate P 0.255 0.155 56.3 20.6 0.287 6.54E-03 2.42E-%?
niacinamide ® 0.009 0.002 100.7 84.9 0.009 7.49E-03 2.52E02
alanine 2 0.367 0.280 194 33.8 0.367 8.79E- 2.56E-02
valine ? 0.387 0.306 19.7 241 0.387 8.99 2.56E 02
succinate ? 0.397 0.501 28.9 15.6 0.397 1.30E-02 3.45E 2
methanol 2 0.034 0.051 319 40.3 0.034 2.29E-02 5.37E%2
formate ° 0.008 0.003 62.2 61.8 0.008 2.32E-92 5.37E%2
Unk_2 (8 =9.34 ppm)? 0.003 0.005 39.2 28.2 0.003 2.81E-02 6.11E-%2
lactate ® 0.181 0.300 59.8 38.2 0.224 3.66E-92 7.30E-92
NADP+ 2 0.008 0.010 47.6 15.9 0.008 3.75E92 7.30E-%2
NAD+? 0.043 0.055 434 20.6 0.043 6.78E-02 1.25E701
Unk_3 (8 =8.54 ppm)® 0.008 0.007 45.8 53.8 0.009 1.01E-0! 1.78E-01
cholate @ 0.025 0.029 36.8 154 0.025 1.15E°0 1.88E0!
AMP @ 0.083 0.070 26.5 26.4 0.083 1.17E91 1.88E0!
phenylacetate ® 0.034 0.031 22.8 18.6 0.036 1.32E°01 2.00E-1
Unk.6 (8 =5.92 ppm)? 0.021 0.018 20.0 341 0.021 1.35E°01 2.00E-!
betaine P 1.268 1.369 34.5 22.6 1.418 1.44E-01 2.05E-%1
tyrosine 2 0.125 0.111 25.2 20.9 0.125 1.89E01 2.60E-01
Unk_1 (8 =9.42 ppm)® 0.002 0.002 72.5 45.7 0.003 3.57E-%! 4.72E01
fumarate P 0.019 0.015 44.3 41.4 0.019 43201 5.51E
NADPH ® 0.010 0.009 78.2 21.1 0.014 4.86E01 5.99E01
uracil @ 0.013 0.015 44.9 40.5 0.013 6.12E-0! 7.31E-%
aspartate P 0.112 0.108 293 34.2 0.112 7.02E-%1 8.12E"
phenylalanine 2 0.127 0.122 333 23.6 0.127 7.59E-01 8.35E"1
Unk 4 (3 = 8.56 ppm) ? 0.013 0.013 322 19.5 0.013 7.67E-01 8.35E01
o-phosphocholine ? 0.128 0.132 75.5 185 0.181 8.40E-! 8.88E!
acetate ? 0.793 0.807 33.1 273 0.793 8.83E"! 9.07E-"
methionine 2 0.049 0.049 19.6 19.7 0.049 9.43E-01 9.43E-01

*FDR - Q values from False Discovery Rate control by Benjamini-Hochberg procedure?® - mean for data with a normal distribution; p-value calculated using parametric test
b _ median for data without a normal distribution; p-value calculated using the nonparametric test

valine, and Unk_5 were upregulated in the group of P. aeruginosa
strains from patients compared vs. environment strains. The rela-
tive concentrations of only two metabolites were higher in samples
from the environment (these are: glutamate and succinate) (Fig. 3).

5. Discussion

TH NMR-based metabolomics approach was applied in this
study for the analysis of the biodiversity of P. aeruginosa originated
from patients and from the environment (water, fruits, anaero-
bic digestion). According to our results, each of the tested groups
of strains cultured in the same growth conditions demonstrated
a specific metabolite profile revealing encoded metabolic prefer-
ences. The CF patients'P. aeruginosa strains, showed higher amino
acid content except for glutamate. Besides this amino acid, sig-
nificantly lower content was found only for succinate. Pathogenic
strains accommodate achievable amino acids, which can be orig-
inated from medium and/or protein breakdown and show higher
level of 5-aminopentanoate [11,12]. This finding can be associated
with the high amino-acid content of sputum from cystic fibrosis
patients [13,14]. The metabolic switch to amino acids as carbon
sources is essential in antibiotic resistance [15]. Catabolism of
organic nitrogen compounds such as amino acids might be reg-
ulated by succinate and glutamate [16,17], that could be the reason
of their lower content in pathogenic strains.

The study confirms that the metabolism of CF patient stains
and environmental strains are different and can be distinguished
by 'H NMR. The differences in relative concentrations of specific
metabolites imply different general metabolic patterns for clinical
and environmental strains. Significant differences were observed
in the level of metabolites involved in primary carbon and amino
acid metabolism. The general metabolome shifts for clinical isolates
may involve:

a) intensified amino acid metabolism (including uptake and/or
protein turnover), suggested by the elevated level of specific
amino acids (Ile, Leu, Gly, His, Ala, Val), and amino acids (Lys,
Pro) degradation product (5-aminopentanoate),

b) intensification of alternative pathways for cofactors regenera-
tion suggested by the elevated level of malonate,

c) altered cell energy reserve, implied by increased relative con-
centration of UMP,

d) altered intensity of the TCA cycle promoting amino acid
catabolism, indicated by decreased relative concentration
of succinate and glutamate (amino acid-derived form o-
ketoglutarate).

Observed changes may result from reduced activity of the oxida-
tive chain. Shunting of the TCA, together with the shift toward the
utilization of amino acids, was shown to decrease antibiotic sus-
ceptibility in P. aeruginosa from CF patients. These findings may
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lead to new treatment strategies. The primary metabolism may be
exploited for search of specific molecular targets [18] and selec-
tion of synergistically acting compounds with antibiotics. For more
detailed metabolomic analysis, LC-MS measuremnts are required.
Better detection limit allows identification of additional metabo-
lites and may facilitate interpretation of observed differences. Also,
proteome and transcriptome studies would help link the observed
metabolic profile with enzymatic activity.
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SUPPLEMENTARY MATERIALS

Table 1. 'H NMR singal assignments in alphabetical order.

Metabolite Chemical shift
[ppm]
5-aminopentanoate 2.22
acetate 191
alanine 1.47
AMP 8.57
aspartate 2.67
betaine 3.89
cholate 0.91
formate 8.44
fumarate 6.51
glutamate 2.08
glycine 3.55
histidine 7.10
isoleucine 1.00
lactate 131
leucine 0.95
malonate 3.12
methanol 3.35
methionine 2.60
N-acetyltyrosine 7.15
NAD+ 9.32
NADP+ 9.09
NADPH 8.49
niacinamide 8.70
o-phosphocholine 3.21
phenylacetate 7.29
phenylalanine 7.42
succinate 2.39
tyrosine 7.18
UMP 5.96
Unk 1 9.42
Unk 2 9.34
Unk 3 8.54
Unk 4 8.56
Unk 5 7.94
Unk 6 5.92
uracil 5.79

valine 0.98



Tab. 2. Information about origin P. aeruginosa strains used in this experiment.

L.P. Origin Ns:mgg Source MALDI p:\g{; IB?Illty
1 PAT PAW1 2012/912-1 P. aeruginosa 19955_1 CHB 2.370
2 ENV PAB1 Odra river P. aeruginosa 2.050
3 PAT PAW3 2012/5978-2 P. aeruginosa DSM 1117 2.274
4 ENV PAB3 well P. aeruginosa 2.117
5 PAT PAWA4 2012/3705-3 P. aeruginosa DSM 1117 2.274
6 PAT PAWS5 2012/2684-1 P. aeruginosa 8147_2 CHB 2.350
7 ENV PAB5 fermented cucumbers water P. aeruginosa 2.186
8 PAT PAWG6 2012/610-2 P. aeruginosa A07_08_Pudu FLR 2.315
9 PAT PAW7 2012/6827-3 P. aeruginosa DSM 1117 2.131
10 ENV PABG6 fermented cucumbers water P. aeruginosa 2.186
11 ENV PAB7 Widawa river P. aeruginosa 2.157
12 ENV PABS8 Widawa river P. aeruginosa 2.157
13 PAT PAWS 2012/2183-1 P. aeruginosa ATCC 27853 THL 1.559
14 PAT PAW9 2012/2475-3 P. aeruginosa DSM 1117 2.460
15 PAT PAW10 2012/4342-2 P. aeruginosa DSM 1117 2.153
16 PAT PAW11 2012/835-1 P. aeruginosa DSM 1117 2.372
17 PAT PAW12 2012/3100-1 P. aeruginosa A07_08_Pudu FLR 2.296
18 PAT PAW13 2012/6545-2 P. aeruginosa DSM 1117 2.206
19 ENV PAB13 strawberries P. aeruginosa 2.306
20 PAT PAW14 2012/4066-2 P. aeruginosa DSM 1117 2.274
21 PAT PAW15 2012/3710-2 P. aeruginosa DSM 1117 2.182
22 PAT PAW16 2012/2603-1 P. aeruginosa ATCC 27853 THL 2.396
23 PAT PAW17 2012/5183-1 P. aeruginosa DSM 1117 2.211
24 PAT PAW18 2012/1005-1 P. aeruginosa DSM 1117 2.347
25 PAT PAW19 2012/1005-2 P. aeruginosa 8147_2 CHB 2.426
26 ENV PAB14 strawberries P. aeruginosa 2.455
27 ENV PAB15 orchid water P. aeruginosa 2.156
28 ENV PAB17 activated sludge P. aeruginosa 2.518
29 ENV PAB18 bioreactor P. aeruginosa 2.517

PAT - strains isolated from the patients with CF

ENV — strains isolated from the environment
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5.5. Metabolomics comparison of drug-resistant and drug-
susceptible Pseudomonas aeruginosa strains
(intra- and extracellular analysis)

5.5.1. Skrotowe omowienie publikacji

Opornos¢ na antybiotyki drobnoustrojow stanowi powazny problem globalny, skutkujacy
nieefektywnym leczeniem infekcji, a co za tym idzie, prowadzacym do $mierci pacjentow.
Pseudomonas aeruginosa nalezy do grupy patogenéw ESKAPE. Sg to mikroorganizmy, ktore
charakteryzuja si¢ wielolekowa opornoscig na antybiotyki. Opornos¢ ta jest spowodowana m.in.
mutacjami bedacymi wynikiem wptywu czynnikow zewnetrznych na bakterie. Czynnikami
takimi moga by¢ stosowane s$rodki dezynfekcyjne, czy podawanie zbyt duzej ilosci
antybiotykow, ale rowniez zmiany Srodowiska bytowania drobnoustrojow. Znalezienie nowych

sposobow zwalczania infekcji bakteryjnych jest kluczowe dla ogdlnie pojetej medycyny.

W pracy ,, Metabolomics comparison of drug-resistant and drug-susceptible Pseudomonas
aeruginosa strains (intra- and extracellular analysis)” poréwnano profile metabolomiczne
szczepéw klinicznych, izolowanych od dzieci chorych na mukowiscydozg. Szczepy oraz
informacje o antybiotykoopornosci otrzymano dzigki wspotpracy z Instytutem Matki i Dziecka
w Warszawie. Do analiz wybrano dwa szczepy — jeden z nich oporny na wybrane antybiotyki,
natomiast drugi wrazliwy na testowane antybiotyki. Charakterystyka antybiotykoopornosci

znajduje sie w tabeli 1.

Protokot postepowania w eksperymentach metabolomicznych jest zazwyczaj zblizony,
dlatego w tym przypadku etapy przeprowadzonych badan sg analogiczne do tych w poprzednio
omawianej pracy. W pierwszej kolejnosci przygotowano hodowle mikrobiologiczne, ktdre
nastgpnie odwirowano. Do analiz zebrano zaro6wno komorki bakteryjne, jak i pozywke
pohodowlana, co pozwolito na stworzenie pelnego obrazu przemian w szlakach
biochemicznych. Komoérki bakteryjne byly dodatkowo ekstrahowane przy pomocy metanolu
i wody, natomiast pozywka pohodowlana zostata odparowane, a nast¢pnie rozpuszczona
w buforze PBS. Jako metode pomiarowg wybrano *H NMR. Podobnie jak w poprzednim
eksperymencie wykonano analizy statystyczne i chemometryczne uzyskanych danych.
Identyfikacja metabolitow pozwolila na zidentyfikowanie w sumie 39 metabolitow, z czego 19
bylo wspodlnych dla komorek i pozywki, 13 kolejnych zidentyfikowano jako metabolity
wewnatrzkomorkowe, a pozostate 8 zostaty zidentyfikowane tylko w pozywce pohodowlanej.
Widma reprezentatywne 1D 'H NMR sg przedstawione w pracy (na rysunku 1 i 2), natomiast
przesuni¢cia chemiczne sygnalow rezonansowych sa dostgpne w materiatach dodatkowych

w tabeli S11 S2.
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Analizy  metabolitow  wewnatrzkomoérkowych — pozwolily na  zidentyfikowanie
16 metabolitow istotnych statystycznie (p-value < 0.05 oraz VIP > 1.0), ktorych relatywne
stezenia zostaly przedstawione na rysunku 6. Szczegétowe wyniki analizy statystycznej
dostepne sa w tabeli nr 2. Wsrod nich wickszos$¢ dotyczyta szlakéw przemian aminokwasow i to
wlasnie ich stezenie bylo wicksze w szczepie opornym na antybiotyki. Sg to: histydyna, alanina,
walina, izoleucyna, leucyna, treonina, homoseryna, histamina, sarkozyna, bursztynian, mleczan
oraz betaina. Wyniki nienadzorowanych wielowymiarowych analiz danych pokazuja

grupowanie si¢ prob, co wskazuje na odmienne profile metabolomiczne obu szczepow.

Do pordéwnan metabolitow zewnatrzkomorkowych, oprocz podiozy pohodowlanych
szczepow P. aeruginosa, wykorzystano réwniez czyste podioze LB, co pozwolito na
obserwacje¢ zmian ilosciowych i jakosciowych stezen zwigzkdéw po hodowli. Zarowno wyniki
analiz  statystycznych, jak i chemometrycznych, pokazuja réznice w stezeniach
zidentyfikowanych zwigzkéw niskoczasteczkowych po hodowli i migdzy szczepami.
Porownanie statystyczne pozywek pohodowlanych pomigdzy soba pozwolilo na
zidentyfikowanie 9 istotnie réznicujgcych metabolitow. W medium po hodowli obu szczepow
znaczaco zmalalo szczegolnie stezenie glicyny, leucyny i pirogronianu, natomiast wzrosty
stezenia octanu oraz izomaslanu. Graficzne przedstawienie relatywnych  stgzen
zewnatrzkomorkowych, niskoczasteczkowych zwigzkéw istotnych statystycznie jest dostepne
na rysunku 7. Szczegdly porownan statystycznych przeprowadzonych dla metabolitow
zewnatrzkomorkowych sa zawarte w tabeli 3. Analizy wykazaty, ze glutaminian, asparaginian
i kwas asparaginowy nie byly obecne w medium po hodowli, co oznacza, ze byly one
wykorzystane przez metabolizm bakterii szybciej w porownaniu do pozostatych metabolitow,
dla ktorych uzyskano sygnaly rezonansowe na widmie rowniez w probkach po hodowli.
W pracy dostgpne sa rowniez graficzne reprezentacje $ciezek metabolomicznych (rysunek 8

19), ktore zostaty wykonane przez jednego ze wspotautorow.

Przedstawione badanie wykazato, ze profile metabolomiczne testowanych szczepdw
znaczaco si¢ od siebie réznig. Wyniki potwierdzajg, ze szczep oporny na antybiotyki
wykorzystuje bardziej efektywnie Sciezki przetwarzania aminokwaséow, co moze by¢ kluczowe
dla rozwoju szczepdéw szpitalnych. Wyniki te sa zblizone do wynikow uzyskanych
w poprzedniej pracy. Przedstawione rezultaty ukazujg potencjal metabolomiki jako narzedzia
stuzacego do charakterystyki probek biologicznych na tym poziomie molekularnym oraz
stanowig podstawe do dalszych badan nad adaptacja szczepéw P. aeruginosa do zmienionych

srodowisk i nabywania przez nie opornosci na antybiotyki.
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Abstract: Pseudomonas aeruginosa is a common human pathogen belonging to the ESKAPE group.
The multidrug resistance of bacteria is a considerable problem in treating patients and may lead
to increased morbidity and mortality rate. The natural resistance in these organisms is caused by
the production of specific enzymes and biofilm formation, while acquired resistance is multifacto-
rial. Precise recognition of potential antibiotic resistance on different molecular levels is essential.
Metabolomics tools may aid in the observation of the flux of low molecular weight compounds in
biochemical pathways yielding additional information about drug-resistant bacteria. In this study, the
metabolisms of two P. aeruginosa strains were compared—antibiotic susceptible vs. resistant. Analysis
was performed on both intra- and extracellular metabolites. The 'H NMR method was used together
with multivariate and univariate data analysis, additionally analysis of the metabolic pathways with
the FELLA package was performed. The results revealed the differences in P. aeruginosa metabolism
of drug-resistant and drug-susceptible strains and provided direct molecular information about P.
aeruginosa response for different types of antibiotics. The most significant differences were found
in the turnover of amino acids. This study can be a valuable source of information to complement
research on drug resistance in P. aeruginosa.

Keywords: Pseudomonas aeruginosa; metabolomics; antibiotic resistance; NMR spectroscopy

1. Introduction

Pseudomonas aeruginosa is a Gram-negative opportunistic human pathogen [1], which
causes infections in chronic wounds and in the urinary tract. Moreover, it is responsible for
respiratory tract infections in cystic fibrosis (CF), obstructive lung disease, or mechanically
ventilated patients [2]. As a part of the ESKAPE pathogens group (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species), P. aeruginosa is a significant cause of nosocomial infections. In
some P. aeruginosa strains, antibiotic therapy is not successful, despite its sensitivity in
laboratory tests [3,4]. Due to the increasing number of multidrug-resistant (MDR) isolates,
the WHO has recognized P. aeruginosa as a priority pathogen for antibiotic research [5].
The development of new antibacterial therapies and understanding antibiotic resistance
mechanisms is crucial for clinical practice and finding new treatment possibilities [6-8].

Multidrug resistance of P. aeruginosa relies on several mechanisms: (i) antibiotic
molecules may be neutralized by specialized enzymes (3-lactams, aminoglycosides),
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(ii) therapeutic compounds may also be removed from the cell by efflux pumps ($3-lactams,
quinolones, and some aminoglycosides), (iii) alteration of the antibiotic target molecule,
(iv) modifications in the penicillin-binding proteins (PBPs), and (v) changes in OPrD
porin [4,9-12].

An important factor affecting drug efficiency is drug accessibility for targeted microor-
ganisms. Biofilm produced by P. aeruginosa is a physical barrier protecting bacteria from
antibiotics [13]. Some P. aeruginosa strains exhibit decreased expression of genes encoding
the porins (outer membrane channel proteins) used by certain types of antibiotics (e.g.,
rifamycins and quinolones) to enter the cell [11]. Antibiotic intake may also be reduced due
to reduced membrane potential [14]. These P. aeruginosa attributes are important factors
that should be considered during the development of an efficient antibiotic therapy.

Bacterial cells can become antibiotic-resistant when stringent response (SR) is activated
due to the nutrient limitation resulting in reduced bacterial multiplication. The correct
activity of SR is also crucial for biofilm development and stability [15].

The drug resistance phenomenon is analyzed on many levels: genomic, transcriptomic,
proteomic, and metabolomics. The last link of this omics chain may provide information on
antibiotic resistance mechanisms [16]. Metabolomics is focused on the analysis and monitor-
ing of low molecular weight compounds involved in cell metabolism. Metabolomic studies
performed on microorganisms so far usually rely on chromatographic techniques coupled
with mass spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR) [17,18].

Metabolomics experiments have enabled the identification of new metabolic path-
ways [18], the recognition of bacterial strain origin [19], the identification of microorganism
species [20,21], and the analysis of the influence of different external factors on bacteria [22].
Moreover, metabolomic and genomic analysis helped explain P. aeruginosa polymyxin resis-
tance [23]. Metabolome analysis techniques are also considered an advanced diagnostic
tool for bacterial infections [24].

The presence of some antibiotic resistance mechanisms may be correlated with changes
in metabolite concentration (inside and outside the cell). Resistance to some antibiotics is
associated with the presence and activity of proteins involved in the processing of certain
metabolites in the cell (oprD protein required for carbapenem uptake is an amino acid
transporter [10] and activator of SR, which results in changes in the expression of the
enzymes involved in the main metabolic pathways including amino acid synthesis [25]).
Metabolome analysis would give additional information alongside antibiotic sensitivity
tests. This may help in the choice of appropriate antibiotic therapy, as well as enabling
research in new therapeutic strategies [26].

The metabolomics comparison of strains with different antibiotic resistance could
give information about the differences in the phenotype of both strains and may show the
direction of further (more detailed) investigations. The analysis of intra- and extracellular
metabolites allows us to observe the differences in intracellular machinery of the bacteria,
but also the association with the bacterial environment. All these reasons can give addi-
tional information for transcriptomics and genomics studies and may enable the recognition
of more antibiotic resistance mechanisms in P. aeruginosa. This study aimed to delineate
metabolic differences between two P. aeruginosa strains isolated from CF patients: a strain
resistant to the majority of available antibiotics (except colistin and ciprofloxacin) and
an antibiotic susceptible strain, by use of metabolomics tools using the 'H NMR method
together with univariate and multivariate analysis of intra- and extracellular metabolites
and the application of bioinformatics metabolic pathway analysis software (FELLA).

2. Results
2.1. Antibiotic Resistance Test

The results of antibiotic resistance tests are presented in Table 1. In this experiment,
antibiotics from the following groups: aminoglycoside (disrupting protein synthesis by
binding to the 30S ribosomal subunit), beta-lactams (disrupting peptidoglycan biosynthe-
sis), quinolone (disrupting DNA replication), and polymyxin (disrupting cell membrane)
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were used. Strain PAW17 was susceptible to all tested antibiotics. Strain PAW23 was
susceptible only to two antibiotics: ciprofloxacin and colistin.

Table 1. Antibiotic resistance of Pseudomonas aeruginosa strains (S—susceptible, R—resistant).

Antibiotic Name Class PAW17 PAW23
amikacin aminoglycoside S R
gentamicin aminoglycoside S R
netilmicin aminoglycoside S R
tobramycin aminoglycoside S R
imipenem beta-lactam S R
meropenem beta-lactam S R
piperacillin beta-lactam S R
piperacillin/tazobactam beta-lactam S R
ticarcillin/clavulanic acid beta-lactam S R
ceftazidime beta-lactam S R
cefepime beta-lactam S R
ciprofloxacin quinolone S S
levofloxacin quinolone S R
colistin polymyxin (peptide) S S

2.2. Metabolites Identification
2.2.1. Intracellular Metabolites

In total, 32 intracellular metabolites were identified (5-aminopentanoate, acetate,
adenine, alanine, AMP, aspartate, betaine, ethanol, formate, glucose, glutamate, glycine,
histamine, histidine, homoserine, isobutyrate, isocitrate, isoleucine, lactate, leucine, me-
thionine, NAD+, oxypurinol, phenylalanine, pyruvate, sarcosine, succinate, threonine,
tyrosine, UMP, uracil, and valine). Information about the chemical shift for each metabolite
is available in Supplementary Materials (Table S1). The set of identified metabolites was
identical for both strains.

The representative 'H NMR spectrum of intracellular metabolites is presented below

(Figure 1).
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Figure 1. The representative 1D 'H NMR spectrum of intracellular metabolites of drug-susceptible Pseudomonas aeruginosa
strain. (1—5-aminopentanoate, 2—acetate, 3—adenine, 4—alanine, 5—AMP, 6—aspartate, 7—betaine, 8—ethanol, 9—
formate, 10—glucose, 11 -glutamate, 12—glycine, 13—histamine, 14—histidine, 15—homoserine, 16—isobutyrate, 17—
isocitrate, 18—isoleucine, 19—Ilactate, 20—leucine, 21—methionine, 22—NAD+, 23—oxypurinol, 24—phenylalanine,
25—pyruvate, 26—sarcosine, 27—succinate, 28—threonine, 29—tyrosine, 30—UMP, 31—uracil, 32—valine).
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2.2.2. Intracellular Metabolites

In total, 27 extracellular metabolites were identified (6-hydroxynicotinate, acetate,
alanine, betaine, formate, glycine, histamine, histidine, imidazole, isobutyrate, glutamate,
aspartate, asparagine, pyroglutamate, isoleucine, leucine, lysine, methanol, methionine,
oxypurinol, phenylalanine, pyruvate, threonine, trehalose, tryptophan, tyrosine, and va-
line). Four metabolites were not present in the post-culture medium (glutamate, aspartate,
asparagine, and pyroglutamate). Information about the chemical shift for each metabolite
is available in Supplementary Materials (Table 52).

The representative 'H NMR spectrum of intracellular metabolites is presented in

(Figure 2).
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Figure 2. The representative 1D "H NMR spectrum of extracellular metabolites of drug-susceptible Pseudomonas aeruginosa
strain (1—6-hydroxynicotinate; 2—acetate; 3—alanine; 4—betaine; 5—formate; 6—glycine; 7—histamine; 8—histidine;
9—imidazole; 10—isobutyrate; 11—isoleucine; 12—leucine; 13—lysine; 14—methanol; 15—methionine; 16—oxypurinol;
17—phenylalanine; 18—pyruvate; 19—threonine; 20—trehalose; 21—tryptophan; 22—tyrosine; 23—valine; 24—glutamate;
25—aspartate; 26—asparagine; 27—pyroglutamate).

The total number of intra- and extracellular metabolites identified was 39. Among
these, 19 metabolites were common to intra- and extracellular environments (histidine,
aspartate, glutamate, histamine, alanine, pyruvate, valine, isoleucine, leucine, betaine,
methionine, formate, glycine, threonine, phenylalanine, tyrosine, isobutyrate, oxypurinol,
and acetate); 13 metabolites were identified in cell extracts (succinate, homoserine, lactate,
UMP, sarcosine, ethanol, isocitrate, adenine, glucose, NAD+, AMP, 5-aminopentanoate,
and uracil) and eight were identified only in the culture medium (imidazole, asparagine,
methanol, 6-hydroxynicotinate, pyroglutamate, tryptophan, lysine, and trehalose).

2.3. Multivariate Data Analysis

The performed PCA—multivariate unsupervised analysis between drug-resistant
and drug-susceptible isolates revealed the natural grouping between bacterial intra- and
extracellular metabolites (Figure 3). Direct comparison of intracellular metabolites revealed
a more similar metabolomics profile than between extracellular metabolites. The first three
principal components (PC) accounted respectively for 84.7%, 8.74%, and 2.56% of the total
variance in the data (R2X = 0.998). The obtained loading plots analysis showed three

metabolites differentiated between bacteria cells and medium, which are: glycine, betaine,
and pyruvate.
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Figure 3. PCA model plot and corresponding loading plot for of 'H NMR data of all metabolites of P. aeruginosa strains
(drug-resistant extracellular (green), drug-susceptible extracellular (yellow), drug-resistant intracellular (blue), and drug-
susceptible intracellular (red)). Symbols in the same color represent biological repetitions.

Supervised analysis OPLS-DA analysis provides the strain’s grouping. The CV-
ANOVA test of this model gave statistically important results (model with parameters are
available in Supplementary Materials (Figure S1)).

2.3.1. Intracellular Metabolites
PCA score plot revealed the clustering of bacterial isolates with and without antibi-

otic resistance (Figure 4). The first and second principal components (PC) accounted,
respectively, for 41.6% and 21.5% of the total variance in the data (R2X = 0.631).
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Figure 4. PCA model plot and corresponding loading plot of 'H NMR data of intracellular metabolites of drug-resistant
(blue squares) and drug-susceptible (red circle) P. aeruginosa strains. Symbols in the same color represent biological
repetitions.

Supervised OPLS-DA analysis provides the strain’s grouping. The CV-ANOVA test
of this model gave statistically important results (model with parameters are available in
Supplementary Materials (Figure S2)).

2.3.2. Extracellular Metabolites

For the PCA extracellular metabolites analysis, in addition to two types of bacterial
strain isolates, a control group was also taken into consideration (the entire content of
medium before bacterial cultivation).

The PCA score plot showed the difference between sample distributions for bacteria
isolates with different antibiotic resistance, while the control group formed a separate
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data set. In a comparison of both P. aeruginosa strains with control, the first and second
principal components (PC) accounted for 56.0% and 19.7% of the total variance in the data,
respectively, (R2X = 0.996) (Figure 5A). The score plot showed the differences between
the amino acids (glycine, alanine, tryptophan, leucine, lysine, methionine, threonine, and
histidine), pyruvate, isobutyrate, acetate, tyrosine, and 6-hydroxynicotinate.
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Figure 5. PCA model plots and corresponding loading plots for 'H NMR data of extracellular metabolites of P. aeruginosa

strains. (A) Both P. aeruginosa strains with control; (B) both P. aeruginosa strains. Drug-resistant extracellular (green squares),

drug-susceptible extracellular (yellow circle), control—LB medium (gray triangles). Symbols in the same color represent

biological repetitions.

The direct comparison between the P. aeruginosa strains showed a clear separation
between the studied groups. The first and second principal components (PC) accounted,
respectively, for 55.6% and 23.2% of the total variance. Differences were mainly observed
in amino acid levels (Figure 5B).

For each comparison, the supervised OPLS-DA analysis provides the strain’s group-
ing. The CV-ANOVA test of this model gave statistically important results (model with
parameters are available in Supplementary Materials (Figure S3)). Information concerning
an additional PCA single comparison of the drug-resistant P. aeruginosa strain with con-
trol and drug-susceptible P. aeruginosa strain with control is available in Supplementary
Materials (Figure S4).

2.4. Statistical Analysis
2.4.1. Intracellular Metabolites

Among all the identified metabolites, 20 showed a statistically significant difference
between susceptible and resistant strains (p < 0.05) (succinate, homoserine, histidine,
histamine, lactate, alanine, glutamate, pyruvate, UMP, valine, isoleucine, leucine, betaine,
methionine, formate, glycine, sarcosine, threonine, ethanol, and isocitrate).

In the same comparison, VIP scores greater than 1.00 were obtained for 16 overlapped
metabolites (all statistically important metabolites, without glycine, threonine, succinate,
and lactate). Detailed statistical data are shown in Table 2.
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Among the differentiating metabolites the relative concentration of succinate, homoser-
ine, lactate, alanine, valine, isoleucine, leucine, betaine, histidine, histamine, methionine,
formate, sarcosine, threonine, and ethanol were upregulated in the group of drug-resistant P.
aeruginosa, while only five metabolites were at the higher-level for drug-sensitive samples—
glutamate, pyruvate, UMD, glycine, isocitrate (Figure 6).
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Figure 6. Boxplots for intracellular metabolites with VIP (Variable Importance in Projection) scores
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2.4.2. Extracellular Metabolites

The comparison of the drug-resistant P. aeruginosa strain with the drug-susceptible
strain enabled the identification of 16 statistically significant metabolites (p < 0.05) (acetate,
alanine, betaine, glycine, formate, histidine, imidazole, isobutyrate, isoleucine, leucine,
lysine, methanol, phenylalanine, pyruvate, threonine and 6-hydroxynicotinate), while a
VIP scores greater than 1.00 were found for nine metabolites (acetate, glycine, imidazole,
isobutyrate, isoleucine, leucine, phenylalanine, pyruvate, and threonine).

The comparison of the drug-resistant P. aeruginosa strain with the control (LB medium)
enabled the identification of 17 statistically significant metabolites (p < 0.05) (acetate,
alanine, betaine, glycine, isobutyrate, leucine, lysine, methanol, methionine, phenylalanine,
pyruvate, trehalose, threonine, tryptophan, tyrosine, valine and 6-hydroxynicotinate). In
this case, VIP scores greater than 1.00 were obtained for 15 metabolites (all statistically
important metabolites, without acetate, and threonine).

The comparison of the drug-susceptible P. aeruginosa strain with the control (LB
medium) identified 19 statistically significant metabolites (p < 0.05) (acetate, alanine,
betaine, glycine, histidine, isobutyrate, isoleucine, leucine, lysine, methanol, methion-
ine, phenylalanine, pyruvate, trehalose, threonine, tryptophan, tyrosine, valine and 6-
hydroxynicotinate). 14 metabolites had VIP score greater than 1.00 (all statistically sig-
nificant metabolites, without isoleucine, histidine, methionine, imidazole, and betaine).
Detailed statistical data are available in Table 3.

Among the differentiating metabolites, the relative concentration of alanine, formate,
imidazole, isoleucine, leucine, lysine, pyruvate, and threonine was upregulated in the
group of drug-resistant P. aeruginosa vs. drug-susceptible strains. Eight metabolites were at
a higher level in drug-susceptible samples—6-hydroksynicotinate, acetate, betaine, glycine,
histidine, isobutyrate, methanol, and phenylalanine. The relative concentration of three
metabolites was lower in bacterial culture media than the control medium—glycine, leucine,
and pyruvate. The concentrations of isobutyrate and acetate were higher in cell culture
media than in control samples (Figure 7).

2.5. Bioinformatics Analysis

Bioinformatics analysis was used to produce a graphical representation of compounds,
enzymes, reactions, modules, and pathways with information on how the input metabolites
found in the statistical analysis reach the suggested pathways and on how these pathways
cross-talk. An interactive version of the graphic for analysis is also available. For this
analysis metabolites with statistical importance and VIPs greater than 1.00 were chosen.

2.5.1. Intracellular Metabolites

The graphical representation of compounds, enzymes, reactions, modules, pathways,
with information on how the input metabolites reach the suggested pathways, and on how
these pathways cross-talk for intracellular metabolites is shown in Figure 8.

The main pathways connected with these compounds are ABC transporters, van-
comycin metabolism pathway, and amino acids pathways, especially glycine, serine, threo-
nine, alanine, and pyruvate metabolism.
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Figure 8. Results of the node prioritization by FELLA in the Pseudomonas aeruginosa strain (intracellular analysis).

2.5.2. Extracellular Metabolites

The graphical representation of compounds, enzymes, reactions, modules, pathways,
and information on how the input metabolites reach the suggested pathways, and on how
these pathways cross-talk for extracellular metabolites is shown in Figure 9.

The main pathways connected with these compounds are ABC transporters, van-
comycin metabolism pathway, and amino acids pathways.

The interactive versions of Figures 8 and 9 are available in Supplementary Materials
(Files S1 and S2).
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Figure 9. Results of the node prioritization by FELLA in the Pseudomonas aeruginosa strain (extracellu-
lar analysis).

3. Discussion

Increasing antibiotic resistance leads to the development of alternative chemother-
apeutics dedicated to treating bacterial infections. In the case of P. aeruginosa infections,
treatment with 3-lactams, fluoroquinolones, and aminoglycosides is widely used. In multi-
drug resistant strains, ceftolozan/tazobactam and colistin could also be administered, but
these can cause toxic and adverse side effects [3,4,12]. New therapeutic strategies may
involve the addition of compounds improving the activity of traditional antibiotics [27].
Understanding the exact mechanisms of action of currently used drugs could support this
process, which is why it is so important to perform analyses at various molecular levels [8].
Insights about differences between drug-resistant and drug-sensitive strains can be given
by metabolomics studies, where the differences in the low-molecular-weight compounds’
regulation reflect the changes in biochemical pathways [28]. This approach may be helpful
for the delineation of molecular targets and drug design [29]. In addition, bacteriostatic
compounds based on new structures and mechanisms of action are being designed [30].
Information regarding the prevalence of antibiotic resistance mechanisms would support
the development process.

However, these strategies will probably not be universal. In such a situation, selection
of effective therapy should be based on a detailed analysis of resistance mechanisms present
in an individual clinical strain. Treatment of antibiotic-resistant bacteria is likely to require
an individual approach. Therefore, the development of a fast and accurate diagnostic tool
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seems to be necessary. Our results show that the metabolomics approach with the use of
'H NMR spectroscopy may establish new horizons in this area [29].

The analysis of all accessible sources of data may provide an interesting insights into
the evolutionary adaptation of P. aeruginosa. Among intracellular metabolites there is
an interesting relationship between pyruvate and its reduction product—lactate. In the
antibiotic resistant strain, the level of pyruvate was decreased while the level of lactate
is increased, in comparison to antibiotic-susceptible strain. This may be the result of a
more intense reduction reaction of pyruvate in the drug-resistant strain since none of the
strains secreted these compounds to the culture medium. However, research in cystic
fibrosis (CF) patients’ samples shows that lactate is a major component in sputum, and
could be an important infection factor [31]. Pyruvate seems also to be associated with
BCAA biosynthesis (valine, leucine, and isoleucine), which were upregulated in the drug-
resistant strain [32]. Moreover, significant differences were observed in the intracellular
concentrations of isocitrate (lower in the resistant strain) and succinate (higher in the
resistant strain).

In the majority of cases, the identified intracellular amino acids were at the higher
level in the case of the antibiotic-resistant strain. The exceptions were glycine, glutamate,
and tyrosine whose concentrations were significantly higher in the antibiotic-resistant
strain. According to literature data, the amino acid conversion pathways are more efficient
in antibiotic-resistant strains [33]. Our results have shown clearly changes in amino acids
in both strains. Furthermore, the metabolic modification to amino acids as carbon sources
is essential in antibiotic resistance [14,34,35].

In the antibiotic resistance strain, the relative concentration of UMP was lower. The
synthesis of UMP has been shown to play an important role in sustaining virulence,
biofilm formation, and antibiotic resistance in P. aeruginosa [14,27]. The production of
biofilm in bacteria creates a physical barrier and reduces the effectiveness of treatment with
various antibiotics. Furthermore, biofilm-formation is a critical mechanism of adaptive
resistance [2]. Our results seem to confirm this observation.

Analysis of culture media revealed that the tested strains differed in amino acid
turnover patterns. Both strains used all available glutamate, aspartate, asparagine, and
pyroglutamate. However, for the susceptible strain, some of metabolites were taken from
the medium at a higher level: alanine, leucine, lysine, and methionine, while threonine,
histamine, and isoleucine were mostly utilized only by the antibiotic susceptible strain.
The common metabolite for both types of isolates is glycine which was drained from the
cultivation medium and seems to be one of the crucial nutrients. Different amino acid
utilization patterns may result from reduced expression of transport proteins. The FELLA
analysis results suggest that amino acid uptake may be interrupted. The KEGG database
includes only information regarding amino acid ABC-transporters localized in the inner
membrane [36]. These proteins are not considered antibiotic transporters; however, their
activity depends on the presence of porins transporting amino acids from the environment
into the periplasmatic space (these relations are not included in KEGG). Porins (such as
OprD) are recognized as structures necessary for antibiotic uptake. Our results suggest
that resistance of a strain to some {3-lactams may depend on the reduced expression of
porin, also resulting in reduced amino acid uptake. Elevated glycine uptake in the case of
the antibiotic-resistant strain may result from a lack of threonine absorption. To satisfy the
cell threonine demand, the antibiotic-resistant strain probably synthesizes this amino acid
from glycine [35,37]. Moreover, in P. aeruginosa enzymes required for sarcosine synthesis
from glycine were identified [38]. The different amino acid metabolism could originate for
three reasons: different protein turnover, influx—outflux equilibrium, or bacteria amino acid
biosynthesis. This last phenomenon can be caused by all the bacterial organism biochemical
machinery for proteinogenic amino acid synthesis [33,37].

In the culture medium, acetate and isobutyrate were also present. The concentration
of both compounds was higher in the case of the antibiotic-susceptible strain. These com-
pounds are products of the catabolic metabolism of amino acids. Increased concentration
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of acetate and isobutyrate may indicate more intense metabolic activity of the antibiotic
susceptible strain. The concentration of acetate in the cultivation medium showed a nega-
tive correlation with infection length in CF patients [34]. Reduced production of acetate is
considered a sign of adaptation of a pathogen to the environment in the respiratory tracts
of CF patients.

Observed metabolic differences between examined strains may result from starvation
response (SR) activation in the drug-resistant strain. SR relies on the presence of the
ppGpp molecule produced by two enzymes relA and spoT. RelA becomes active when
the cell suffers amino acid limitation. SpoT produces ppGpp in response to sugar, iron,
and fatty acid deficiency. Both proteins were identified in P. aeruginosa [15]. SR activation
influences gene expression involved in glycolysis, the TCA cycle, and the amino acid
synthesis pathway. In E. coli, expression of the majority of enzymes for amino acid synthesis
is upregulated [25]. Moreover, the expression of glyoxalate-producing enzymes is also
increased. On the other hand, expression of enzymes producing oxalacetate from succinate
is reduced. If SR mechanisms in P. aeruginosa cause a transcriptional response similar to the
one observed in E. coli, altered enzyme expression may explain the observed changes in
intracellular metabolite concentration.

4. Conclusions

The treatment of bacterial infections is a significant problem, especially when in
pathogens form biofilm structures. Despite novel pharmacotherapy restoring CFTR func-
tionality being available, CF patients still suffer from bacterial infections [39]. Therefore,
research focused on the treatment of bacterial lung infections is still needed.

Our results show that the metabolic differences between antibiotic-resistant and
antibiotic-susceptible bacteria strains may be linked with the activity of antibiotic resistance
mechanisms. Comparison of intracellular and extracellular metabolite profiles showed
differences between drug-resistant and drug-susceptible P. aeruginosa strains within the
intracellular amino acid pool. The intracellular free amino acid concentration results from
the balance between different processes: protein synthesis, uptake from the environment,
and their biosynthesis and degradation. This information may be helpful in the selection
of the most effective therapy and targets for future drugs.

5. Materials and Methods
5.1. Bacterial Strains and Culture Conditions

In this study, two P. aeruginosa strains were analyzed: PAW17 (antibiotic susceptible)
and PAW23 (antibiotic resistant). The strains were isolated from patients suffering from CF
in the Mother and Child Institute in Warsaw. For long-term storage, strains were kept as
glycerol preserved suspensions at —80 °C.

After thawing from —80 °C, the bacteria were grown on Miller’s LB Broth agar
(BioShop) overnight at 37 °C. In the next step, pre-culture was prepared. 5 mL of liquid
LB medium in a test tube was inoculated with a single colony from the agar plate and
incubated for 24 h at 37 °C with shaking (180 r.p.m.). After that, 100 mL of the culture in a
300 mL conical flask was prepared (initial ODgponm = 0.1) and incubated for 24 h under the
same conditions. The strains’ breeding for metabolomics analysis was performed without
antibiotic treatment. After 24 h of cultivation, both strains were in the stationary phase.

To collect bacterial cells the culture was centrifuged (19,000 r.c.f., 5 min, 4 °C) (sigma
3-18 KS, Polygen), and the bacterial pellet was washed with 0.9% NaCl solution. Culture
medium samples were stored at —80 °C. The bacterial pellets were lyophilized (Scanvac-
Coolsave, Labogene) and stored at —80 °C. Before extraction, each sample was weighted
in tubes (Eppendorf). The entire protocol was repeated for each strain in ten biological
repetitions. Additionally, to compare the levels of extracellular metabolites with fresh
medium, five technical repetitions of fresh LB medium samples were analyzed.
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5.2. Antibiotic Resistance

The susceptibility of P. aeruginosa strains to most antibiotics was determined by the
disc diffusion method. The bacterial suspension with a density equal to 0.5 McFarland was
inoculated with a swab on Mueller-Hinton II Agar. The following antibiotic discs were
placed on the seeded medium: amikacin (30 pg), netilmicin (10 pg), tobramycin (10 pg),
gentamicin (10 pug), ceftazidime (10 ng), cefepime (30 pg), imipenem (10 pg), meropenem
(10 pg), levofloxacin (5 pg), piperacillin (30 pg), piperacillin / tazobactam (30/6 pg), ticar-
cillin / clavulanic acid (75/10 pug) (all Emapol antibiotic discs). The cultivation was carried
out for 18 £ 2 h at 35 °C £ 1 °C under aerobic conditions. The results were interpreted
following the current recommendations of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [40].

5.3. Extraction and Samples Preparation
5.3.1. Intracellular Metabolites

20 mg of lyophilized cells were suspended in 600 uL of methanol and samples were
disrupted for 5 min in TissueLyser (Tissue Lyser II, Qiagen, Venlo, Netherlands). Then
600 uL of water was added to each sample and again vortexed for 10 min. After the
disintegration, samples were centrifuged for 10 min, at 12000 rpm at 4 °C (Micro 220R,
Hettich), and 0.9 mL of clarified upper phase was transferred into a new tube. The
extracts were evaporated in a vacuum centrifuge (WP-03, JW Electronic, United States)
(40 °C, 1500 rpm, 10 h). In the next step, 600 pL of PBS buffer (0.1 M,10% D,O, pH =7.0,
TSP = 0.3 mM) was added to each sample and mixed for 1 min and 550 pL was transferred
into NMR-tubes (SP, 5mm, Armar Chemicals, Germany) for measurements. Until the
measurements were taken, the samples were stored at 4 °C.

5.3.2. Extracellular Metabolites

After breeding, 1.5 mL medium were evaporated in a vacuum centrifuge (40 °C,
1500 rpm, 12 h). In the next step, 600 pL of PBS buffer (0.1 M (NaH;PO,4/Nap;HPOy),10%
D,0O, pH = 7.0, TSP = 0.5 mM) was added to each sample and mixed for 3 min and
550 pL was transferred into 5-mm NMR-tubes (55P, Armar Chemicals, Germany) for
measurements. Until the measurements were taken, the samples were stored at 4 °C.

5.4. TH NMR Spectroscopy Analysis of the Bacterial Metabolites

Standard 'H NMR experiments were performed on a Bruker AVANCE 11 600.58 MHz
spectrometer (Bruker, GmBH, Germany) equipped with a 5 mm TBO probe at 298 K.
All one-dimensional 'H NMR spectra were carried out using the cpmgprld (in Bruker
notation) pulse sequence by suppression of water resonance by presaturation. Acquisition
parameters were as follows: spectral width, 10 ppm; the number of scans, 128; acquisition
time, 2.72 s per scan; relaxation delay, 3.5 s; and time-domain points, 64 K. The spectra
were referenced to the TSP resonance at 0.0 ppm and manually corrected for phase and
baseline (MestReNova v. 11.0.3, Qingdao, China).

5.5. Data Processing and Multivariate Statistical Data Analysis

All spectra were exported to Matlab (Matlab R2014a, v. 8.3.0.532, Natick, MA, USA)
for preprocessing. Regions affected by solvent suppression were excluded (4.55-5.10 ppm
for intracellular analysis and 4.58-4.90 ppm for extracellular analysis) and alignment
procedures involving the correlation of optimized warping (COW) and interval correlation
shifting (icoshift) algorithms were applied [41,42]. The spectra consisted of 8910 data points
and were normalized using the probabilistic quotient method to overcome the issue of
dilution [43].

The multivariate and statistical data analysis was performed on a set of the 32 assigned
metabolites for intracellular metabolites and 27 metabolites for extracellular metabolites.
All assignments were verified using the following databases: KEGG Pathways, PubChem,
PAMDB, and ChenomX software (Chenomx Inc., Edmonton, AB, Canada). The concen-
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tration of metabolite measured by NMR was obtained as the sum of the intensities of the
no overlapping resonances (or a part of partly overlapping resonances). The input for
SIMCA-P software was a transformed data matrix (v 15.02, Umetrics, Umed, Sweden).
For additional analysis, Matlab was used. The data sets were unit variance scaled before
the chemometric analysis. For bacteria strain classification, principal component analysis
(PCA), and partial least square analysis (OPLS) were carried out. The multivariate data
visualization marked an ellipse with Hotelling’s T2 range (95%). The OPLS-DA model
reliability was tested with CV-ANOVA at the level of significance of o < 0.05. The most
important variable was discrimination between comparisons, which was selected based on
the variable importance in projection (VIP) value with a cutoff value of 1.00. Univariate
analysis was performed using MATLAB software with Student’s t-test (equal/unequal vari-
ance) for data originating from a normal distribution and using Mann-Whitney-Wilcoxon
test for data that did not meet this requirement. Normality of distribution was assessed
by the Shapiro-Wilk test. The correction for multiple comparisons was preceded by the
Benjamini-Hochberg procedure (FDR). All univariate statistics were carried out at the level
of significance of o« < 0.05.

5.6. Bioinformatics Analysis

After preprocessing, both, extra- and intracellular metabolite sets from two phenotyp-
ically different strains of Pseudomonas aeruginosa (antibiotic-resistant strain and antibiotic-
susceptible strain) were used to perform metabolic pathway enrichment in the FELLA pack-
age [26]. FELLA is an R-package (public software) available in under the GPL-3 license [44].
To perform pathways, metabolites with statistical importance and VIP value > 1.00 were
used. Firstly, KEGG-based hierarchical representations of biochemistry (knowledge graph)
were built using P. aeruginosa PAO1 (T00035, Release 97.0+/03-04, Mar 21). Later, a list
of metabolites from examined strains was separately mapped to the internal representa-
tion, creating an enriched object, and then subsequently the propagation algorithm was
run using the diffusion method (undirected heat diffusion model) to score graph nodes.
Additionally, the parametric z-score was computed using normality approximations for
statistical normalization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/1jms221910820/51. Table S1: 'H NMR signal assignments for intracellular metabolites. Table S2:
'H NMR signal assignments for extracellular metabolites. Figure S1: OPLS-DA score plot of 'H
NMR data of P. aeruginosa strains. Drug-resistant extracellular (green), drug-susceptible extracellular
(yellow), drug-resistant intracellular (blue), drug-susceptible intracellular (red). Figure S2: OPLS-
DA score plot of 1TH NMR data of intracellular metabolites of drug-resistant (blue squares) and
drug-susceptible (red circle) P. aeruginosa strains. Figure S3: OPLS-DA models for 'H NMR data
of extracellular metabolites of P. aeruginosa strains. (A) both P. aeruginosa strains with control;
(B) both P. aeruginosa strains; (C) drug-resistant P. aeruginosa strain with control; (D) drug-susceptible
P. aeruginosa strain with control. (drug-resistant extracellular (green squares), drug- susceptible
extracellular (yellow circle), control—LB medium (gray triangles)). Figure S4: PCA model plots and
corresponding loading plot for 'H NMR data of extracellular metabolites of P. aeruginosa strains.
(A) drug-resistant P. aeruginosa strain with control (the first and second principal component (PC)
accounted respectively for 67.6% and 11.8% of the total variance in the data (R2X = 0.864)); (B) drug-
susceptible P. aeruginosa strain with control (the first and second principal component (PC) accounted
respectively for 69.9% and 14.5% of the total variance in the data (R2X = 0.845)), (drug-resistant
extracellular (green squares), drug- susceptible extracellular (yellow circle), control—LB medium
(gray triangles)). File S1: Interactive version of results of the node prioritization by FELLA in the
Pseudomonas aeruginosa strain (intracellular analysis). File S2: Interactive version of results of the
node prioritization by FELLA in the Pseudomonas aeruginosa strain (extracellular analysis).
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Supporting information

Table S1. "H NMR signal assignments for intracellular metabolites.

Lp. Metabolites KEGG Chemical shift
number [ppm]
1. 5-aminopentanoate C00431 2.20 (t)
2. Acetate C00033 1.90 (s)
3. Adenine C00147 8.20 (d)
4. Alanine C00133 1.50 (d)
5. AMP C00360 8.60 (s)
6. Aspartate C00049 2.70 (dd)
7. Betaine C00719 3.30 (s)
8. Ethanol C00469 1.20 (t)
9. Formate C00058 8.40 (s)
10. Glucose C00031 5.20 (d)
11. Glutamate C00025 2.30 (m)
12. Glycine C00037 3.60 (s)
13. Histamine C00263 7.10 (s)
14. Histidine C00135 7.90 (s)
15. Homoserine C00065 2.00 (m)
16. Isobutyrate C06001 1.10 (d)
17. Isocitrate C00311 2.60 (m)
18. Isoleucine C00407 1.00 (d)
19. Lactate C00256 1.30 (d)
20. Leucine C00123 0.90 (t)
21. Methionine C00073 2.10 (s)
22. NAD+ C00003 9.30 (s)
23. Oxypurinol C07599 8.20 (s)
24. Phenylalanine C00079 7.40 (t)
25. Pyruvate C00022 2.40 (s)
26. Sarcosine C00213 2.70 (s)
27. Succinate C00042 2.40 (s)
28. Threonine C00188 3.60 (d)
29. Tyrosine C00082 7.20 (d)
30. UMP C00105 8.10 (m)
31. Uracil C00106 5.80 (d)
32. Valine C00183 1.00 (d)
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Table S2. 'TH NMR signal assignments for extracellular metabolites.

Lp. Metabolites KEGG Chemical shift
number [ppm]
1. 6-Hydroxynicotinate C01020 8.10 (m)
2. Acetate C00033 1.90 (s)
3. Alanine C00133 1.50 (d)
4. Betaine C00719 3.30 (s)
5. Formate C00058 8.40 (s)
6. Glycine C00037 3.60 (s)
7. Histamine C00263 8.00 (s)
8. Histidine C00135 8.05 (s)
9. Imidazole C05568 8.20 (s)
10. Isobutyrate C06001 1.10 (d)
11. Isoleucine C00407 1.00 (d)
12. Leucine C00123 0.95 (t)
13. Lysine C00047 1.70 (m)
14. Methanol C00132 3.40 (s)
15. Methionine C00073 2.10 (s)
16. Oxypurinol C07599 8.25 (s)
17. Phenylalanine C00079 7.40 (m)
18. Pyruvate C00022 240 (s)
19. Threonine C00188 3.60 (d)
20. Trehalose C00689 5.20 (d)
21. Tryptophan C00078 7.70 (d)
22. Tyrosine C00082 6.90 (dd)
23. Valine C00183 1.05 (d)
24. Glutamate C00025 2.28 (m)
25. Aspartate C00049 2.82 (dd)
26. Asparagine C00152 2.99 (dd)
27. Pyroglutamate C01879 2.45 (m)
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Figure S1. OPLS-DA score plot of 'H NMR data of P. aeruginosa strains. (drug-resistance extracellular (green),
drug-susceptible extracellular (yellow), drug-resistance intracellular (blue), drug-susceptible intracellular (red)).
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Figure S2. OPLS-DA score plot of '"H NMR data of intracellular metabolites of drug-resistance (blue squares)
and drug-susceptible (red circle) P. aeruginosa strains.
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drug- susceptible extracellular (yellow circle), control — LB medium (gray triangles))
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Fig S4. PCA model plots and corresponding loading plot for 'H NMR data of extracellular metabolites of
P. aeruginosa strains.(A) drug-resistance P. aeruginosa strain with control (the first and second principal
component (PC) accounted respectively for 67.6 % and 11.8 % of the total variance in the data (R2X = 0.864, three
PC’s)); (B) drug-susceptible P. aeruginosa strain with control (the first and second principal component (PC)
accounted respectively for 69.9 % and 14.5 % of the total variance in the data (R2X = 0.845, two PC’s)).
(drug-resistance extracellular (green squares), drug- susceptible extracellular (yellow circle), control — LB
medium (gray triangles))
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6. Podsumowanie i wnioski

Metabolomika jest dziedzing nauki, ktora pozwala na scharakteryzowanie szlakow
biochemicznych drobnoustrojow i dostarcza informacji o aktualnym stanie komorki. Cecha ta
sprawia, ze badania prowadzone w tym kierunku okreslaja réznice pomiedzy probkami na tym
poziomie molekularnym. W przedstawionej rozprawie doktorskiej skupiono si¢ na bakterii
Pseudomonas aeruginosa, ktorej szczepy z jednej strony powszechnie bytuja w $rodowisku
naturalnym, z drugiej stanowig niebezpieczny patogen oportunistyczny cztowieka. Analiza
metabolomiczna tego drobnoustroju dostarcza informacji o potencjalnych biomarkerach jego
zjadliwosci i mozliwos$ci adaptacyjnych.

Przeprowadzone badania pozwolity na zrealizowanie zamierzonych celow

I wyciagnigcie nastepujacych wnioskow:

1. Metoda dezintegracji jest waznym elementem przygotowania probek do analiz i ma
wpltyw na efektywnos¢ ekstrakcji, a co za tym idzie, powinna by¢ dobrana do
konkretnego eksperymentu. Roznice te wynikaja najprawdopodobniej z rézniej budowy

$ciany komorkowej mikroorganizmu.

2. Profil metabolomiczny uzyskany przy pomocy *H NMR jest wystarczajacy do
rozrozniania i identyfikacji réznych rodzajéw drobnoustrojow, ale réwniez szczepow
tego samego gatunku, co wskazuje na potencjal tej metody analitycznej w badaniach

przesiewowych mikroorganizmow.

3. Badania potwierdzaja, ze szczepy P. aeruginosa pochodzace z od pacjentéw chorych na
mukowiscydozg maja inny profil metaboliczny niz szczepy izolowane ze $rodowiska
naturalnego i mogg by¢ rozrézniane przy pomocy H NMR. Wyzsze stezenia
metabolitbw w szczepach pochodzacych od pacjentéw $wiadcza o zwigkszonej

intensywnosci przemian aminokwasow i zmniejszonej intensywnosci cyklu TCA.

4. Analizy szczepéw P. aeruginosa posiadajace odmienne cechy wrazliwosci na
antybiotyki posiadaja rézne profile metaboliczne zaro6wno wewnatrz- jak
i zewnatrzkomorkowe. Zmiany dotyczg szczegdlnie Sciezek syntezy/degradacji

aminokwasow, transporterow ABC oraz cyklu TCA.

5. Uzyskane wyniki badan stanowig kierunek przysztych badan, ktére powinny dostarczy¢
jeszcze bardziej szczegoétowych informacji o zmianach w niskoczasteczkowych

zwiazkach szczepow P. aeruginosa opornych na antybiotyki.
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