UNIWERSYTET
MEDYCZNY
W tODZI

Regulacja ekspresji genu zwiazanego z biosynteza prekursora tanszinonow

u Szalwii czerwonokorzeniowej (Salvia miltiorrhiza)

mgr Malgorzata Majewska

Rozprawa doktorska w oparciu o cykl publikacji naukowych

Promotor: prof. UM dr hab. n. farm. Lukasz Kuzma

Promotor pomocniczy: dr n. biol. Piotr Szymczyk
Zaktad Biologii i Botaniki Farmaceutycznej

Wydziat Farmaceutyczny
Uniwersytet Medyczny w Lodzi

1.6dz 2023



Sktadam najserdeczniejsze podziekowania:

prof. UM dr hab. Lukaszowi KuZmie oraz dr Piotrowi Sgymczykowi
za nieoceniong pomoc naukowq, zaufanie, wyrozumiatosc i zyczliwosc,

ktorych doswiadczatam na kazdym etapie powstawania tej pracy

Wspotautorom publikacji bedgcych podstawq niniejszej rozprawy doktorskiej

za zaangazowanie i owocng wspotprace

Marcinowi

za wsparcie, cenne rady i motywacje, dzieki ktorym ta droga byta tatwiejsza



Spis tresci

Spis tresci

WyKaz SKrotOw 1 aKIronimMOW.............cc.oooiiiiiiiiiiiii et e et e s raeeabeeesbaeeeeeas 5
) B L] 1< 1 SRS 7
2 O B 1) ¢ T TSRS 14
3. Materialy i MELOAY ........ccooiiiiiiiieeeee e e et e e e e ta e e tbe e eraeesabaeenes 15
3.1. Zalozenie hodOWL S. MEIEIOFTIZA ......c..coueeeiieiiiiiiiiiieee et 15
3.2. Izolacja sekwencji promotora HMGR4 S. MIltIOFTRIZA .........oocveeceeeeiieniesieeieeie e 15
3.3. Analizy in silico sekwencji promotora HMGR4 S. MiltiOrrRiza ..........cceeeeeeeveecveciveceesienrenvennnns 15
3.4. Poréwnanie TFs wykrytych in silico z TFs potwierdzonymi do§wiadczalnie..........c..ccceevvveneeeneen. 15
3.5. Poréwnanie sekwencji promotordw HMGR S. miltiOrrRiza.............ccuevvveveeevceeeceecieeieeeenieennenenes 16
3.6. Ocena konserwatywnosci roslinnych promotorOW HMGR ..........c.ccccvveveevceeecieecieeieeneeseeseenae s 16
3.7. Oznaczenie specyficznej dla typu organu roslinnego ekspresji genu HMGR4 S. miltiorrhiza....... 16

3.8. Wybdr regulatorow ekspresji genu HMGR4 S. miltiorrhiza i traktowanie materiatu roslinnego .. 17

3.9. Przygotowanie konstruktu nadekspresyjnego pRI201-AN-HMGRA4, uzyskanie hodowli

transformantdw S. miltiorrhiza i traktowanie materiatu roSIiNNEgO ........cceevvvevvveeiieviienieieeeieene. 17
3.10. Analiza StatyStyczna WYNTKOW .......cccueeiiiiiiiiieiiiieeiee et esieeeiteesreeeeeeesaeesvaeessseesssaeesseessseeenseas 18
4. Kluczowe wyniki, dysKusja i WnioSKi ..............cccoooiiiiiiiiiiii e 19
4.1. Analizy in silico sekwencji promotora HMGR4 S. MiltiorrRiza ...........cceeeuveevveervevieeiienreereeneenn, 19
4.2. Porownanie TFs wykrytych in silico z TFs potwierdzonymi doswiadczalnie ...........ccccveevvennnnnn. 20
4.3. Poréwnanie sekwencji promotorOw HMGR S. MiltiorrRiza..............oceceveccveeeciieiiieecie e 21
4.4. Ocena konserwatywnosci ro§linnych promotorow HMGR ...........c.c.cccveevveecviecieeiieiiesie e e, 21
4.5. Oznaczenie specyficznej dla typu organu roslinnego ekspresji genu HMGR4 S. miltiorrhiza...... 22
4.6. Wptyw GA;, IAA, SA na ekspresje genu HMGR4 S. MiltiorrRiza ..........cccueeeevveccveeecieeeieeeveeene, 22
4.7. Wptyw transformacji konstruktem pRI201-AN-HMGR4 na ekspresje genu HMGR4

S TIIIOFTIIZA ..ottt ettt et ettt e s e s st e ess e esse e teesseessaessseanseenseenseesnsennsas 23
4.8. Wplyw nadekspresji genu HMGR4 na biosyntezg tanszinonéw w gatunku S. miltiorrhiza .......... 23
4.9. Wplyw GA; oraz IAA na biosyntezg tanszinonow w transformantach S. miltiorrhiza ................. 23

4.10. Zalezna od typu organu roslinnego biosynteza tanszinonéw w transformantach S. miltiorrhiza 24

4.11. Wptyw $rodowiska wzrostu na biosyntezg tanszinonéw w transformantach S. miltiorrhiza....... 25
5. Whnioski koncowe oraz koncepcja dalszych badan...............cccccooovevviiniiniiiniinieeee e, 26
6. PISIHEIIECEWO ..ottt ettt b et e st bt et e b et e e 27
To SEF@SZCZEIME ...ttt ettt sttt et et esb e bt sat e st e sab e e bt e beenbeenaees 36
TN 10111111 o OSSR PPSRP 38

,Bukaryotic and prokaryotic promoter databases as valuable tools in exploring the regulation of gene

transcription: a comprehensive overview” (Publikacja I)..........c.coccooveviiiiiiiiiiiiceee e, 40



Spis tresci

»Isolation and comprehensive in silico characterisation of a new 3-hydroxy-3-methylglutaryl-coenzyme

A reductase 4 (HMGR4) gene promoter from Salvia miltiorrhiza: comparative analyses of plant

HMGR promoters” (PUDHKACHa I1) .........cccooiiiiiiiiiiiciicieeieese ettt essaeseensee s 52
,»Lhe expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme A

reductase 4 gene and its influence on the biosynthesis of tanshinones” (Publikacja III) ................... 87
DOrobek NAUKOWY .......occuiiiiiiiiiiie ettt ettt e sb e st e s nteesbee e sbeesnseesneeesnseeans 114
Publikacje bedace podstawg rozprawy dOKLOTSKIE] ........covirviieiiiiiiiiiieciieciiecie ettt 114
Pozostaly dOrobek NAUKOWY .........ccviiiiiiiciiciecccce ettt et et e ve e tr et e s tbesebeesbeesbeaveens 114
Oswiadczenie autora rozprawy doKtorsKiej .............occcoeveviiiiiiiriiiiiiieeece e 117

Oswiadczenia wspélautoréw publikacji wchodzacych w sklad rozprawy doktorskieji............... 118



Wykaz skrotow i akronimow

Wykaz skrotow i akronimow

5'UTR
BRE

CT
DHTI
DMAPP
DPE
DXS

EEC
GA;
GGPP
GGPPS

GTFs
HMGR

HPLC

IAA
Inr
IPP
IUPAC

MEP
MS
MVA
NLS
PCR
PFM
PIC
PRS
PWM

(ang. 5" untranslated region) — region 5" niepodlegajacy translacji

(ang. TFIIB recognition element) — element rozpoznajacy czynnik TFIIB

(ang. cryptotanshinone) — kryptotanszinon

(ang. dihydrotanshinone I) — dihydrotanszinon I

(ang. dimethylallyl pyrophosphate) — pirofosforan dimetyloallilu

(ang. downstream promoter element) — dalszy element promotora

(ang. 1-deoxy-D-xylulose-5-phosphate synthase) — syntaza 5-fosforanu 1-deoksy-D-
ksylulozy

(ang. early elongation complex) — wezesny kompleks elongacyjny

(ang. gibberellic acid) — kwas giberelinowy

(ang. geranylgeranyl pyrophosphate) — pirofosforan geranylogeranylu

(ang. geranylgeranyl pyrophosphate synthase) — syntaza pirofosforanu
geranylogeranylu

(ang. general transcription factors) — ogolne czynniki transkrypcyjne

(ang. 3-hydroxy-3-methylglutaryl-coenzyme A reductase) — reduktaza 3-hydroksy-3-
metyloglutarylokoenzymu A

(ang. high performance liquid chromatography) — wysokosprawna chromatografia
cieczowa

(ang. indole-3-acetic acid) — kwas indolilo-3-octowy

(ang. initiator element) — element inicjujacy

(ang. isopentenyl pyrophosphate) — pirofosforan izopentenylu

(ang. International Union of Pure and Applied Chemistry) — Migdzynarodowa Unia
Chemii Czystej 1 Stosowane;j

(ang. methylerythritol phosphate) — fosforan metyloerytrytolu

(ang. Murashige and Skoog)

(ang. mevalonic acid) — kwas mewalonowy

(ang. nuclear localisation signal) — sygnat lokalizacji jadrowe;j

(ang. polymerase chain reaction) — reakcja tancuchowa polimerazy

(ang. position frequency matrix) — macierz czgstosci pozycji

(ang. preinitiation complex) — kompleks reinicjacyjny

(ang. pyrimidine-rich sequence) — sekwencja bogata w pirymidyny

(ang. position weight matrix) — macierz wag pozycji
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RT-qPCR (ang. real-time quantitative polymerase chain reaction) — ilosciowa reakcja

SA
sRNA
TI

TIHA
TAFs
TF(s)
TFBS(s)

TSS
UHPLC

tancuchowa polimerazy w czasie rzeczywistym

(ang. salicylic acid) — kwas salicylowy

(ang. small RNA) — mate RNA

(ang. tanshinone I) — tanszinon |

(ang. tanshinone I1A) — tanszinon 1A

(ang. TBP-associated factors) — biatka zwigzane z TBP

(ang. transcription factor(s)) — czynnik(i) transkrypcyjny(e)

(ang. transcription factor binding site(s)) — miejsce(a) wigzania czynnika(ow)
transkrypcyjnego(ych)

(ang. transcription start site) — miejsce startu transkrypcji

(ang. ultra high performance liquid chromatography) — ultrawysokosprawna

chromatografia cieczowa
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1. Wstep

Salvia miltiorrhiza Bunge, zwana roéwniez Szalwiag chinska lub Szatwia czerwona, to roslina
wieloletnia nalezaca do rodzaju Salvia (szalwia) i rodziny Lamiaceae (jasnotowate) [1]. Rosnie
ona w co najmniej dziewig¢tnastu prowincjach Chin, a takze w Mongolii, Korei, Wietnamie,
Japonii 1 Australii. Preferuje stanowiska stoneczne i wilgotne potozone na wysokosci od 100 do
1300 m n.p.m. z gleba o pH obojetnym, lekko kwasnym lub lekko zasadowym. S. miltiorrhiza
uzywana jest jako modelowy przedstawiciel roslin leczniczych. Zawdzigcza to ona krotkiemu
cyklowi zycia, tatwosci rozmnazania, niewymagajacej uprawie, mozliwosci hodowli
w warunkach in vitro, a takze stosunkowo malemu rozmiarowi genomu (okoto 600 Mb). Pierwsze
wzmianki na temat tego gatunku pochodza z najstarszej chinskiej monografii medycznej pt. ,,Shen
Nong’s Classic of the Materia Medica” napisanej okoto II w. p.n.e., a nastepne z kolejnych tego
typu starozytnych dziet. Obecnie jest jedna z najpopularniejszych roslin tradycyjnej medycyny
chinskiej. Jej wysuszony korzen, zwany Danshen lub Tanshen, stosowany jest samodzielnie lub
w potaczeniu z innymi ziotami w leczeniu m.in.: chorob ukladu krazenia, zaburzen
miesigczkowania, bezsenno$ci [2,3]. Whasciwosci lecznicze tej rosliny wynikajg ze zdolnosci do
biosyntezy ponad dwustu substancji bioaktywnych, gtownie typu diterpenoidow (w tym
tanszinondéw) i kwasoéw fenolowych, a takze triterpenoidow, flawonoidow, olejkdéw eterycznych
1innych [1,4].

Tanszinony to grupa zwigzkow obejmujaca abietanowe nor-diterpenoidowe chinony [5].
Dotychczas wyizolowano z S. miltiorrhiza kilkadziesigt tanszinonow [4], sposrod ktorych
najlepiej przebadano dihydrotanszinon I (ang. dihydrotanshinone I, DHTI), kryptotanszinon (ang.
cryptotanshinone, CT), tanszinon I (ang. tanshinone I, TI) i tanszinon IIA (ang. tanshinone IIA,
THA). Wedlug przeprowadzonych badan tanszinony zapewniaja ochron¢ dla uktadu sercowo-
naczyniowego [6,7], reguluja metabolizm [8], zapobiegajg chorobom uktadu nerwowego [9],
osteoporozie [10] i nowotworom [11], a takze wykazuja wlasciwosci przeciwzapalne [12],
antyoksydacyjne [13], fitoestrogenne [14] i1 przeciwbakteryjne [15]. Tanszinony gromadza si¢
gloéwnie w perydermie korzenia, jednakze nawet tam ich zawarto$¢ jest bardzo niska i nie
zaspokaja ciggle rosngcego na nie zapotrzebowania [1,16,17]. Stad konieczne wydaje si¢
opracowanie metod poprawiajagcych wydajnosc¢ ich biosyntezy.

Analiza poroéwnawcza wynikow wysokoprzepustowych badan omicznych (genom,
transkryptom, proteom, metabolom) oraz funkcjonalna charakterystyka in vitro 1 in vivo
uzyskanych kandydatéw genéw umozliwity poznanie szlaku biosyntezy tanszinonow w gatunku
S. miltiorrhiza [5,18]. Szlak ten mozna podzieli¢ na trzy gtowne etapy. Punktem wyjscia jest

tworzenie prekursoréw terpenoidow, czyli pirofosforanu izopentenylu (ang. isopentenyl
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pyrophosphate, IPP) i pirofosforanu dimetyloallilu (ang. dimethylallyl pyrophosphate, DMAPP)
w szlaku kwasu mewalonowego (ang. mevalonic acid, MVA) w cytoplazmie i w szlaku fosforanu
metyloerytrytolu (ang. methylerythritol phosphate, MEP) w plastydach [5,19]. Nastepnie
w wyniku kondensacji DMAPP z IPP powstaje pirofosforan geranylogeranylu (ang.
geranylgeranyl pyrophosphate, GGPP), kluczowy prekursor szkieletu weglowego diterpenoidow
[5,20]. Ostatni etap to modyfikacje strukturalne. Cyklizacja 1 defosforylacja GGPP prowadza do
powstania miltiradienu, z ktorego w wyniku reakcji takich jak utlenianie, hydroksylacja,
dekarboksylacja syntetyzowane sg biologicznie aktywne tanszinony [5,19]. Reakcje z opisanego
powyzej szlaku sa katalizowane przez specyficzne enzymy wykazujace w wigkszosci niska
homologi¢ z enzymami innych gatunkoéw ro$lin [5]. Wyniki przeprowadzonych badan wskazuja,
ze reduktaza 3-hydroksy-3-metyloglutarylokoenzymu A (ang. 3-hydroxy-3-methylglutaryl-
coenzyme A reductase, HMGR) ze szlaku MVA, syntaza 5-fosforanu 1-deoksy-D-ksylulozy (ang.
1-deoxy-D-xylulose-5-phosphate synthase, DXS) ze szlaku MEP oraz syntaza pirofosforanu
geranylogeranylu (ang. geranylgeranyl pyrophosphate synthase, GGPPS) to kluczowe enzymy
ograniczajace tempo biosyntezy tanszinonow [5,21].

HMGR katalizuje konwersje 3-hydroksy-3-metyloglutarylokoenzymu A do MVA,
prekursora wielu istotnych zwiazkow izoprenoidowych dziatajacych w komorkach roslinnych
[22,23]. Fundamentalng rol¢ jaka HMGR pelni w metabolizmie roslin podkresla precyzyjna
regulacja jego funkcji na etapie transkrypcji, translacji, obrobki potranskrypcyjnej
1 potranslacyjnej [24,25]. Do chwili obecnej zidentyfikowano i zdeponowano w bazie danych
GenBank pig¢ sekwencji genow HMGR S. miltiorrhiza (HMGR-HMGR4) [26-28]. HMGR
(EU680958.1) i HMGR2 (FJ747636.1) przebadano dotad najszerzej i to zaro6wno pod katem
strukturalnym, jak i funkcjonalnym [21,26,28-30]. Pozostate geny HMGR nie zostaty jak dotad
wystarczajaco zbadane, w szczegolnosci dotyczy to HMGR4 (JN831103.1).

W celu zapewnienia prawidlowego funkcjonowania poszczegélnych typow komorek,
zgodnie z ich wymaganiami fizjologicznymi czy warunkami srodowiska zewngtrznego, konieczna
jest regulacja aktywnosci genow. Regulacja ta odbywa si¢ na poziomie epigenetyki, transkrypcji,
obrobki RNA, translacji oraz potranslacyjnej modyfikacji biatek. Zrozumienie tych
skomplikowanych proceséw stanowi obecnie jedno z palacych zagadnien biologii molekularne;j.
U ro$lin kluczowym etapem tej regulacji jest transkrypcja, czyli przepisywanie informacji
zawartej w DNA na RNA [31]. Wskazuje na to chociazby wysoki odsetek genoéw
zaangazowanych w ten proces (15% dla chromosomu czwartego Arabidopis thaliana) [32].

Aby transkrypcja mogta zosta¢ zapoczatkowana konieczne sg takie zmiany w strukturze
chromatyny, ktore sprawig ze promotor i sekwencja kodujaca beda bardziej dostgpne dla

czynnikow transkrypcyjnych (ang. transcription factors, TFs) i polimerazy RNA. Zalicza si¢ do
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nich acetylacje histonéw, usuwanie grup metylowych, aktywnos$¢ bialek przebudowujacych
chromatyne czy zaangazowanych w demontaz i ponowny montaz nukleosomoéw [33]. Podczas
inicjacji transkrypcji genow kodujacych biatko ma miejsce formowanie kompleksu
preinicjacyjnego (ang. preinitiation complex, PIC) =zlozonego z ogolnych czynnikow
transkrypcyjnych (ang. general transcription factors, GTFs) i polimerazy RNA II. Czynnik TFIID
wigze si¢ poprzez podjednostk¢ biatka TBP (ang. TATA box-binding protein) do sekwencji
TATA box promotora genu, a pozostate biatka zwigzane z TBP (ang. TBP-associated factors,
TAFs) zaczynaja oddziatywa¢ z sekwencja DNA polozona ponizej miejsca startu transkrypcji
(ang. transcription start site, TSS). Nast¢pnie przytaczone zostaja czynniki TFIIA 1 TFIIB, co
umozliwia rekrutacje kompleksu nieufosforylowanej polimerazy RNA Il z TFIIF oraz dofaczenie
TFIE i TFIIH. Czynnik TFIIH fosforyluje C-koncowa domen¢ CTD polimerazy RNA 1II oraz
wykazuje aktywnos$¢ helikazy, prowadzac do powstania aktywnego kompleksu transkrypcyjnego
[34]. Opisany powyzej sposob montowania PIC nosi nazwe sekwencyjnego. Po zsyntetyzowaniu
RNA o dhugosci okoto 30 nt nastgpuje pierwsze zatrzymanie polimerazy RNA II oraz odtaczenie
enzymu od promotora i czg¢sci elementow maszynerii transkrypcyjnej. Prowadzi to ostatecznie do
stabilnego zwigzania si¢ polimerazy RNA II z powstajacym pre-mRNA i uformowania
wczesnego kompleksu elongacyjnego (ang. early elongation complex, EEC) [33,35]. EEC
podlega cigglym kontrolom zanim stanie si¢ w pelni funkcjonalny. Ma to miejsce szczegodlnie
przed gtownym etapem elongacji, kiedy nastepuje ponowne zatrzymanie polimerazy RNA II
i sprawdzenie czy jest ona przygotowana do nadchodzacego etapu [33]. Po odlaczeniu si¢
negatywnych czynnikdéw elongacji 1 przylaczeniu pozytywnych enzym odzyskuje aktywnos$c,
a tancuch pre-mRNA ulega dalszemu wydtuzaniu [33]. Na tym etapie ma miejsce dodanie
czapeczki guanylowej (7-metyloguanozyny) do konca 5° transkryptu, co zabezpiecza mRNA
przed dziataniem egzonukleaz i promuje translacje [36]. Za sprawa spliceosomu dochodzi do
usuwania intronéw z pierwotnego transkryptu i lgczenia eksonéw w procesie splicingu [37].
Stabilnos¢ mRNA 1 wydajnos¢ translacji zwigksza dodanie do konca 3° transkryptu ogonka
poli(A) sktadajacego si¢ z nukleotydow adeninowych [38]. Tak utworzony mRNA laczy si¢
z biatkami i transportowany jest do cytoplazmy w celu translacji.

Jak wynika z przebiegu transkrypcji, w inicjacji 1 regulacji tego procesu niezwykle istotna
role petni sekwencja DNA zlokalizowana powyzej czgsci kodujacej genu zwana promotorem.
Budowa promotora dostarcza wielu cennych informacji na temat regulacji aktywnosci
kontrolowanego genu. W strukturze promotoréw roslinnych wyréznia si¢ czg$¢ rdzeniowg (tzw.
minimalny promotor), blizszg i dalsza [39]. Cze$¢ rdzeniowa moze zawiera¢ sekwencje TATA
box, element inicjujacy (ang. initiator element, Inr) czy element rozpoznajacy czynnik TFIIB

(ang. TFIIB recognition element, BRE). Kazdy z tych motywow petni okreslone funkcje zwigzane
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z procesem inicjacji transkrypcji. Kaseta TATA byla pierwszym rdzeniowym elementem
promotora zidentyfikowanym w eukariotycznych genach kodujacych biatka [40]. Jest ona
zlokalizowana w obszarze od —25 do —39 nt od TSS i1 wigze biatko TBP [41]. Poczatkowo
sadzono, ze sekwencja TATA jest niezbedna do inicjacji transkrypcji 1 co za tym idzie wystgpuje
w promotorach wszystkich organizméw eukariotycznych. Jednakze wraz z rozwojem genomiki
wykazano, ze obecna jest ona tylko u czgsci promotoréw. U roslin potwierdzono jej
wystepowanie u 29% promotorow A. thaliana [42] 1 u 19% promotoréw ryzu [43]. Inr otacza TSS
lub znajduje si¢ w jego poblizu. Jest on pod wzgledem funkcjonalnym podobny do TATA box
imoze z nim wspoldziata¢ podczas inicjacji transkrypcji. W przypadku promotoréw
nieposiadajacych kasety TATA to Inr kontroluje inicjacj¢ transkrypcji, a w niektorych
przypadkach funkcje pomocnicze peilni rowniez dalszy element promotora (ang. downstream
promoter element, DPE) [44]. DPE zlokalizowany jest w obszarze od +28 do +32 nt od TSS
1 odpowiada za wigzanie czynnika TFIID do promotora [40]. Z kolei BRE potozony jest tuz przed
TATA box 1 wigze czynnik TFIIB [40]. Co ciekawe, promotory pozbawione wszystkich
opisanych powyzej motywow rowniez okazujg si¢ by¢ funkcjonalne [35]. Na odcinku blizszym
promotora, obejmujacym kilkaset pz w gore od rdzeniowej czgsci, rozlokowane sg
kilkunukleotydowe specyficzne motywy niekodujacego DNA (ang. transcription factor binding
sites, TFBSs) rozpoznawane przez TFs funkcjonujgce jako aktywatory lub represory transkrypcji
[45]. Z kolei w czgsci dalszej promotora, znajdujacej si¢ w odleglosci setek, tysiecy a nawet
miliondow pz od czgsci blizszej, umiejscowione s3 elementy regulatorowe nazywane
wzmacniaczami 1 wyciszaczami. Regulatory te przy udziale wiazacych si¢ do nich TFs
poprawiaja lub hamujg tempo transkrypcji poprzez bezposrednie lub posrednie (z udziatem
kompleksu mediatora) oddzialywanie z aparatem transkrypcyjnym [46,47]. Takie przekazywanie
sygnaldow miedzy wzmacniaczem lub wyciszaczem a promotorem rdzeniowym jest mozliwe
dzieki fizycznemu zblizeniu tych regiondw poprzez tworzenie petli DNA [48].

Do tej pory zidentyfikowano u roslin kilka tysiecy TFs (ponad 2300 u Arabidopsis 1 ponad
5600 u Glycine max) [49]. Cze$¢ TFs jest konstytutywna, jak GTFs oddziatujace z promotorem
rdzeniowym, podczas gdy inne sa specyficzne dla typu komorki, stadium rozwoju lub ulegaja
indukcji przez sygnaly zewngetrzne i wewngtrzne, np. stres oksydacyjny, hormony, $wiatlo, zimno,
upal, susze, warunki beztlenowe, zranienie, patogeny [50]. Aktywowane TFs wigzg si¢ nastgpnie
do sekwencji okreslonych promotorow, regulujac w ten sposob ekspresje szeregu genow.
Wiekszos¢ TFs jest wyposazona w sygnat lokalizacji jadrowej (ang. nuclear localisation signal,
NLS), domeng wigzacag DNA, domene oligomeryzacji i domen¢ efektorowa. NLS to sekwencja
aminokwasowa bogata w dodatnio natadowane lizyny i argininy, ktora znakuje TF w celu jego

importu do jadra komorkowego. U roslin sygnaty te roznig si¢ sekwencja, organizacja i liczba,
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aniektore TFs w ogodle ich nie posiadajg [51]. Domena wigzaca DNA zawiera reszty
aminokwasowe, ktore specyficznie kontaktuja si¢ z zasadami sekwencji promotora (TFBSs).
Wigzanie TF z promotorem wzmacniaja niespecyficzne oddzialywania kolejnych reszt
aminokwasowych z grupg fosforanowa lub deoksyryboza [51]. Budowa domeny wigzacej DNA
decyduje o podziale TFs na rodziny i wskazuje na ich funkcje [52]. Niektore TFs dziataja
samodzielnie, podczas gdy inne, celem zwigkszenia swoisto$ci 1 powinowactwa wigzania z DNA
oraz dla precyzyjniejszej kontroli ekspresji genéw, tworza dimery lub struktury wyzszego rzedu
(oligomery). Jest to mozliwe dzigki domenie oligomeryzacji [51]. Struktury te moga powstawac
z potaczenia identycznych biatek lub z polaczenia réznych biatek, zwykle z tej samej rodziny.
Warto tutaj doda¢, ze pojedynczy TF moze taczy¢ si¢ z wieloma roznymi TFs, tworzac w ten
sposob kompleksy o odmiennych wiasciwosciach i funkcjach. O tym jaki kompleks zostanie
utworzony decyduje st¢zenie poszczegdlnych monomeréw w komorce, ich modyfikacje
potranslacyjne, a takze powinowactwo wigzania z innymi monomerami [53]. Czg¢$¢ TFs
tworzacych takie struktury zachowuje zdolno$¢ do samodzielnego wigzania si¢ z DNA, podczas
gdy inne bezwzglednie wymagaja obecnosci bialkowego partnera [45]. W ostatnich latach
dowiedziono, ze niektore TFs nie lacza si¢ ze soba bezposrednio, a jedynie poprzez reszte
biatkowa w miejscu wigzania si¢ z DNA [54]. Domena efektorowa, a przez to TF ktory ja
posiada, posredniczy w aktywacji lub represji genu [55]. Aktywatory oddziatujac z kompleksem
inicjacji transkrypcji utatwiajg jego sktadanie i poprawiajg stabilnos¢, a takze rekrutujg enzymy
rozluzniajace strukture nukleosomow, dzigki czemu staje si¢ ona dostgpna dla TFs. Z kolei
represory oddziatujagc z aktywatorami blokuja ich domene¢ efektorowa lub tworza kompleksy
biatkowe niezdolne do ich zwigzania si¢ z DNA. Represory wigza si¢ réwniez z motywami
rozpoznawanymi przez aktywatory czy z kompleksem inicjacji transkrypcji zmniejszajac jego
aktywno$¢, a takze przyciagaja enzymy zwigkszajace upakowanie nukleosomoéw [45,56]. Dany
TF moze funkcjonowac jako aktywator lub represor zaleznie od dostepnych TFBSs i TFs [56].

mikroRNA (miRNA) to krotkie, jednoniciowe, niekodujgce czagsteczki RNA znane gléwnie
jako potranskrypcyjne 1 translacyjne inhibitory. Przecinaja one nici mRNA 1 destabilizujg je
poprzez skrocenie ogonka poli(A) oraz redukuja wydajnos¢ translacji [57,58]. Badania
przeprowadzone u ludzi i A. thaliana wykazaly, ze miRNA mogg réwniez rozpoznawac
specyficzne motywy w sekwencji promotorow i w ten sposob bra¢ udziat w regulacji ekspres;ji
genow na poziomie transkrypcji [59-62].

Oddziatywania typu TF—promotor, miRNA—promotor i TF—TF tworza na poziomie catego
organizmu skomplikowang sie¢ zalezno$ci. Decyduja one o ekspresji konkretnego genu we

wlasciwym miejscu, momencie i na wymaganym poziomie, a co za tym idzie stoja na strazy
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procesOw zachodzacych w komorkach [46]. Dlatego tez badanie TFs, miRNA 1 miejsc ich
wigzania dostarcza niezwykle cennych informacji dla zrozumienia regulacji ekspresji genow.

Obecnie badanie sekwencji promotorow opiera si¢ w znacznej mierze na analizach in silico.
Wzrost mocy obliczeniowej komputerdw, obnizenie kosztow przechowywania danych 1 szybki
przyrost liczby kompletnych sekwencji genomowych zaowocowat w ostatnich latach stworzeniem
licznych, czesto publicznych baz danych 1 narzedzi opartych na algorytmach znajdujacych
zastosowanie w takich badaniach (Publikacja 1) [63]. Wykorzystanie baz danych i narze¢dzi
pozwala na przyspieszenie tempa badan, obnizenie ich kosztow oraz stanowi doskonaty wstep do
prac eksperymentalnych. Do tej pory opracowano wiele programéw roznigcych si¢ zatozeniami
1 sposobem dziatania. Do dyspozycji sa takie, ktore poszukuja w badanej sekwencji motywow
wczesniej poznanych albo zupelnie nowych [64]. Te pierwsze opieraja si¢ na danych
doswiadczalnych otrzymanych w przesztosci dla r6znych organizmoéw i zgromadzonych w bazach
danych. Drugie za$ poszukuja motywoéw nadreprezentowanych [65]. Istniejg narzgdzia skanujace
zadang sekwencje na obecno$¢ pojedynczych TFBS lub tez ich kombinacji o znanej funkcji
transkrypcyjnej [66]. Postawa do opracowania niektorych programéw jest podzial genéw na
klastry ze wzgledu na wzory ich ekspresji [67]. Zaklada si¢, ze geny nalezace do tego samego
klastra ulegaja wspolnej regulacji, a ich promotory posiadajg takie same motywy wigzane przez
takie same TFs. Programy te typuja grupy oligonukleotydow wystarczajagco podobnych do siebie
aby mogly zosta¢ rozpoznane przez ten sam TF i oceniajg je pod wzgledem statystycznym.
Wuzyciu sg takze narzedzia, ktore wykorzystuja technike s$ladu filogenetycznego [66].
Wyodrebniaja one motywy konserwatywne poprzez pordOwnanie ze sobg wielu sekwencji
ortologicznych pochodzacych od réznych gatunkow. Takie postepowanie zdecydowanie podnosi
wiarygodno$¢ uzyskanych danych. Ryzyko pojawienia si¢ fatszywych wynikow podczas analiz in
silico jest rowniez obnizane poprzez dodanie parametrow okreslajacych prawdopodobienstwo dla
otrzymanych przewidywan [68]. Wyniki analiz in silico dotyczacych TFBSs moga by¢
przedstawiane w kilku formach. Jest to zwigzane z tym, ze dany TFBS wykazuje r6znorodno$¢
sekwencyjng bez utraty funkcji. Wyrdznia si¢ tutaj sekwencj¢ zgodnosci zapisang kodem I[UPAC
(ang. International Union of Pure and Applied Chemistry), PFM (ang. position frequency matrix)
podajaca liczbe poszczegdlnych nukleotydéw w danej pozycji, PWM (ang. position weight
matrix) okreslajaca znormalizowang czegstos¢ nukleotydow w danej pozycji lub logo sekwencji
pozwalajace na szybka wizualng oceng czgstosci nukleotyddéw [69].

Aktywno$¢ gendéw mozna réwniez regulowac dzigki zdobyczom inzynierii genetycznej
umozliwiajacym m.in. nadekspresj¢. W jej wyniku powstaje wigcej kopii pre-mRNA, co po
modyfikacjach potranskrypcyjnych przeklada si¢ na wzrost iloSci mRNA i zwykle prowadzi do

zwigkszenia produkcji bialka w poréwnaniu z niemodyfikowanym organizmem dzikim.
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Doswiadczenia tego typu mozna przeprowadza¢ na komodrkach czy organizmie z ktérego badany
gen pierwotnie pochodzi lub stosujac obce systemy ekspresyjne, np. ssacze, owadzie, roslinne,
drozdzowe, bakteryjne, bezkomorkowe [70]. Wybor odpowiedniego systemu zalezy od wielu
czynnikow, takich jak zlozono$¢ struktury biatka, jego modyfikacje potranslacyjne,
rozpuszczalno$¢, lokalizacja komodrkowa, wzgledy finansowe. Niezwykle istotnym elementem
jest zastosowanie odpowiedniego wektora ekspresyjnego, zwykle plazmidu bakteryjnego lub
genomu wirusowego, o budowie odpowiadajacej celom przeprowadzanego eksperymentu i jego
zatozeniom. Najwazniejszymi sktadowymi takiego wektora jest konstytutywny lub indukowalny
promotor, sekwencja kodujaca eksprymowanego genu, miejsce inicjacji translacji, terminator
transkrypcji, gen opornosci na antybiotyki [71]. Dobor odpowiedniej metody transformacji jest
scisle zwigzany z typem wybranego systemu ekspresyjnego. W przypadku roslin proces ten czgsto
oparty jest o komorki Rhizobium (dawniej Agrobacterium) [72-74]. Wyrdznia si¢ dwa typy
nadekspresji, tj. absolutng i wzgledng [75]. Pierwsza polega na wymianie natywnego promotora
na taki, ktory silnie i konstytutywnie pobudzi ekspresj¢ kontrolowanego genu. W drugiej
wykorzystuje si¢ plazmid wielokopijny, dzigki ktéremu nastgpuje wzrost liczby kopii badanego
genu. Technika nadekspresji jest wykorzystywana w biotechnologii do wytwarzania produktu
genu na masowg skale czy tez do badania jego biologicznej funkcji poprzez obserwacje¢ zmian
fenotypowych, biochemicznych i sygnalowych nastgpujacych w jej wyniku [76]. W ostatnich
latach przeprowadzono wiele badan, ktérych celem bylo uzyskanie nadekspresji genow
zaangazowanych w biosynteze¢ metabolitow wtornych u roslin, np. flawonoidoéw [77], alkaloidow
[78], terpenoidow [79], pochodnych kwasu benzoesowego [80], glikozydow cyjonogennych [81].
Wynikiem tych doswiadczen byt wzrost poziomu produktu nadeksprymowanego genu, a co za
tym idzie wigksza produkcja zwigzkoéw kolejno powstajacych w szlaku (nasilenie przeplywu

zwiazkow przez szlak) i czesto zwigkszenie biosyntezy metabolitow.
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2. Cel pracy

Glownym celem niniejszej rozprawy doktorskiej byto zbadanie mechanizméw regulacji

ekspresji genu HMGR4 w gatunku S. miltiorrhiza. Cele szczegdtowe obejmowaty:

analiz¢ w warunkach in silico niepoznanej dotad sekwencji promotora genu HMGR4
S. miltiorrhiza pod katem obecnosci kluczowych motywdéw, miejsc wigzania dla TFs
1 miRNA oraz oceng interakcji migdzy wykrytymi TFs,

porownanie TFs wykrytych metodg in silico z TFs potwierdzonymi doswiadczalnie,
porownanie dostepnych sekwencji promotoréw HMGR S. miltiorrhiza (HMGRI,
HMGR2, HMGR4) w kontekscie wspolnych TFBSs 1 oddziatujacych z nimi TFs,

oceng konserwatywnosci sekwencji promotora HMGR4 S. miltiorrhiza wzgledem innych
roslinnych promotorow HMGR,

oznaczenie specyficznej dla typu organu roslinnego ekspresji genu HMGR4
S. miltiorrhiza,

analize wplywu wybranych regulatorow na ekspresj¢ genu HMGR4 S. miltiorrhiza,
zbadanie znaczenia nadekspresji genu HMGR4 dla biosyntezy tanszinonéw w gatunku
S. miltiorrhiza,

zbadanie wptywu wybranych regulatorow, typu organu roslinnego i §rodowiska hodowli

na biosyntez¢ tanszinonéw w transformantach S. miltiorrhiza.
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3. Materialy i metody

3.1. Zalozenie hodowli S. miltiorrhiza (Publikacja II i I1I)

Materiat wyjSciowy do zalozenia hodowli w warunkach glebowych (Publikacja II) oraz
kultur in vitro (Publikacja 1II) S. miltiorrhiza stanowily nasiona otrzymane z Ogrodu Roslin
Leczniczych Uniwersytetu Medycznego w Lodzi. Hodowle tradycyjna prowadzono
w kompozytowej glebie przy dostgpie naturalnego $wiatla. Hodowle in vitro uzyskano poprzez
odkazenie nasion, a nast¢pnie ich wykietkowanie 1 wzrost pedow na poditozu podstawowym
Murashige i Skoog (MS) [82] zestalonym agarem (7 g/l). Cze$ci nadziemne S. miltiorrhiza
hodowano na stalym podtozu MS w warunkach fotoperiodu 16/8 h (§wiatto/ciemnos¢), a korzenie

w pltynnym podtozu B5 typu Gamborg’a [83] w ciemnosci.

3.2. Izolacja sekwencji promotora HMGR4 S. miltiorrhiza (Publikacja II)

Niepoznany dotad region promotora HMGR4 S. miltiorrhiza wyizolowano za pomocg
techniki genome walking [84], wykorzystujac fragment sekwencji kodujacej zdeponowany
w GenBank pod numerem JN831103.1 oraz genomowy DNA otrzymany metoda wg Khan i wsp.
[85] z mtodych czgsci nadziemnych hodowli glebowej S. miltiorrhiza. Amplifikowane fragmenty

DNA poddano sekwencjonowaniu technikg Sangera.

3.3. Analizy in silico sekwencji promotora HMGR4 S. miltiorrhiza (Publikacja II)

Potozenie promotora, kasety TATA, TSS 1 5’"UTR (ang. 5" untranslated region) w badanej
sekwencji wyznaczono za pomocg programu TSSP (Softberry Inc.), przewidujacego potencjalne
motywy za pomocag liniowej funkcji dyskryminacyjnej [86]. Narzedzie PlantPan 2.0
1 zintegrowane z nim programy postuzyly do wskazania powtdrzen tandemowych, wysp CpG,
TFBSs i oddziatujacych TFs [87,88]. Identyfikacja powtdrzen tandemowych nastgpita przy
pomocy zmodyfikowanego programu Tandem repeats finder opartego o metodg stow (k-tuple)
[89]. Do wykrycia wysp CpG wykorzystano aplikacje CpGProD [90]. Skanowanie sekwencji na
obecno$¢ TFBSs i TFs miato miejsce dzigki narzedziu Match [91], zawierajacemu biblioteke
PWMs pochodzaca z bazy TRANSFAC, a takze dzigki zastosowaniu PWMs z baz PLACE,
AGRIS i JASPAR. Obecno$¢ miRNA i miejsc ich wigzania do sekwencji promotora i 5"UTR

weryfikowano za pomocg narzedzia miRBase [92].

3.4. Porownanie TFs wykrytych in silico z TFs potwierdzonymi do$wiadczalnie
(Publikacja II)
Na wstepie, uzywajac narzedzi Protein BLAST (NCBI) i MEGA X (Pennsylvania State
University) [93], wytypowano gen HMGR A. thaliana wykazujacy najwyzsza homologic wobec
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genu HMGR4 S. miltiorrhiza. Whasciwe analizy objety znalezienie genow kodujacych TFs, ktore
reaguja podobnie pod wzgledem poziomoéw ekspresji jak wytypowany gen HMGR A. thaliana.
Wykorzystano w nich narzedzia Expression Angler (BAR) [94] 1 Arabidopsis RNA-seq Database
[95], posiadajace dostep do wynikow ekspresji dla, odpowiednio, 22 000 gendw Arabidopsis
128 164 bibliotek RNA-seq Arabidopsis. Uzyskane wyniki pordwnano z danymi otrzymanymi za
pomocg PlantPan 2.0, a nastgpnie wyodrebniono pule wspolnych TFs oraz sprawdzono mozliwe
oddzialywania zachodzace migdzy nimi, wykorzystujac narzedzia Pathway System (Genomatix)
1 BioGRID [96]. Dane na temat interakcji zawarte w zastosowanych narzedziach pochodzity albo
zbaz danych 1 literatury naukowej (Pathway System), albo wylacznie z recenzowanych

eksperymentalnych publikacji naukowych (BioGRID).

3.5. Poréwnanie sekwencji promotorow HMGR S. miltiorrhiza (Publikacja II)

Dostepne sekwencje promotorow HMGR S. miltiorrhiza, tj.. HMGRI (GU367911.1),
HMGR2 (KF297286.1) i HMGR4 (KT921337.1), przeanalizowano za pomocg narzgdzi
Common TFs, FrameWorker i DiAlign TF (Genomatix). Common TFs uzyto do wstgpnej analizy
wspolnych TFBSs i oddzialujacych z nimi TFs zlokalizowanych w dowolnym miejscu badanych
sekwencji. Narzedzie FrameWorker umozliwito wyodrebnienie tylko takich TFBSs, ktére utozone
byly w takiej samej kolejnosci i w okreslonym miejscu we wszystkich sekwencjach. Z kolei

dzigki DiAlign TF znaleziono regiony konserwatywne i potozone w ich obrgbie TFBSs.

3.6. Ocena konserwatywnosci roslinnych promotoréw HMGR (Publikacja II)
Konserwatywno$¢ 36 sekwencji obejmujacych blizsze czgsci promotorow i 5'UTR genow
HMGR pochodzacych od takich roslin jak: A4. thaliana, Arabidopsis Ilyrata, Glycine max,
Gossypium hirsutum, Oryza sativa, Solanum lycopersicum, Zea mays 1 S. miltiorrhiza sprawdzono
poprzez ich nalozenie na siebie za pomoca algorytmu MUSCLE z narzedzia MEGA X [93].
Narzgdzie DiAlign TF (Genomatix) postuzylo do rozpoznania TFBSs umiejscowionych

w konserwatywnych regionach.

3.7. Oznaczenie specyficznej dla typu organu roslinnego ekspresji genu HMGR4
S. miltiorrhiza (Publikacja III)
Do badan wykorzystano liscie, todygi i korzenie pochodzace z zalozonych kultur in vitro
S. miltiorrhiza oraz ilo§ciowg reakcj¢ tancuchowg polimerazy w czasie rzeczywistym (ang. real-
time quantitative polymerase chain reaction, RT-qPCR) ze starterami zaprojektowanymi wobec

sekwencji gendéw HMGR4 (JN831103.1) i ACT7 (HMO051058.1, gen referencyjny).
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3.8. Wybor regulatorow ekspresji genu HMGR4 S. miltiorrhiza i traktowanie materialu

roslinnego (Publikacja III)

Potencjalne regulatory ekspresji genu HMGR4 S. miltiorrhiza wytypowano na postawie
analiz in silico sekwencji jego promotora pod katem TFBSs 1 oddzialujacych TFs,
z wykorzystaniem narzedzia PlantPan 2.0 [87,88].

Wplyw roztworu 1 mg/l (2,89 uM) kwasu giberelinowego (ang. gibberellic acid, GA3) lub
0,5 mg/l (2,85 uM) kwasu indolilo-3-octowego (ang. indole-3-acetic acid, IAA) badz 20 mg/l
(144,80 uM) kwasu salicylowego (ang. salicylic acid, SA) (Sigma-Aldrich) na aktywnos$¢
HMGR4 oceniono poprzez inkubacj¢ wyhodowanych roslin S. miltiorrhiza z ww. hormonami,
a nastgpnie przeprowadzono analiz¢ materialu genetycznego pochodzacego z lisci, uzywajac

metody RT-qPCR ze starterami specyficznymi dla genow HMGR4 1 ACT?7.

3.9. Przygotowanie konstruktu nadekspresyjnego pRI201-AN-HMGR4, uzyskanie hodowli
transformantow S. miltiorrhiza i traktowanie materialu roslinnego (Publikacja III)
Sekwencj¢ kodujaca genu HMGR4 S. miltiorrhiza zsyntetyzowano na podstawie sekwencji

JN831103.1 1 wstawiono do wektora pUCS57 (Gene Universal Inc.) celem namnozenia,

a nastepnie przeniesiono do binarnego wektora ekspresyjnego pRI201-AN (Takara Bio Inc.)

w miejsce Ndel/Sall (Eurofins Genomics). Poprawno$¢ wstawki HMGR4 i regionow flankujacych

sprawdzono poprzez sekwencjonowanie technikg Sangera.

Komorki kompetentne Rhizobium radiobacter (wczesniej Agrobacterium tumefaciens)
GV2260 (C58CIRif* z pGV2260) transformowano przygotowanym konstruktem pRI201-AN-
HMGR4 lub pustym wektorem pRI201-AN, stosujagc metode¢ zamrazania 1 rozmrazania bakterii
[97]. Hodowle prowadzono na podilozach selekcyjnych. W celu potwierdzenia transformacji
wyizolowano plazmidowy DNA metoda lizy alkalicznej [98] wraz z jego oczyszczaniem
z uzyciem mieszaniny fenol/chloroform/alkohol izoamylowy [99], a nast¢pnie wykorzystano go
do amplifikacji fragmentu sekwencji genu opornosci na kanamycyn¢ metoda reakcji fancuchowe;]
polimerazy (ang. polymerase chain reaction, PCR). Otrzymane produkty rozdzielono za pomoca
elektroforezy w zelu agarozowym.

Wirulencje transformowanych bakterii R. radiobacter indukowano w ptynnym podtozu MS
z dodatkiem acetosyringonu (Sigma-Aldrich) [100]. Liscie S. miltiorrhiza z hodowli glebowej
zakazono transformowanymi bakteriami i prowadzono kokultywacje zgodnie ze zmodyfikowana
procedurg opisang przez Dandekar i Fisk [100]. Zakazone liScie przenoszono na $wieze podtoze
zabijajagce bakterie 1 stymulujgce najpierw powstawanie kallusa, a nastepnie rozwdj pedow.
W kolejnych pasazach zastosowano antybiotyk selekcyjny, umozliwiajacy eliminacje
nietransformowanych roslin. Transformacj¢ potwierdzono poprzez izolacje genomowego DNA

zro$lin, jego amplifikacj¢ metoda PCR 1 rozdziat elektroforetyczny uzyskanych produktow.
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Hodowle transformantow S. miltiorrhiza prowadzono zarowno w warunkach in vitro (cze¢sci
nadziemne na stalym podtozu MS w warunkach fotoperiodu 16/8 h i korzenie w ptynnym podtozu
B5 wg Gamborg’a w ciemnosci), jak i w kompozytowe] glebie przy dostepie do naturalnego
Swiatla.

Wptyw transformacji konstruktem pRI201-AN-HMGR4 lub pustym wektorem pRI201-AN
na ekspresjc genu HMGR4 zbadano w transformowanych lisciach, todygach i korzeniach
S. miltiorrhiza hodowanych w warunkach in vitro, wykorzystujac metod¢ RT-qPCR wraz ze
starterami specyficznymi wobec gendéw HMGR4 1 ACT7.

Znaczenie nadekspresji genu HMGR4, typu organu roslinnego i $Srodowiska hodowli dla
biosyntezy tanszinondw oceniono w transformowanych lisciach, todygach i korzeniach
S. miltiorrhiza rosnacych w glebie oraz w warunkach in vitro.

Wptyw GA; (1 mg/l, 2,89 uM) lub IAA (0,5 mg/l, 2,85 uM) (Sigma-Aldrich) na produkcje
tanszinonéw oszacowano w liSciach, todygach i korzeniach S. miltiorrhiza z nadekspresja
HMGRA4, hodowanych in vitro i traktowanych hormonami.

Wszystkie oznaczenia zawartoSci tanszinondw w metanolowych ekstraktach roslinnych
S. miltiorrhiza wykonano za pomocg opracowanej i zoptymalizowanej metody UHPLC (ang. ultra
high performance liquid chromatography) z wykorzystaniem standardéw DHTI, CT, TI i TIIA
o czystosci HPLC (ang. high performance liquid chromatography).

3.10. Analiza statystyczna wynikéw (Publikacja III)

Opracowaniu statystycznemu poddano wyniki badania ekspresji oraz zawartosci
tanszinondéw, uzywajac oprogramowania Statistica 13.3 (TIBCO Software Inc.). W pierwszej
kolejnosci przeprowadzono analiz¢ zgodnosci badanych cech z rozkladem normalnym,
anastepnie dokonano oceny istotno$ci roéznic miedzy badanymi grupami za pomoca
odpowiednich testow statystycznych. Warto$ci z p < 0,05 uznano za statystycznie istotne. Wyniki
ekspresji przedstawiono w postaci $rednich wraz z odchyleniem standardowym, a zawartos$ci

tanszinondéw jako mediany z pierwszym i trzecim kwartylem.

Szczegolowy opis materiatow roslinnych, odczynnikow, aparatury, zastosowanych metod
badawczych i1 testow statystycznych znajduje si¢ w odpowiednich publikacjach bedacych

podstawa niniejszej rozprawy doktorskiej.
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4. Kluczowe wyniki, dyskusja i wnioski

4.1. Analizy in silico sekwencji promotora HMGR4 S. miltiorrhiza (Publikacja II)

Wyizolowang sekwencje promotora HMGR4 S. miltiorrhiza o dhugosci 1646 pz,
zdeponowang w bazie GenBank pod numerem KT921337.1 poddano analizom strukturalnym
mogacym dostarczy¢ wielu cennych informacji na temat regulacji ekspresji kontrolowanego genu.
W wyniku przeprowadzonych analiz zlokalizowano: TATA box (od —28 do —33 nt od TSS),
powtorzenie tandemowe (od —1296 do —1353 nt od TSS), sekwencje bogata w pirymidyny (ang.
pyrimidine-rich sequence, PRS) w 5'UTR, 5369 potencjalnych TFBSs i 365 oddziatujacych
znimi TFs opisanych wczesniej w gatunku A. thaliana oraz 12 miejsc wigzania dla dojrzatych
miRNA zidentyfikowanych uprzednio u roslin; nie potwierdzono natomiast obecnosci wysp CpG.

Badania przeprowadzone na modelach ludzkich i drozdzowych dowiodty, ze wystepowanie
kasety TATA jest charakterystyczne dla genéw stymulowanych czynnikami stresowymi
1 zewnatrzkomorkowymi, poddawanych $cistej regulacji [101-105], a takze moze wskazywac na
wicksza konserwatywno$¢ sekwencji promotora [106]. Z kolei geny pozbawione TATA box
zwykle ulegaja statej ekspresji 1 powigzane sg z kluczowymi procesami takimi jak wzrost
komorek.

Powtorzenia tandemowe wystepuja u 25% zbadanych promotoréow [107]. Sa one bardziej
podatne na mutacje, co wptywa na dlugos¢ powtorzenia i lokalne pozycjonowanie nukleosomow,
prowadzac do wyzszej zmiennosci transkrypcji.

Obecnos¢ PRS w 5'UTR jest rzadkim zjawiskiem 1 wigze si¢ czgsto z wysokimi poziomami
transkrypcji posiadajgcego ja genu [108].

Brak wysp CpG, a tym samym brak mozliwosci metylacji cytozyn w dinukleotydach CG
wysp, moze obniza¢ ryzyko hamowania ekspresji genu HMGR4 [109,110]. Ponadto wyspy CpG
s bardziej charakterystyczne dla gen6w ulegajacych konstytutywnej ekspresji [111].

Analizowana sekwencja okazata si¢ by¢ niezwykle bogata w TFBSs, co wedhg
przeprowadzonych wczes$niej badan koreluje dodatnio z wyzsza zmiennoS$cia ekspresji genow
[112]. Na szczegdlng uwage zastuguja TFBSs zlokalizowane w czg$ci blizszej promotora, jako ze
to wlasnie one najczesciej okazuja si¢ by¢ funkcjonalne in vivo [113,114]. Analiza danych
uzyskanych dla 666 takich TFBSs wykrytych w sekwencji promotora HMGR4 S. miltiorrhiza
wykazata, ze oddziatujg one z TFs aktywowanymi glownie przez: swiatto (GATA), SA (WRKY),
zakazenie bakteryjne (WRKY), auksyny (bZIP), kwas abscysynowy (MYB-related, WRKY
1 C2H2) i1 gibereliny (MYB-related i MADS box). Wydaje si¢ wysoce prawdopodobne, ze
wymienione czynniki moga by¢ zaangazowane w regulacje ekspresji badanego genu HMGR4, co

jednak nie zostato dotad potwierdzone doswiadczalnie. Warto tutaj doda¢, ze takie oznaczenia

19



Kluczowe wyniki, dyskusja i wnioski

wykonano w przesztosci dla szerzej przebadanych genow S. miltiorrhiza, tj.. HMGR, HMGRI
1 HMGR?2 [115-121]. Dodatkowo przeprowadzone analizy wykazaty obecno$¢ w sekwencji
promotora HMGR4 S. miltiorrhiza miejsc wigzania dla nastepujacych TFs o potwierdzonym
pozytywnym wplywie na biosyntez¢ tanszinonéw: BHLH6 (MYC2) (14 TFBSs), BHLH74
(2 TFBSs), BZIP20 (32 TFBSs), WRKY2 (8 TFBSs) 1 WRKY61 (9 TFBSs) [122-126]. Uzyskane
wyniki mogg wskazywac¢ na zaangazowanie, a nawet istotne znaczenie badanego genu HMGR4
podczas biosyntezy tych metabolitow wtornych.

Wykrycie miejsc wigzania dla dojrzatych miRNA w regionie badanego promotora i S'UTR
moze §wiadczy¢ o udziale tych czasteczek w regulacji ekspresji genu HMGR4 S. miltiorrhiza na
poziomie transkrypcji. Warto tutaj doda¢, ze obecnos¢ dwoch sposrod wykrytych w warunkach in
silico miRNA, tj. miR1128 i miR1436, potwierdzito glgbokie sekwencjonowanie matych RNA
(ang. small RNA, sRNA) w gatunku S. miltiorrhiza [127].

4.2. Poréwnanie TFs wykrytych in silico z TFs potwierdzonymi doswiadczalnie (Publikacja II)
Analiza wynikéw mikromacierzy wykazala istnienie 166 genow kodujacych TFs, ktore
reaguja podobnie pod wzglgdem poziomoéw ekspresji jak wytypowany gen HMGRI A. thaliana
w zakresie wspotczynnika korelacji 7 0,5—1,0. Poréwnanie wynikow uzyskanych podczas analizy
in silico za pomocg PlantPan 2.0 z wynikami z mikromacierzy ujawnito 32 wspolne TFs, gtéwnie
z rodzin HD-ZIP i WRKY, o zdolnosci wigzania si¢ do promotora HMGR4 S. miltiorrhiza.

Analiza przeprowadzona za pomocg narzgdzia Pathway System wskazata na istnienie
potencjalnych interakcji migdzy niektorymi ze wspolnych TFs, tj.: SVP—AGLI18-SPL3,
PDF2-ATML1-ANL2, EIL3-EILI-EBP, ATHBI13-HB-1, NAC3 =z RD26 i ZF2.
W przewazajacej mierze wykryte interakcje dotyczyty wystgpowania miejsc wigzania dla danego
TF w promotorze innego TF.

Dodatkowo analiza wspolnych TFs wigzacych si¢ do blizszej czg$ci badanego promotora,
wykonana przy uzyciu narzgdzia BioGRID, wykazata mozliwo$¢ tworzenia dimerow. Struktury
takie zwigkszajg swoisto§¢ 1 powinowactwo wigzania z DNA, co skutkuje precyzyjniejsza
kontrolg ekspresji genu. Dotyczylo to TFs z nastgpujacych rodzin: HD-ZIP (ATMLI1, PDF2,
HDG1), WRKY (WRKY2, WRKY14, WRKY45, WRKYS57, WRKY69) i DOF (DOF5.4).
Pewnym uwiarygodnieniem uzyskanych w warunkach in silico wynikow sa znalezione dane
pismiennicze. Wedtug nich TFs nalezace do HD-ZIP nie sa zdolne do wigzania si¢ z DNA jako
monomery [128], lecz dzieki motywowi zamka leucynowego formujg homo- i heterodimery [53].
Dla przykladu jeden z czionkéw tej rodziny, ATMLI1, byl w stanie tworzy¢ homodimery
w warunkach in vitro [129,130] oraz heterodimery z PDF2 u Nicotiana benthamiana i A. thaliana
[129,131]. Z kolei przedstawiciele rodziny WRKY wchodza w interakcje z DNA w postaci

monomerdéw, homo- i heterodimerow [132-134]. Jak dotad wykazano zdolno$¢ do tworzenia
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homodimeréw przez WRKY2 u Hordeum vulgare [135] oraz przez WRKY45 u Oryza sativa
w warunkach in vitro [132]. Przeprowadzone badania wskazujg réwniez, ze czynniki DOF dzigki
posiadaniu wielofunkcyjnej domeny mogg wigza¢ si¢ z DNA, wchodzi¢ w interakcje z innymi

biatkami oraz formowac¢ homo- i heterodimery [136].

4.3. Poréwnanie sekwencji promotorow HMGR S. miltiorrhiza (Publikacja II)

Analiza przeprowadzona za pomocg narzedzia Common TFs wykazala wystepowanie
w badanych promotorach wielu wspdélnych TFBSs reprezentujagcych 22 rodziny macierzy
zlokalizowanych w dowolnym miejscu sekwencji oraz uderzajace podobienstwo ich rozktadu
w obrgbie HMGRI 1 HMGR2. Ocena TFs oddziatujacych z tak wykrytymi TFBSs wskazala, Ze sa
to biatka odpowiadajace gltownie na czynniki abiotyczne (auksyny, gibereliny, kwas
abscysynowy, SA, kwas jasmonowy, brassinosteroidy, §wiatto, brak wody, stres solny, chtod,
niedobor fosforanow) 1 czynniki biotyczne (bakterie, grzyby, wirusy) oraz zwigzane
z organogeneza korzeni, todyg, lisci i kwiatéw. Uzyskane wyniki moga §wiadczy¢ o koregulacji
genow HMGRI1, HMGR?2 i HMGR4 S. miltiorrhiza.

Za pomocg narz¢dzia FrameWorker wykryto w obrebie badanych promotoréow 10 000 10-
elementowych uktadéw TFBSs, w ktérych poszczegdlne motywy utozone byly w takiej samej
kolejnosci 1 w okreslonym miejscu we wszystkich badanych sekwencjach. Z danych
literaturowych wynika, Ze struktury tego typu sa zwykle powigzane z konkretng funkcja
biologiczng lub okreslonym wzorem ekspresji genow i czgsto wykazujg konserwatywnos¢ [137].

Analiza z wykorzystaniem narzgdzia DiAlign TF ujawnita, ze najwicksze podobienstwo
wynoszace 97% wykazuja sekwencje promotoréw HMGRI i HMGR2. Podobienistwo miedzy
promotorami HMGR2 i HMGR4 osiagneto 17%, a miedzy HMGR1 1 HMGR4 14%. W miejscach
gdzie wszystkie trzy badane sekwencje wykazywaly duze lokalne podobienstwo, czyli we
fragmentach blizszych oraz na poczatku i w srodku dalszych regionéw promotordéw, wykryto

siedem konserwatywnych TFBSs.

4.4. Ocena konserwatywnosci roslinnych promotoréw HMGR (Publikacja II)

Przeprowadzona analiza ujawnila, Zze badane ro$linne promotory HMGR i sekwencje
5'UTR, w tym HMGR4 S. miltiorrhiza, nie s3 wysoce konserwatywne, a jedynie zawieraja pewne
konserwatywne regiony. We fragmentach konserwatywnych zidentyfikowano: PRS, TATA box
oraz 11 TFBSs. Najczescie] rozpoznawanym konserwatywnym motywem byl TATA box
wystepujacy u 41,7% analizowanych sekwencji, podczas gdy pozostate wykryte TFBSs okazaty
si¢ wspolne dla co najwyzej 27,8% z nich. Opublikowane dotad badania wskazuja, ze regiony
niekodujace generalnie nie sg silnie konserwatywne, a znalezione w ich obrebie konserwatywne

motywy odznaczajg si¢ czgsto funkcjonalng istotnoscig [ 138].
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4.5. Oznaczenie specyficznej dla typu organu roslinnego ekspresji genu HMGR4
S. miltiorrhiza (Publikacja III)
Wyniki RT-qPCR wykazaty, ze gen HMGR4 ulegt ekspresji we wszystkich analizowanych
organach S. miltiorrhiza, ale z r6zng intensywnos$cig. Liscie 1 todygi odznaczaly si¢ wyzszymi
poziomami transkryptu HMGR4 niz kalibrator, odpowiednio 1,14+0,08 i 1,05+0,01;

w korzeniach poziom ten byl nizszy 1 wynosit 0,95 + 0,07.

4.6. Wplyw GA;, IAA, SA na ekspresje genu HMGR4 S. miltiorrhiza (Publikacja III)

Gen HMGR4 S. miltiorrhiza wykazat dwufazowa odpowiedz na GA;. W 12, 24 1 48 h miata
miejsce stymulacja jego ekspresji wzgledem nietraktowanej kontroli (R > 1), nastepnie jej
obnizenie w 72 h (R < 1) 1 ponowny wzrost w 96 h (R > 1). W innych badaniach 2,89 uM GA;
miat podobny wptyw na gen HMGR?2 S. miltiorrhiza [118]. Jednak w tym przypadku ekspresja
badanego genu wzrosta w porownaniu z kontrolg w 12 h, po czym nastgpit jej spadek 1 ponowny
wzrost w 72 1 96 h. Wobec otrzymanych wynikéw mozna postawi¢ hipoteze, ze egzogenny GAj
mogt stymulowac ekspresje genu HMGR4 S. miltiorrhiza i produkcje kodowanego przez niego
enzymu, wptywajac na kolejne etapy szlaku MVA 1 produkcje mediatorow niezbednych do
biosyntezy endogennych giberelin, takich jak ent-kauren [139]. Nowo wyprodukowany
endogenny GA; mogt nastepnie stymulowac transkrypcje HMGR4, ktora ulegla ostabieniu
w wyniku zuzycia egzogennego hormonu.

Wptyw TAA na ekspresic HMGR4 S. miltiorrhiza miat réwniez dwufazowy charakter
i podobny przebieg jak w doswiadczeniach z GA;. Pewng analogi¢ do uzyskanych wynikéw
prezentujg badania Lv 1 wsp., wedlug ktoérych 100 uM IAA najpierw podniost poziom transkryptu
HMGR4 Malus domestica w stosunku do kontroli, a nastgpnie spowodowat jego obnizenie [140].
Zaobserwowany dwufazowy efekt moze wynika¢ z oddzialywania réznych TFs, z ktorych
niektore stymuluja ekspresje genu, a inne ja hamuja.

Zastosowanie SA spowodowato wzrost ekspresji HMGR4 S. miltiorrhiza w 12, 24 1 72 h
(R>1) oraz spadek w 48 1 96 h (R < 1) w stosunku do materiatu nietraktowanego. Podobny
wptyw wywotat 10 mM SA wobec HMGR3 Ginkgo biloba [141]. Jednak w koncowej fazie tego
badania (96 i 120 h) poziom mRNA HMGR3 wzrost w stosunku do kontroli. Z kolei w innych
eksperymentach SA powodowal ciagly wzrost poziomu transkryptu HMGR w Kkorzeniach
wlosnikowatych S. miltiorrhiza [117] oraz Salvia przewalskii [142] wzglgdem kontroli.

Podsumowujac, zastosowane hormony wywieralty wplyw na ekspresje genu HMGR4

S. miltiorrhiza, potwierdzajac tym samym wartos¢ przeprowadzonych analiz in silico.
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4.7. Wplyw transformacji konstruktem pRI201-AN-HMGR4 na ekspresje¢ genu HMGR4
S. miltiorrhiza (Publikacja III)

We wszystkich organach roslin S. wmiltiorrhiza transformowanych konstruktem
nadekspresyjnym pRI201-AN-HMGR4 zaobserwowano wyzsze poziomy transkryptu HMGR4
w poréwnaniu do kontroli (R > 1). Wartosci te wynosity dla todyg, korzeni i liSci, odpowiednio,
1,28+ 0,19, 1,25+ 0,14 1 1,10 £0,14. Otrzymane wyniki wskazuja na prawidlowy przebieg

transformacji 1 funkcjonowanie wprowadzonego konstruktu.

4.8. Wplyw nadekspresji genu HMGR4 na biosynteze tanszinonow w gatunku S. miltiorrhiza

(Publikacja III)

Nadekspresja genu HMGR4 S. miltiorrhiza spowodowala istotny wzrost zawartosci
wszystkich oznaczanych tanszinonéw w korzeniach wzgledem kontroli (p < 0,01), tj. (pierwsze
dwie wartosci w nawiasach dotycza hodowli w glebie; kolejne dwie warto$ci warunkow in vitro):
CT (2,43-krotny/5,39 mg/g s.m. lub 3,62-krotny/2,40 mg/g s.m.), DHTI (2,19-krotny/0,59 mg/g
s.m. lub 2,47-krotny/0,44 mg/g s.m.), TI (1,86-krotny/0,71 mg/g s.m. lub 2,21-krotny/0,65 mg/g
s.m.) i TIIA (1,51-krotny/1,88 mg/g s.m. lub 1,82-krotny/0,55 mg/g s.m.). Podobne wyniki
uzyskano wczes$niej w badaniach nad nadekspresja HMGR [21]1 HMGR?2 [26] S. miltiorrhiza.

Ponadto nadekspresja HMGR4 S. miltiorrhiza indukowata zawarto$¢ TIIA do okoto 50 pg/g
s.m. w todygach i lisciach rosngcych w glebie i in vitro.

Uzyskane wyniki po raz pierwszy potwierdzaja nie tylko udziat, ale i istotne znaczenie
badanego genu HMGR4 w procesie biosyntezy oznaczanych tanszinonow. Wobec ciagle
rosnacego zapotrzebowania, nadekspresja HMGR4 wydaje si¢ stanowi¢ jedng z mozliwych

sciezek prowadzacych do podniesienia poziomu tych cennych leczniczo metabolitow.

4.9. Wplyw GA; oraz IAA na biosynteze¢ tanszinonow w transformantach S. miltiorrhiza

(Publikacja III)

Dodatek GAj; do hodowli in vitro korzeni S. miltiorrhiza wykazujacych nadekspresje
HMGR4 podniost istotnie poziomy CT (1,24-krotnie/0,79 mg/g s.m., p = 0,0000) i TIIA (1,07-
krotnie/88,1 pg/g s.m., p = 0,0404), nie miat wptywu na DHTI i obnizyt istotnie poziom TI (1,29-
krotnie/0,27 mg/g s.m., p = 0,0000) w poréwnaniu z materiatem nietraktowanym. Wobec
powyzszych wynikow mozna postawi¢ hipoteze, ze GAj, poza genem HMGR4, moze szczegolnie
silnie indukowa¢ ekspresje kluczowego enzymu(6w) zaangazowanych w koncowy etap
biosyntezy CT, co przeklada si¢ na wzrost zawartosci tego tanszinonu i powstajacego z niego
THA. Hormon ten moze nie wykazywaé podobnego wplywu na produkcje DHTI oraz

syntetyzowanego z niego TI [5].
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Drugi zastosowany hormon, IAA, obnizyl istotnie zawarto$¢ wszystkich badanych
tanszinonéw, tj.: CT (34,06-krotnie/3,21 mg/g s.m.), THHA (11,49-krotnie/1,11 mg/g s.m.), DHTI
(8,84-krotnie/0,66 mg/g s.m.) i TI (5,05-krotnie/0,96 mg/g s.m.) w hodowli in vitro korzeni
S. miltiorrhiza z nadekspresja HMGR4 wzgledem nietraktowanej kontroli (p = 0,0000). Dla
porownania spadki pozioméw CT, TI i TIHA obserwowano rowniez w hodowli korzeni
wlosnikowatych S. miltiorrhiza traktowanych 5,71 uM 1A A [143].

Wptyw GA; lub IAA na poziom oznaczanych tanszinondéw w todygach 1 lisciach
S. miltiorrhiza rosnagcych w warunkach in vitro 1 wykazujacych nadekspresjc HMGR4 byt
nieznaczny, z wahaniami zawartosci wynoszacymi od 0,7 do 9,9 pg/g s.m. wobec nietraktowanej

kontroli.

4.10. Zalezna od typu organu roslinnego biosynteza tanszinonéw w transformantach
S. miltiorrhiza (Publikacja III)

Glownym miejscem wykrywania oznaczanych tanszinonéw w gatunku S. miltiorrhiza
okazaty si¢ korzenie z zawartoscig zalezng od statusu nadekspresji HMGR4 i srodowiska wzrostu,
tj.: 0,91-9,17 mg/g s.m. CT, 0,67-5,61 mg/g s.m. TIIA, 0,54-1,53 mg/g s.m. T, 0,30-1,08 mg/g
s.m. DHTI. Li i wsp. réwniez wskazali korzenie, a dokltadniej warstwe perydermy, jako
podstawowe miejsce gromadzenia si¢ wszystkich badanych tanszinondéw; wewngetrzna warstwa
korzeni 1 zewngtrzna czes$¢ todyg zawierata znacznie mniejsze ich ilosci [16]. Dodatkowo analizy
transkryptomiczne genow szlakow MVA 1 MEP oraz innych enzymdéw zaangazowanych
w biosynteze tanszinoné6w wykazaty, ze najsilniejsza ekspresja wigkszosci badanych gendéw
(AACTI-AACT6, HMGS2, HMGRI, HMGR2, MK, PMK, MDC1, MDC2, IPI1, GGPPS3, DXS2,
DXS4, DXR, MCT, CMK, MDS, HDS, HDRI-HDR3, CPSI, CPS5, KSLI, KSL7, KSLS,
CYP76AHI) miala miejsce w perydermie korzeni S. miltiorrhiza [17]. Wydaje si¢ zatem, ze
warstwa perydermy korzeni jest nie tylko gtownym magazynem, ale takze miejscem glownej
biosyntezy tanszinonow.

Niewielka ilo$¢ oznaczanych tanszinonow wykryto rowniez w todygach 1 lisciach
S. miltiorrhiza z mediang wynoszaca od 50 do 73,5 pg/g s.m. Nadekspresja HMGR4
spowodowata pojawienie si¢ TIIA w todygach i lisciach, ktérego brak obserwowano
w materialach kontrolnych. Mimo to zawarto$¢ tego tanszinonu w czeSciach zielonych
w stosunku do korzeni byla okoto 104,5-krotnie nizsza (5,55 mg/g s.m.) dla upraw glebowych
i okoto 23,4-krotnie nizsza (1,16 mg/g s.m.) dla warunkow in vitro. Tanszinondw nie wykryto
w kwiatach.

Uzyskane wyniki wskazuja, ze nadekspresja genu HMGR4 S. miltiorrhiza nie zmienila
zaleznego od typu organu roslinnego wzoru biosyntezy tanszinondéw. Korzenie nadal byty ich
gléwnym zrodtem, a todygi 1 liScie zawieraly §ladowe ilo$ci.
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4.11. Wplyw Srodowiska wzrostu na biosyntez¢ tanszinonow w transformantach
S. miltiorrhiza (Publikacja III)

Analiza statystyczna wskazata, ze S$rodowisko glebowe sprzyjalo uzyskiwaniu istotnie
wyzszych poziomow wszystkich oznaczanych tanszinonéw w poréwnaniu z warunkami in vitro,
tj. (pierwsze dwie wartosci w nawiasach dotycza roslin z nadekspresja HMGR4; kolejne dwie
wartosci jej braku): TIHA (4,62-krotnie/4,39 mg/g s.m. lub 5,58-krotnie/3,06 mg/g s.m.), CT
(2,77-krotnie/5,86 mg/g s.m. lub 4,14-krotnie/2,87 mg/g s.m.), DHTI (1,45-krotnie/0,34 mg/g s.m.
lub 1,63-krotnie/0,19 mg/g s.m.), TI (1,28-krotnie/0,34 mg/g s.m. lub 1,52-krotnie/0,28 mg/g
s.m.) w korzeniach (p < 0,01) oraz TIHA (1,12-krotnie/6,2 pg/g s.m.) w liSciach z nadekspresja
HMGR4 (p = 0,0000). Takie wyniki moga by¢ spowodowane obecnos$cig w $rodowisku
naturalnym (ryzosfera, filosfera, endosfera) mikroorganizméw majacych potencjat wplywania na
biosynteze metabolitow wtornych [144,145]. Wedlug Yan i wsp. endofityczne bakterie
Pseudomonas brassicacearum subsp. neoauraniaca podniosty aktywno$¢ enzymoéw HMGR
1 DXS w korzeniach wtosnikowatych S. miltiorrhiza, co ostatecznie spowodowato znaczny wzrost
zawartosci wszystkich oznaczanych tanszinonow, a szczegoélnie DHTI (19,2-krotny), CT (11,3-
krotny) i1 catkowitej zawarto$ci tanszinonow (3,7-krotny) w poréwnaniu z grupg kontrolng [119].
W kolejnym badaniu frakcja polisacharydowa otrzymana z ryzobakterii Bacillus cereus
stymulowala (7-krotnie/1,4 mg/g s.m.) akumulacj¢ tanszinonéw w korzeniach S. miltiorrhiza
wzgledem kontroli [146]. Innym potencjalnym powodem uzyskania nizszych wydajnosci
tanszinonbw w warunkach in vitro moga by¢ zmiany zachodzace w morfologii, anatomii
i fizjologii roslin podczas tego typu hodowli wzgledem hodowli tradycyjnej [147,148].

Warto tutaj doda¢, ze korzenie rosngce w warunkach in vitro i wykazujace nadekspresje
HMGR4 odznaczaly si¢ wyzszg zawartoscia DHTI (1,51-krotnie/0,25 mg/g s.m.) oraz TI (1,45-
krotnie/0,37 mg/g s.m.) niz korzenie hodowane w glebie 1 niewykazujace tej nadekspresji. Zatem
w przypadku tych dwodch tanszinondéw nadekspresja genu HMGR4 wydaje si¢ kompensowac

mniej korzystne warunki in vitro.

Podsumowujac doswiadczenia z nadekspresja, najwyzsza biosynteze DHTI, CT, TI i THA
uzyskano w korzeniach ro§lin S. miltiorrhiza z nadekspresja HMGR4 hodowanych w warunkach

glebowych.
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W prezentowanej pracy przeprowadzono zaawansowane badania bioinformatyczne regionu
promotora genu HMGR4 S. miltiorrhiza, co doprowadzito do uzyskania wielu nowych i cennych
informacji na temat jego budowy oraz potencjalnych TFs 1 miRNA regulujagcych aktywnosé
kontrolowanego przez niego genu. Czg¢$¢ otrzymanych wynikow zostata potwierdzona
eksperymentalnie. Ponadto zaobserwowano korzystny wplyw nadekspresji sekwencji kodujacej
genu HMGR4 S. miltiorrhiza na zawarto$¢ oznaczanych tanszinondw w transformowanym
materiale roslinnym, a szczego6lnie w korzeniach hodowanych w glebie oraz w warunkach in
vitro. Uzyskana wiedza stanowi wypelnienie istniejacej dotad luki dotyczacej mechanizmow
regulacji ekspresji genow HMGR S. miltiorrhiza oraz ich udziatu w procesie biosyntezy cennych
leczniczo metabolitow wtornych.

Jednym z najbardziej interesujacych kierunkéw dalszych badan byloby klonowanie,
a nastepnie nadekspresja sekwencji kodujacej wybranych TFs zwigzanych z regulacja ekspresji
genu HMGR4 S. miltiorrhiza. Umozliwitoby to oceng wplywu tych czynnikow na biosynteze
tanszinondw, a nawet na caly transkryptom 1 proteom w gatunku S. miltiorrhiza. Dodatkowo
mutageneza wybranych TFBSs zlokalizowanych w sekwencji promotora HMGR4 S. miltiorrhiza
mogtaby postuzy¢ do eksperymentalnej weryfikacji ich znaczenia dla odpowiedzi genu na
czynniki biotyczne lub abiotyczne.

Z biotechnologicznego punktu widzenia w badaniach prowadzonych na kulturach in vitro
ro$lin leczniczych istotnym celem jest nie tylko dazenie do otrzymania jak najwyzszych
zawarto$ci metabolitow wtdrnych, ale rowniez jak najwyzszej wydajnosci ich biosyntezy. Cel ten
mozna osiggna¢ poprzez uzyskanie korzeni transformowanych z uzyciem bakterii glebowej
Rhizobium rhizogenes, bazujac na wyselekcjonowanych 1 opisanych w niniejszej rozprawie
pedach S. miltiorrhiza, a nastepnie dokonujgc optymalizacji warunkow prowadzenia hodowli oraz

stopniowo zwiekszajac jej skale.
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7. Streszczenie

Salvia miltiorrhiza Bunge to jedna z najpopularniejszych roslin tradycyjnej medycyny
chinskiej. Wlasciwosci lecznicze zawdzigcza zdolnosci do biosyntezy ponad dwustu substancji
bioaktywnych, w tym wykazujacych wielokierunkowe dziatanie tanszinondéw. Jak dowiedziono,
tempo biosyntezy tanszinonéw zalezy w duzej mierze od reduktazy 3-hydroksy-3-
metyloglutarylokoenzymu A (HMGR) ze szklaku kwasu mewalonowego. Do chwili obecnej
zidentyfikowano pie¢ sekwencji genow HMGR w gatunku S. miltiorrhiza (HMGR-HMGR4),
z ktorych gen HMGR4 nie zostat jeszcze przebadany.

Jednym z istotniejszych zagadnien biologii molekularnej jest poznanie mechanizmow
regulacji aktywnosci gendw od transkrypcji do potranslacyjnej modyfikacji bialek i na poziomie
epigenetyki, a takze umiej¢tnos¢ wplywania na te procesy. U roslin kluczowy etap tej regulacji
ma miejsce podczas transkrypcji, w ktorej istotng role odgrywa promotor. W jego obrebie
zachodzi formowanie kompleksu preinicjacyjnego niezbednego do zapoczatkowania transkrypcji
kontrolowanego genu. Umiejscowione sg tu réwniez motywy (TFBSs) rozpoznawane przez
czynniki transkrypcyjne (TFs) funkcjonujace jako aktywatory lub represory transkrypcji oraz
miejsca wigzania dla mikroRNA (miRNA). Stad analiza budowy promotora oraz oddziatujacych
z nim biatek i RNA ma fundamentalne znaczenie dla poznania mechanizméw regulacji ekspresji
badanego genu.

W prezentowanych badaniach niepoznang dotad sekwencje promotora genu HMGR4
S. miltiorrhiza poddano szeregowi analiz w warunkach in silico. Uzyskane wyniki wskazaly na
obecnos$¢: kasety TATA, powtorzenia tandemowego, sekwencji bogatej w pirymidyny w 5'UTR,
5369 potencjalnych TFBSs i 365 wiazacych si¢ z nimi TFs oraz 12 miejsc wigzania dla dojrzatych
miRNA; nie potwierdzono natomiast wystepowania wysp CpG. Dane literaturowe wskazujg, ze
geny ktorych promotory wykazujg podobng budoweg stymulowane sa czynnikami stresowymi
1 zewnatrzkomorkowymi, a ich aktywno$¢ odznacza si¢ wysoka zmiennoscia.

Ocena TFBSs zlokalizowanych w czgsci blizszej badanego promotora HMGR4
S. miltiorrhiza 1 oddzialujacych z nimi TFs wskazata, ze w regulacj¢ ekspresji kontrolowanego
genu moga by¢ glownie zaangazowane takie czynniki jak: $wiatlo, kwas salicylowy (SA),
zakazenie bakteryjne, auksyny, kwas abscysynowy 1 gibereliny. Przeprowadzone do$wiadczenia
potwierdzity wptyw kwasu giberelinowego (GAj;), kwasu indolilo-3-octowego (IAA) i SA na
ekspresje badanego genu HMGRA4.

Analiza przeprowadzona za pomoca narzedzia Pathway System wskazata na istnienie
interakcji miedzy niektérymi z TFs potencjalnie wigzacych si¢ do promotora genu HMGR4
S. miltiorrhiza,  tj.. =~ SVP—AGLI18-SPL3, @ PDF2-ATML1-ANL2,  EIL3-EIL1-EBP,
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ATHB13—-HB-1, NAC3 z RD26 i ZF2. W przewazajacej mierze wykryte interakcje dotyczyly
wystgpowania miejsc wigzania dla danego TF w promotorze innego TF. Dodatkowo wykazano,
ze niektore TFs moga tworzy¢ dimery, co przyczynia si¢ do zwigkszenia swoisto$ci
1 powinowactwa wigzania z promotorem oraz pozwala na bardziej precyzyjng kontrole ekspresji
genow. Dotyczylo to czynnikow oddziatujacych z blizsza czescig badanego promotora HMGR4
reprezentujacych rodziny: HD-ZIP (ATMLI1, PDF2, HDGI1), WRKY (WRKY2, WRKY14,
WRKY45, WRKYS57, WRKY69) i DOF (DOF5.4).

Analizy wykonane za pomocg narzedzi Common TFs i FrameWorker wykazaty
wystepowanie w sekwencjach promotorow HMGRI, HMGR2 i HMGR4 S. miltiorrhiza wielu
wspolnych TFBSs oraz ich uktadéw. Ocena TFs wigzacych si¢ z wykrytymi TFBSs wskazala na
mozliwos¢ koregulacji genéw kontrolowanych przez te promotory w wyniku odpowiedzi na
czynniki abiotyczne (auksyny, gibereliny, kwas abscysynowy, SA, kwas jasmonowy,
brassinosteroidy, $wiatto, brak wody, stres solny, chtéd, niedobor fosforanéw) i czynniki
biotyczne (bakterie, grzyby, wirusy) oraz w czasie organogenezy korzeni, todyg, lisci i kwiatow.

W sekwencji promotora genu HMGR4 S. miltiorrhiza wykryto obecnos$¢ 65 miejsc wigzania
dla TFs o potwierdzonym pozytywnym wplywie na biosyntez¢ tanszinonéw, tj.: BHLHGO,
BHLH74, BZIP20, WRKY2 i WRKY61. W badaniu przeprowadzonym z udzialem ro$lin
S. miltiorrhiza transformowanych konstruktem nadekspresyjnym pRI201-AN-HMGR4 uzyskano
istotny wzrost zawartosci wszystkich oznaczanych tanszinonéw w korzeniach (od 0,44 do 5,39
mg/g s.m.) oraz tanszinonu IIA (TIIA) w todygach i liSciach wzgledem kontroli. Otrzymane
wyniki po raz pierwszy potwierdzajg nie tylko udzial, ale réwniez istotne znaczenie badanego
genu HMGR4 S. miltiorrhiza w procesie biosyntezy tych metabolitow wtornych. Nadekspresja
HMGR4 nie zmienita jednak zaleznego od typu organu roslinnego wzoru biosyntezy oznaczanych
tanszinondw. Glownym ich Zrdédlem pozostaly korzenie, natomiast w lodygach 1 lisciach
stwierdzono $ladowa zawartos$¢. Ponadto dodatek GA; do hodowli in vitro transformowanych
korzeni S. miltiorrhiza podniost istotnie poziomy kryptotanszinonu (o 0,79 mg/g s.m.) i TIIA
(0 88,1 pg/g s.m.) w pordwnaniu z nietraktowang kontrolg. Nastgpilo to przypuszczalnie
w wyniku silnej indukcji ekspresji kluczowego enzymu(6éw) zaangazowanych w koncowy etap
biosyntezy tych tanszinonow.

Podsumowujac, zaprezentowana budowa promotora HMGR4 oraz wykryte potencjalnie
oddzialywania typu TF-promotor, miRNA-promotor i1 TF-TF odstaniaja wycinek
skomplikowanej sieci zalezno$ci decydujacej o ekspresji genu HMGR4 1 innych genow

S. miltiorrhiza.
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8. Summary

Salvia miltiorrhiza Bunge is one of the most popular plants of traditional Chinese medicine.
Its therapeutic properties are due to the ability to biosynthesise more than two hundred bioactive
compounds, including tanshinones with multidirectional effects. It has been proven that the rate of
tansinone biosynthesis depends largely on a 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGR) from the mevalonic acid pathway. To date, five S. miltiorrhiza HMGR gene sequences
(HMGR-HMGR4) have been identified, of which the HMGR4 gene has not yet been studied.

One of the most important issues of molecular biology is to understand the mechanisms of
regulation of gene activity from transcription to post-translational modification of proteins and at
the level of epigenetics, as well as the ability to influence these processes. In plants, a key step in
this regulation occurs during transcription, where the promoter plays an important role. Within the
promoter, the assembly of the preinitiation complex necessary for the initiation of gene
transcription takes place. Moreover, motifs (TFBSs) recognised by transcription factors (TFs)
(activators or repressors) and binding sites for microRNAs (miRNAs) are located here. Hence, the
analysis of the promoter structure, the proteins and RNA interacting with it is fundamental to
understanding the mechanisms regulating the expression of the studied gene.

In the present study, a new S. miltiorrhiza HMGR4 promoter sequence was subjected to
a series of in silico analyses. The results indicated the presence of a TATA box, tandem repeat,
pyrimidine-rich sequence in the 5'UTR, 5369 potential TFBSs and 365 interacting TFs, 12
binding sites for mature miRNAs, and the absence of CpG islands. According to literature data,
genes with promoters of similar structure are stimulated by stress and extracellular factors, and
their activity is highly variable.

The evaluation of TFBSs from the proximal HMGR4 promoter and interacting TFs
indicated that light, salicylic acid (SA), bacterial infection, auxins, abscisic acid, and gibberellins
may be mainly involved in the regulation of S. miltiorrhiza HMGR4 gene expression. The
conducted experiments confirmed the effects of gibberellic acid (GAj), indole-3-acetic acid
(IAA), and SA on its activity.

Analysis performed with the Pathway System tool revealed the existence of interactions
between some of the TFs potentially binding to the S. miltiorrhiza HMGR4 promoter, i.e.
SVP-AGL18-SPL3, PDF2-ATMLI1-ANL2, EIL3-EIL1-EBP, ATHB13-HB-1, NAC3 with
RD26 and ZF2. These interactions were predominantly related to the presence of binding sites for
a given TF in the promoter of another TF. In addition, it has been shown that some TFs can form
dimers, which increases the specificity and affinity of binding to the promoter and allows for more

precise control of gene expression. This included factors interacting with the proximal part of the
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studied HMGR4 promoter representing the following families: HD-ZIP (ATML1, PDF2, HDGI),
WRKY (WRKY2, WRKY14, WRKY45, WRKY57, WRKY69) and DOF (DOF5.4).

Analyses performed with the Common TFs and FrameWorker tools revealed the presence
of multiple common TFBSs and their frameworks within the S. miltiorrhiza HMGRI1, HMGR2
and HMGR4 promoters. The evaluation of TFs binding to these TFBSs indicated the possibility of
co-regulation of controlled genes in response to abiotic factors (auxins, gibberellins, abscisic acid,
SA, jasmonic acid, brassinosteroids, light, water deprivation, salt stress, cold, phosphate
deficiency) and biotic factors (bacteria, fungi, viruses) and during root, stem, leaf and flower
organogenesis.

In the S. miltiorrhiza HMGR4 promoter sequence, 65 sites for TFs with a confirmed
positive effect on the biosynthesis of tanshinones were detected, i.e. BHLH6, BHLH74, BZIP20,
WRKY2 and WRKY61. In a study with S. miltiorrhiza plants transformed with a pRI201-AN-
HMGR4 overexpression construct, there was a significant increase in the content of all tested
tanshinones in roots (from 0.44 to 5.39 mg/g DW) and tanshinone IIA (TIIA) in stems and leaves
relative to control. The results confirm for the first time not only the involvement, but also the
important role of the S. miltiorrhiza HMGR4 gene in the biosynthesis of these secondary
metabolites. However, HMGR4 overexpression did not change the characteristic organ-dependent
pattern of tanshinone biosynthesis. Roots remained the main source, while trace amounts were
found in stems and leaves. Furthermore, the addition of GAj; to transformed S. miltiorrhiza in
vitro root culture significantly increased cryptotanshinone (by 0.79 mg/g DW) and TIIA (by 88.1
ug/g DW) levels in comparison to untreated roots. This presumably occurred as a result of strong
induction of the expression of some key enzyme(s) involved in the terminal stage of CT and TIIA
biosynthesis.

In conclusion, the presented HMGR4 promoter structure and the detected potential
TF—promoter, miRNA—promoter and TF—TF interactions reveal a fragment of the complex
network of relationships determining the expression of the HMGR4 gene and other S. miltiorrhiza

genes.
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ARTICLE INFO ABSTRACT

Keywords: The complete exploration of the regulation of gene expression remains one of the top-priority goals for re-
Database searchers. As the regulation is mainly controlled at the level of transcription by promoters, study on promoters
Promoter and findings are of great importance. This review summarizes forty selected databases that centralize experi-
Tfa;{r‘;‘:'ipti(’“ factor mental and theoretical knowledge regarding the organization of promoters, interacting transcription factors
mi.

(TFs) and microRNAs (miRNAs) in many eukaryotic and prokaryotic species. The presented databases offer

Binding site ) e i L.
J researchers valuable support in elucidating the regulation of gene transcription.

Gene regulation

promoter sequences with regard to gene transcription regulation (Ohler
and Niemann, 2001; Qiu, 2003; Wasserman and Sandelin, 2004).

1. Introduction

Nowadays, one of the most important challenges in Biology is to
gain a complete understanding of the regulation of gene expression. At
the level of transcription, this regulation is largely dependent on pro-
moters. Promoters are able to bind proteins called transcription factors
(TFs), recruited RNA polymerase and thereby regulate gene transcrip-
tion (Zawel and Reinberg, 1995; Latchman, 1997; Browning and Busby,
2004). Additionally, accumulating evidence suggests that also micro-
RNAs (miRNAs) are involved in transcriptional gene regulation by
targeting promoter elements (Huang et al., 2012; Younger and Corey,
2011; Bartel, 2004). However, the mechanism is not clear yet. The
acquired knowledge about investigated promoters is often integrated
into databases. By providing comprehensive information, the databases
facilitate and even guide future research. Moreover, they can also act as
a basis for the development of tools that enable in silico analysis of new

Therefore, the databases have become a cornerstone of modern Biology.

The aim of the present work is to summarize forty selected, func-
tioning publicly-available web-based databases (excluding tools used
only for in silico analysis) that provide experimental and theoretical
knowledge concerning promoters as regulators of transcription of genes
in eukaryotes and prokaryotes. Despite our efforts, we were not able to
incorporate all existing resources into the review. The data describe the
organization of promoters and their interaction with TFs and miRNAs.
The selected repositories were classified according to organism and the
type of data they present. To provide the fullest possible analysis,
several similar databases were chosen from each given area, if avail-
able, and examined together. This is a comprehensive and up-to-date
review on this important topic. We believe that our manuscript can
successfully assist researchers exploring the regulation of gene
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expression to find a suitable database by markedly reducing the time
needed to identify one.

2. Eukaryotic databases
2.1. Multispecies eukaryotic databases

One of the oldest promoter databases is the Eukaryotic Promoter
Database (EPD) (Cavin Perier et al., 1998). It is a collection of 4806
RNA polymerase II promoters with transcription start sites (TSSs). The
data presented in the EPD are based on TSS mapping experiments
published in journal articles or on expressed sequence tags (ESTs) of
full-length cDNA clones used for in silico primer extension. The user is
able to download selected species-specific promoter sequences (—499:
+100 bp relative to TSS). In 2011, a new section called the EPDnew
was added (Dreos et al., 2013). In contrast to the EPD, the EPDnew
contains promoters automatically assembled from next-generation se-
quencing (NGS) and from high-throughput promoter mapping experi-
ments. The EPDnew currently supports 10 species: six animal species
(Homo sapiens, Mus musculus, Drosophila melanogaster, Apis mellifera,
Caenorhabditis elegans, Danio rerio), two plant species (Arabidopsis
thaliana, Zea mays), and two fungus species (Saccharomyces cerevisiae,
Schizosaccharomyces pombe). The EPDnew provides over 105,000 pro-
moter sequences and information on their motifs, i.e., TATA box, GC
box, CCAAT box, initiator element (Inr), CpG island. The user is free to
use various analysis tools to examine promoters (frequency and oc-
currence of motifs) and selection tools to select subsets of promoters.
The EPD and EPDnew are regularly updated, with the most recent
update on May 2017.

ECRbase provides a collection of vertebrate promoter sequences
with transcription factor binding sites (TFBSs); it contains H. sapiens,
Macaca mulatta, Pan troglodytes, Bos taurus, Canis familiaris, Monodelphis
domestica, Rattus norvegicus, M. musculus, Gallus gallus, Xenopus tropi-
calis, D. rerio and Takifugu rubripes annotations (Loots and Ovcharenko,
2007). TFBSs are recognized based on position weight matrices (PWMs)
extracted from the TRANSFAC database (Matys et al., 2006) and the
tfSearch algorithm (Loots and Ovcharenko, 2004). To mitigate the
problem of false positive results, the authors independently optimized
thresholds for different TFBSs. The database gives the possibility to
download the data. It was recently updated in 2009.

The Transcriptional Regulatory Element Database (TRED) is a re-
pository of human, rat, and mouse cis- and trans-regulatory elements
(Zhao et al., 2005; Jiang et al., 2007). The user is able to retrieve
139,379 promoter sequences with TSSs. The promoters are extracted
from experimental literature and are derived by computational pre-
dictions. It is also possible to search for TFBSs and obtain information
on their sequence, localization, and corresponding TFs. Furthermore,
the database provides access to orthologous genes and gene regulatory
networks (GRNs) constructed by 34 TF families implicated in cancer
pathways and their target genes. The TRED is simple in construction
and comprehensive database. The last update of the database could not
be determined.

The mechanisms of regulation of genes encoding miRNAs are de-
picted by DIANA miRGen (Georgakilas et al., 2016). It is a unique re-
pository of 276 precise TSSs of miRNA genes, and over 19,000 binding
sites for 202 TFs obtained from nine cell lines and six tissues of H.
sapiens and M. musculus. The user is able to receive information on
miRNAs, the genomic position of TSSs and binding sites, binding motif
logos and expression of TFs. The promoters incorporated into the da-
tabase were obtained from experimental and computational studies.
The TSSs were predicted by using the microTSS algorithm (Georgakilas
et al., 2014) on chromatin immunoprecipitation-sequencing (ChIP-seq),
RNA sequencing (RNA-seq), and DNase sequencing (DNase-seq) data.
The algorithm is able to identify miRNA TSSs to a resolution of one
nucleotide, with 93,6% sensitivity and 100% precision. Binding sites for
TFs were estimated by scanning promoter sequences based on position
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frequency matrices (PFMs). The last update of the database could not be
determined.

The CircuitsDB connects transcriptional and post-transcriptional
interactions of TFs, miRNAs and genes to establish feed-forward reg-
ulatory loops (FFLs) (Friard et al., 2010). A master TF regulates miRNA
in the loop, and both regulate target protein-coding genes. The circuits
were created here based on ab-initio sequence analysis of M. musculus
and H. sapiens genomes. The CircuitsDB provides detailed information
on target genes and miRNAs (including disease involvement), TFs,
binding sites for miRNAs in the 3 “untranslated region (3’'UTR), putative
TFBSs in promoters, and tissue expression of loop components. Con-
served overrepresented oligos (putative TFBSs) were identified by
promoter scanning based on consensus sequences from the TRANSFAC
database (Matys et al., 2006). In addition, the CircuitsDB includes
21,446 human (21,316 protein-coding and 130 for pre-miRNA) and
21,944 mouse (21,814 protein-coding and 130 pre-miRNA) promoter
regions. In total, the transcriptional network consists of 43,453 genes
and 4062 binding sites for 230 TFs, while the post-transcriptional
network involves 33,021 genes and 360 binding sites for 283 mature
miRNAs. The user can explore transcriptional and post-transcriptional
networks separately. The database is flexible, it is possible to query by
TF, by miRNA or by target gene and download the data. The last update
of the database could not be determined.

A comparable database is RegNetwork (Liu et al., 2015). It is a
comprehensive collection of experimentally confirmed and predicted
transcriptional and post-transcriptional regulatory networks extracted
from 25 databases, including JASPAR (Bryne et al., 2008) and the TRED
(Jiang et al., 2007) described here. TF-gene, TF-miRNA, TF-TF, miRNA-
TF, miRNA-gene interactions are considered. Each of the interactions is
labeled with a degree of confidence (high, medium or low). The human
part of RegNetwork consists of 1456 TFs, 1904 miRNAs and 19,719
target genes. The mouse unit comprises 1328 TFs, 1290 miRNAs and
18,120 target genes. The obtained results can be downloaded. The
database was recently updated on 1st July 2017.

The microPIR2 database provides a number of possible miRNA
binding sites in promoters: about 80 million human and 40 million
mouse (Piriyapongsa et al., 2014). The sites were predicted using the
RNAhybrid program (Kruger and Rehmsmeier, 2006). The user can also
search for conserved miRNA binding sites that can be powerful candi-
dates for subsequent experimental analysis. As a comprehensive data-
base, microPIR2 supplies detailed knowledge about miRNAs, target
genes and binding sites (length, position, overlapping with other im-
portant sequences, minimum free energy (MFE), p-value, conserved
score), together with links to other databases. The user can query by
gene, miRNA, disease and binding site characteristics. The last update
of the database could not be determined.

A comparable repository is miRWalk2.0 (Dweep et al., 2011). It
comprises miRNA binding sites in human, mouse, and rat promoters.
The sites were identified with the miRWalk algorithm and an additional
nine programs (DianamT, miRanda, miRDB, Pictar4, Pictar5, PITA,
RNA22, RNAhybrid, Targetscan), to improve prediction. Apart from
miRNA binding sites, the database provides information on miRNAs
and target genes. The user can search by target gene, miRNA, pathway,
class of gene and protein, gene ontology, disorders, diseases and human
phenotype ontology. miRWalk2.0 is regularly updated. The last update
was on June 2017.

The Database of Orthologous Promoters (DoOP) (Barta et al., 2005)
and its tool DoOPSearch (Sebestyen et al., 2009) were created to
identify evolutionarily-conserved promoter sequences (possible TFBSs)
of a given gene. This method is called phylogenetic footprinting. The
conserved sequences were found by multiple alignments using the
DIALIGN2 program (Morgenstern, 1999). The DoOP comprises over one
million such orthologous sequences (6-50 bp long) from chordate and
plant promoters. The database offers the possibility to search for spe-
cific promoter clusters (500, 1000 or 3000 bp long) or sequence motifs
using the DoOPSearch tool, giving a list of characterized genes and a



Publikacja 1

M. Majewska et al.

graphical map of motifs along promoter and promoter cluster se-
quences. The gene list can be subsequently examined with the Gene-
Merge program to identify statistically overrepresented Gene Ontology
terms and hence the putative function of the motifs and genes. It is
worth noting that it is possible to obtain false positive results using this
approach, as the sensitivity and specificity of the DoOPSearch and
GeneMerge analyses depend, respectively, upon the chosen parameters
and the number of genes launched. The last update of the databases
could not be determined.

One of the eukaryotic databases that characterizes TF binding pro-
files is JASPAR (Mathelier et al., 2016). It consists of several collections,
but the best known is JASPAR CORE. The CORE collection contains
1082 TF binding profiles for many species in six taxonomic groups. It
includes 519 profiles for vertebrates, 227 for plants, 133 for insects, 176
for fungi, 26 for nematodes and 1 for urochordata. The profiles are
described as PFMs and transcription factor flexible models (TFFMs),
and are derived from protein binding microarray (PBM), high-
throughput systematic evolution of ligands by exponential enrichment
(HT-SELEX), and ChIP-seq experiments. JASPAR provides information
not only on TF binding profiles, but also supplies general knowledge
about TFs with links to external databases. The database is supported by
various open-source software tools. Ruby Gem uses TF binding profiles
for predicting TFBSs within DNA sequences. The Bioconductor
TFBSTools package is used for the analysis and manipulation of TFBSs
and their associated TF profile matrices. JASPAR is a regularly-updated
intuitive database. It was recently updated in 2016.

Homo sapiens Comprehensive Model Collection (HOCOMOCO) re-
presents a complement to the JASPAR database (Kulakovskiy et al.,
2016). It comprises DNA patterns (with quality score) and corre-
sponding TF characteristics. The database involves PWMs for 601
human and 396 mouse TFs. It also contains completely new com-
plementary dinucleotide PWM models for 86 human and 52 mouse TFs.
This dinucleotide PWMs are based on ChIP-seq data extracted from the
GTRD database (Yevshin et al., 2017). Part of the assembled DNA
patterns come from HT-SELEX experiments and the rest from well-
known databases, e.g., JASPAR (Mathelier et al., 2014) and SwissRe-
gulon (Pachkov et al., 2013). The last update of the database could not
be determined.

A comparable repository of TF binding motifs is MotifMap (Daily
et al., 2011). It combines data from JASPAR (Portales-Casamar et al.,
2010), TRANSFAC (Matys et al., 2003) and scientific publications with
a comparative genomic statistical approach. The database currently
supports H. sapiens (530 motifs for hg19 (human genome 19) and 570
motifs for hgl8 (human genome 18)), M. musculus (575 motifs), S.
cerevisiae (147 motifs), D. melanogaster (66 motifs), and C. elegans motifs
(6 motifs). MotifMap consists of three components: Motif Search, Gene
Search and SNPer. Motif Search allows TFs and their binding sequence
logos to be retrieved. Using Gene Search, the user is able to select a
gene of interest and search for TFBSs in upstream and downstream
regions from TSS. SNPer enables the identification of TF binding motifs
that overlap with single nucleotide polymorphism (SNP) sites. The re-
sults obtained with Gene Search and SNPer are provided with a nor-
malized log-odds (NLOD) score achieved from PWMs, with a Bayesian
Branch Length Score (BBLS) to measure the degree of evolutionary
conservation, and with a false discovery rate (FDR) score. The last
update of the database could not be determined.

The Gene Transcription Regulation Database (GTRD) is a repository
of human and mouse TFs and corresponding binding sites identified by
ChIP-seq experiments (Yevshin et al., 2017). The authors of the data-
base started from the raw data obtained from the ENCODE project
(Landt et al., 2012), SRA (Kodama et al., 2012), GEO (Barrett et al.,
2013) and previous literature; and most importantly, the data has been
uniformly processed by the authors' own workflows. The GTRD allows
ChIP-seq experiments to be to retrieved by TF, to find TFBSs located in
regulatory regions of genes of interest, and conversely, to obtain genes
that have binding sites for specific TF. All received results can be
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exported. The repository has a semi-automatic procedure for updating
data, with an update released every six months. It was recently updated
on April 2017.

2.2. Drosophila melanogaster databases

The Drosophila Core Promoter Database (DCPD) is a simply-con-
structed repository of 205 D. melanogaster core promoter sequences
(—45:+30 bp) with TSSs (Kutach and Kadonaga, 2000). The TSSs were
empirically determined by nuclease protection, primer extension or 5’
rapid amplification of cDNA ends (RACE). The promoters were ex-
tracted from the literature. The DCPD also contains TATA box, down-
stream promoter element (DPE), Inr data. The last update of the data-
base could not be determined.

FlyFactorSurvey includes 613 PWMs determined by a bacterial one-
hybrid (B1H) system or DNase I footprint experiments for 327 TFs in D.
melanogaster (Zhu et al., 2011). The data were extracted from literature.
The user can inquire about TFs, motif sequences and experimental
conditions used to gain PWMs. It is possible to query by TF gene or by
type of DNA binding domain inside the TF. The last update of the da-
tabase could not be determined.

The Drosophila DNase I footprint database (FlyReg) is a repository of
1367 binding sites for 87 TFs (Bergman et al., 2005). The data were
obtained from DNase I footprint experiments and extracted from the
literature. FlyReg provides comprehensive knowledge about TFs with
external links and references. It was updated recently on October 2007.

OnTheFly contains 436 PWMs (327 from FlyFactorSurvey (Zhu
et al.,, 2011), 87 from FlyReg (Bergman et al., 2005), 22 from JASPAR
(Portales-Casamar et al., 2010) and the literature) found in BH1, DNase
I, and systematic evolution of ligands by exponential enrichment
(SELEX) experiments for over 387 TFs (Shazman et al., 2014). The
database supplies general information on TFs, PWM sequences, PWMs
of orthologous TFs, and structural data for TFs and their binding sites
obtained using high-throughput method based on Monte Carlo simu-
lations (Zhou et al., 2013). The user can search by TF, by TF binding
domain and by PWM to identify which TF binds to a specific DNA se-
quence. OnTheFly was updated on March 2016.

2.3. Saccharomyces cerevisiae databases

The Saccharomyces cerevisiae Promoter Database (SCPD) is one of
the oldest still functioning yeast databases (Zhu and Zhang, 1999). The
1999 release of the SCPD includes promoter sequences with TSSs, 580
experimentally-mapped TFBSs, and 103 corresponding TFs. The user
can search for genes regulated by specific TF and related binding sites
on the basis of sequence pattern, which is very useful facility, and
identify putative TFBSs in own promoter sequence. Although not every
tool from the SCPD currently works, it is nevertheless a valuable da-
tabase. The last update of the database could not be determined.

Yeast Search for Transcriptional Regulators And Consensus Tracking
(YEASTRACT) is a literature-based tool for the analysis of genes and
genomic transcription regulation in S. cerevisiae (Teixeira et al., 2014).
The database gives the opportunity to retrieve promoter sequences
(—1000:—1) and TFBSs. YEASTRACT contains DISCOVERER, a set of
tools used to recognize overrepresented motifs in the promoters of co-
regulated genes. In contrast to YPA described below (Chang et al.,
2011), the user can identify documented and potential regulatory as-
sociations between TFs and genes in particular environmental condi-
tions. Moreover, it is possible to analyze gene expression changes in
response to overexpression, deletion or mutation of TFs. The database
was recently updated in 2017.

A similar but more sophisticated database is Yeast Promoter Atlas
(YPA) (Chang et al., 2011). It provides wide range of promoter features
related to transcriptional regulation: promoter sequences, TSSs, TATA
boxes, 5’'UTRs, 3’UTRs, DNA bendability, nucleosome occupancy,
TFBSs, TFs, physical or genetic interactions between two TFs which
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have binding sites in the same promoter, and TF knockout gene ex-
pression data. The assembled data were derived from five experimental
articles and six databases including MYBS (Tsai et al., 2007),
YEASTRACT (Monteiro et al., 2008), BioGRID (Breitkreutz et al., 2008),
SwissRegulon (Pachkov et al., 2007) and the SCPD (Zhu and Zhang,
1999). It is very user friendly to operate: the user has many options
while searching, the data are highly integrated and the promoter fea-
tures are displayed simultaneously. It is also possible to download ob-
tained results for further manipulation. YPA was updated on 30th June
2012.

As with YPA, the Yeast Combinatorial Regulation Database (YCRD)
yields regulatory associations (434,197) between cooperating TFs
(2535) and target genes (6243) (Wu et al., 2016). This is the most
comprehensive collection of such interactions in S. cerevisiae. To build
the database, the creators extracted cooperating TF pairs predicted by
17 different algorithms given in the literature, and empirically con-
firmed target genes from YEASTRACT platform (Teixeira et al., 2014).
In addition, experimental evidence of TF-gene interplays was added to
confirm any possible interactions. The mentioned evidence is physical
(TF binding to promoter) and genetic (TF perturbation vs. gene ex-
pression). It is possible to search for target genes of a chosen TF pair,
and conversely, search for cooperating TFs that regulate a gene or genes
of interest. The user can also browse the data. The YCRD is well orga-
nized and has an easy-to-use interface. It was last revised on 5th June
2016.

The high number of frequently conflicting matrices encountered for
specific TF prompted researchers to establish ScerTF (Spivak and
Stormo, 2012). The database provides the most accurate PWM for each
TF in S. cerevisiae. The authors of ScerTF collected 1226 PWMs (ex-
perimental and computational) from Transfactome (Foat et al., 2008),
SwissRegulon (Pachkov et al., 2007), the SCPD (Zhu and Zhang, 1999),
UniPROBE (Robasky and Bulyk, 2011), and the literature for 196 varied
TFs and subsequently evaluated the PWMs using results from in vivo
chromatin immunoprecipitation-on-chip (ChIP-chip) and TF deletion
experiments. Optimal thresholds were also identified to predict TF
binding for particular PWM. It was found that the PWMs from ScerTF
surpassed PWMs from JASPAR (Portales-Casamar et al., 2010). ScerTF
supplies knowledge about TFs, recommended and additional matrices,
genes bound to TFs in ChIP-chip experiments, genes affected by TF
deletion, and predicted TF-TF regulatory interactions. The user can
query the database with TF name, DNA sequencer or matrix. The last
update of the database could not be determined.

2.4. Multispecies plant databases

The Plant Promoter Database (PlantProm DB) is a collection of 576
proximal RNA polymerase II promoter sequences (—200:+ 51 bp) with
experimentally determined TSSs (primer extension, 5’RACE) from 86
plant species (Shahmuradov et al., 2003). It provides also 3032 statis-
tically significant TFBSs and corresponding TFs, if available, from Oryza
sativa, Z. mays, Medicago truncatula, Glycine max and Vitis vinifera. The
database allows promoters to be classified as either TATA or TATA-less.
The results can be downloaded. The PlantPromDB was last updated on
March 2016.

Another plant database is the ppdb (Hieno et al., 2014). It comprises
information on promoter sequences, TSSs, structure of core promotes
(TATA box, Y Patch, Inr, GA and CA elements), and regulatory element
groups (REGs) in A. thaliana, O. sativa, Physcomitrella patens, and Po-
pulus trichocarpa. Genome sequences and TSSs were extracted from
databases, i.e., TAIR (Lamesch et al., 2012), RARGE (Seki et al., 2002),
the RAP-DB (Sakai et al., 2013), Phytozome (Goodstein et al., 2012)
and the literature. Core and regulatory elements were determined by
local distribution of short sequences (LDSS) analysis (Yamamoto et al.,
2007) and come from the PLACE database (Higo et al., 1999) and from
literature. The last update of the database could not be determined.

Plant Promoter Analysis Navigator (PlantPAN 2.0) is a platform for

41

44

Gene 644 (2018) 38-48

the investigation of promoters and the reconstruction of transcriptional
regulatory networks in 76 plant species (Chow et al., 2016). The da-
tabase gives detailed information on A. thaliana, O. sativa and Z. mays
genes, promoter sequences, tandem repeats, CpG islands, TFBSs, the
structure of homologous promoters, TFs co-expressed with the query
gene under various conditions (environmental stress, hormone treat-
ment, developmental stage), and provides an opportunity to construct
GRNs. It is also possible to examine own promoter sequences. Through
the TF/TFBS search function the user can obtain wider knowledge
about TFs, their target genes and TF binding motifs. In addition, the
database allows the co-occurrence of TFs and their binding sites to be
determined within promoters of input gene group and construct net-
works for TF-gene and protein-protein interactions (PPIs). The data
incorporated into PlantPAN 2.0 were retrieved from JASPAR (Mathelier
et al., 2014), TRANSFAC (Matys et al., 2006), PLACE (Higo et al., 1999)
and the literature (TFs, PWMs), from Uniprot (The UniProt Consortium,
2015) (description and functions of TFs), from PAIR (Lin et al., 2011),
MINT (Licata et al., 2012) and the BioGRID (Chatr-Aryamontri et al.,
2015) (PPIs). Putative TFBSs were found with the Match program (Kel
et al.,, 2003). PlantPAN 2.0 is a comprehensive database with an in-
tuitive and modern interface. It was recently revised on July 2015.

Profound investigation of stress response mechanisms in plants is
possible with the Stress-Responsive Transcription Factor Database
(STIFDB2) (Naika et al., 2013). It is a repository of 38,798 associations
between biotic or abiotic stress signals, stress-responsive genes, and
stress-responsive TFs in A. thaliana, O. sativa subsp. japonica, and O.
sativa subsp. indica. Genes, their orthologs, TFBSs, and TFs are very well
described here. The data assembled in the STIFDB2 were derived from
the literature (TFs), from GEO (Barrett et al., 2011), TAIR (Lamesch
et al., 2012), Rice Genome Annotation Project (Ouyang et al., 2007),
the RAP-DB (Ohyanagi et al., 2006) (genes, promoter and 5'UTR se-
quences), and from the STIF algorithm (Shameer et al., 2009) (potential
TFBSs). The TFBSs are provided with a z-score to show the strength of
prediction. The database gives a range of possibilities to search and
browse and has an easy-to-use interface. It was updated on 15th Oc-
tober 2012.

2.5. Arabidopsis thaliana databases

Arabidopsis Gene Regulatory Information Server (AGRIS) contains
an essential knowledge for examining GRNs in the model plant A.
thaliana (Yilmaz et al., 2011). AGRIS consists of three parts: AtcisDB
(Arabidopsis thaliana cis-regulatory element database), AtTFDB (Arabi-
dopsis thaliana transcription factor database), and AtRegNet (Arabidopsis
thaliana regulatory network). AtcisDB contains 33,239 promoter se-
quences (from TAIR (Swarbreck et al., 2008)) and experimentally va-
lidated or predicted TFBSs (from the literature). AtTFDB includes 1773
TFs grouped into 50 families. Genes encoding the TFs are characterized
and information on their contribution to regulatory subnetwork is
provided. The TFs were identified by a combination of the Basic Local
Alignment Search Tool (BLAST) (McGinnis and Madden, 2004) and
motif searches based on the literature with identified TFs or on motifs
conserved between TFs from a family. AtRegNet is a tool employed to
display the regulatory networks. Utilising the Regulatory Networks
Interaction Module (ReIN) it documents and visualizes GRNs created by
64 TFs and 8070 direct target genes. Information given in AtRegNet was
taken from published high-throughput in vivo experimental approaches
such as ChIP-chip or ChIP-seq. AGRIS was recently updated on 31st
October 2016.

Another plant database aimed at a thorough reconstruction of GRNs
is Arabidopsis thaliana Promoter Analysis Net (AtPAN) (Chen et al.,
2012). AtPAN is similar in content and structure to the PlantPAN 2.0
database also described in this review (Chow et al., 2016). The major
difference is that AtPAN does not provide information on tandem re-
peats and CpG islands in promoters. The data incorporated into AtPAN
are obtained from other databases, i.e. TAIR (Swarbreck et al., 2008),
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the ppdb (Yamamoto and Obokata, 2008), NCBI Homologene (Maglott
et al., 2011), TRANSFAC (Matys et al., 2006), JASPAR (Bryne et al.,
2008), AGRIS (Yilmaz et al., 2011), ATTED-II (Obayashi et al., 2011),
PAIR (Lin et al., 2011), and from the literature. TFBSs were identified
by scanning promoter sequences with the Mach tool (Matys et al., 2006)
and a homemade Per] program. GRNs were created using the AutoPat
method (Tang et al., 2011). The Apriori algorithm was used to discover
the co-occurrence of TF/TFBS. The advantage of AtPAN is its intuitive
interface. The last update of the database could not be determined.

AthaMap reveals transcriptional and post-transcriptional regulation
of gene expression in A. thaliana by providing TFBSs and small RNA
(sRNA) target genes (Bulow et al., 2012; Hehl et al., 2016). The re-
pository contains 4.9 x 107 PWM-predicted TFBSs for 126 TFs re-
presenting 29 families and 41,965 putative miRNA target sites in
10,442 genes. The TFBS were identified with the Patser program (Hertz
and Stormo, 1999), and miRNA targets with the psRNATarget web
server (Dai and Zhao, 2011). AthaMap incorporates several web tools to
address specific questions. The Search tool shows potential TFBSs and
sRNA target sites in the selected genomic region (500 bp upstream and
downstream) with information on highly-conserved sites. The binding
sites are provided with well-characterized corresponding TFs or sRNAs.
The Gene Analysis tool enables identification of common binding sites
for TFs or sRNAs in the set of chosen genes. The results can be visua-
lized graphically. Using the Gene Identification tool, the user is able to
identify predicted binding sites targeted by selected TFs within a
6000 bp region (—2000: +4000 bp). Co-localizing TFBSs of two TFs in
proximity can be found with the Colocalization tool. Small RNA Targets
and MicroRNA Targets tools are used to predict target genes for SRNAs.
AthaMap is a very well-organized database. The user can easily
download or print all the results. It was updated on 3th July 2017.

A unique database is AtmiRNET (Chien et al., 2015). It aims to
extend the knowledge about miRNAs, their transcriptional regulation
and targets in A. thaliana. AtmiRNET is a repository of miRNA pro-
moters (sequences, TSSs, Y Patch, Inr, REGs, CA and GA elements,
TFBSs), corresponding TFs, direct and indirect targets of miRNAs, and
miRNA function. Furthermore, by combining TF-miRNA and miRNA-
gene interactions with indirect targets, AtmiRNET allows the re-
construction of regulatory networks. The promoter sequences given
with the TSSs were obtained experimentally or by using an SVM-based
model (Chien et al., 2011). The core promoter elements were obtained
from the ppdb database (Yamamoto and Obokata, 2008). TFs and their
binding sites were predicted by performing a combination of co-ex-
pression analysis with hypergeometric p-values. psRNATarget server
(Dai and Zhao, 2011) and miRTarBase (Hsu et al., 2014) are sources of
predicted and empirically determined miRNA-target interactions. In-
direct targets of miRNAs were found using the DFS algorithm. At-
miRNET has a modern and user-friendly interface. The last update was
on 3th March 2017.

The information on selected eukaryotic databases is summarized in
Table 1.

3. Prokaryotic databases
3.1. Multispecies prokaryotic databases

The Prokaryotic Database of Gene Regulation (PRODORIC) is a
platform that concerns transcriptional regulation, signal transduction,
protein interactions, and biochemical pathways in 696 bacterial species
with a special focus on pathogenic organisms (Grote et al., 2009). In the
field of transcriptional regulation, the database contains information on
1586 promoter sequences, 197 PWMs with sequence logos, 2921 TFBSs,
regulated genes, operons, and TFs. Several tools are incorporated into
PRODORIC. The GBpro Genome Browser allows promoters, TFBSs, and
genes to be displayed in parallel as a sequence and graphical map. A
prediction tool called Virtual Footprint scans sequences or whole gen-
omes for new TF targets (Munch et al., 2005). Evolutionary
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conservation of the found targets can be subsequently analyzed with the
SMILE tool. PRODORIC is based only on the original scientific literature
and is not complemented with in silico predictions. It was last updated
on 10th September 2008.

Another prokaryotic repository is the o™ promoter database
(Pro54DB) (Liang et al., 2016). It is a unique resource of o>t promoters
that control expression of carbon and nitrogen-related genes and re-
spond to environmental changes. The Pro54DB includes 210 experi-
mentally verified 0®* promoter sequences with TSSs, 297 regulated
genes in 43 prokaryotic species. The incorporated data were manually
extracted from 133 scientific publications. Moreover, the database
contains the iPro54-PseKNC tool for identifying o°* promoters by
pseudo k-tuple nucleotide composition (Lin et al., 2014). The user can
search, browse, and even submit his own data. The Pro54DB was last
revised on 31st August 2016.

CollecTF represents a collection of 9750 experimentally-validated
binding sites for over 240 TFs in over 100 bacterial species (Kilic et al.,
2016). After selecting the TF family, bacterial taxonomic unit, and ex-
perimental technique, the user obtains information on TFBSs (binding
motif, sequence, genomic location), TFs, regulated genes (with type of
regulation), experimental techniques, and the supporting literature. It is
also possible to browse the data and download them. Moreover, Col-
lecTF allows pairwise comparisons of TFBS and motif similarities across
species and taxonomical groups using Levenshtein distance, Kullback-
Leibler divergence, and the Pearson correlation coefficient. The data-
base also serves as a submission portal. CollecTF is a well-organized and
very intuitive database. The last update of the database could not be
determined.

3.2. Bacillus subtilis database

The Database of Transcriptional Regulation in Bacillus subtilis
(DBTBS) consists of 120 TFs (with type of regulation) classified using
Pfam motifs, corresponding TFBSs, regulated genes, and operons (Sierro
et al., 2008). All the data were retrieved from 947 experimental pub-
lications. The DBTBS provides also a phylogenetic conservation study of
both TFs and TFBSs (Makita et al., 2004). Furthermore, the user can
obtain information on overrepresented hexameric motifs within the
upstream intergenic region of homologous genes from 40 Gram-positive
bacterial species. It is possible to search and browse the data. The
DBTBS was updated on 5th February 2015.

3.3. Escherichia coli databases

PromEC is a simple text files-based platform of 472 promoter se-
quences (—75:+ 25 bp) and TSSs in Escherichia coli, the best studied
bacterial model organism (Hershberg et al., 2001). The promoter se-
quences were extracted from the RegulonDB (Salgado et al., 2000),
complete genome sequence (Blattner et al., 1997), and the literature.
The TSSs were determined experimentally by S1 nuclease mapping or
by primer extension. PromEC was updated on July 2000.

The RegulonDB is a database concerning regulation of transcription
initiation and regulatory network in E. coli K-12 (Gama-Castro et al.,
2016). It includes thorough knowledge about 8597 promoter se-
quences, 93 PWMs, 2285 TFBSs, 4652 genes, 280 terminators, 208 TFs
(with type of regulation), more complex genome units, i.e., 3547
transcription units, 2632 operons, 53 gensor units, 480 regulons and
3239 interactions (TF-gene, TF-transcription unit, TF-operon, TF-TF,
sRNA-gene). The incorporated data were retrieved from experimental
evidences and are based on computational predictions. In addition, the
RegulonDB offers a range of tools: DrawingTracesTool images elements
involved in gene regulation, while the Textpresso tool enables the user
to browse the literature curated by the repository. The user can search
or browse, download all the results, and submit data to the database to
make it publicly available. The RegulonDB has been continuously up-
dated since 1997, with the most recent update on 8th May 2017.
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Resource Organism Contents/Features URL References
EPD eukaryotes 4806 promoter sequences (—499: +100 bp); TSSs http://epd.vital-it.ch/EPD_database. (Cavin Perier et al.,
php 1998)
EPDnew H. sapiens, > 105,000 promoter sequences; TATA box; GC box; http://epd.vital-it.ch/EPDnew_ (Dreos et al., 2013)
M. musculus, CCAAT box; Inr; CpG island; selection and analysis database.php
D. melanogaster, tools
A. mellifera,
C. elegans,
D. rerio,
A. thaliana,
Z. mays,
S. cerevisiae,
S. pombe
ECRbase H. sapiens, promoter sequences; TFBSs https://ecrbase.dcode.org/ (Loots and Ovcharenko,
M. mulatta, 2007)
P. troglodytes,
B. taurus,
C. familiaris,
M. domestica,
R. norvegicus,
M. musculus,
G. gallus,
X. tropicalis,
D. rerio,
T. rubripes
TRED H. sapiens, 139,379 promoter sequences; TSSs; TFBSs; TFs; TF- http://rulai.cshl.edu/TRED (Zhao et al., 2005; Jiang
M. musculus, gene interactions; orthologous genes et al., 2007)
R. norvegicus
DIANA miRGen H. sapiens, miRNA genes (276 TSSs, over 19,000 TF binding site  http://www.microrna.gr/mirgen (Georgakilas et al.,
(version 3.0) M. musculus logos); information on miRNAs; 202 TFs 2016)
CircuitsDB H. sapiens, promoter sequences of miRNAs and protein-coding http://biocluster.di.unito.it/circuits/ (Friard et al., 2010)
M. musculus genes with TFBSs; sites for miRNAs in 3’UTR;
interactions (TF-promoter, TF-miRNA, miRNA-
3°UTR); information on TFs, target genes, and
miRNAs; tissue expression of FFL components
RegNetwork H. sapiens, interactions (TF-gene, TF-miRNA, TF-TF, miRNA-TF, http://www.regnetworkweb.org (Liu et al., 2015)
M. musculus miRNA-gene)
microPIR2 H. sapiens, 80 million human, 40 million mouse miRNA binding  http://www4a.biotec.or.th/micropir2 (Piriyapongsa et al.,
M. musculus sites in promoters; conserved miRNA binding sites; 2014)
information on miRNAs and target genes
miRWalk2.0 H. sapiens, miRNA binding sites in promoters; information on http://mirwalk.uni-hd.de/ (Dweep et al.,, 2011)
M. musculus, miRNAs and target genes
R. norvegicus

DoOP, DoOPSearch
JASPAR

(version 2016)
HOCOMOCO

(version 10)
MotifMap

GTRD

DCPD

FlyFactorSurvey

Drosophila DNase 1
footprint database

(version 2.0)
OnTheFly

SCPD
YEASTRACT

chordates, plants

vertebrates, plants,
insects, fungi,
nematodes, urochordata
H. sapiens,

M. musculus

H. sapiens,

M. musculus,

S. cerevisiae,

D. melanogaster,

C. elegans

H. sapiens,

M. musculus

D. melanogaster

D. melanogaster

D. melanogaster

D. melanogaster

S. cerevisiae
S. cerevisiae

promoter sequences; evolutionary conserved promoter
sequences (putative TFBSs); possible function of
motifs and genes

1082 TF binding profiles; information on TFs; tools for
predicting TFBSs within DNA sequences and for
analysis and manipulation of TFBSs

1135 PWMs; information on TFs

binding motifs for TFs; binding motifs overlaping with
SNP sites

TFBSs for 476 human and 257 mouse TFs

205 core promoter sequences; TSSs; TATA box; DPE;
Inr

613 PWMs with sequences for 327 TFs; information on
TFs

1367 binding sites for 87 TFs; information on TFs

436 PWMs with sequences for over 387 TFs; PWMs of
orthologous TFs; structural data for TFs and their
binding sites; information on TFs

promoter sequences; TSSs; 580 TFBSs; 103 TFs
promoter sequences; 326 TFBSs; tools to determine
overrepresented motifs in promoters of co-regulated
genes; 206,299 TF-gene interactions in various
conditions; gene expression changes in TF
perturbation
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http://doop.abc.hu/
http://doopsearch.abc.hu/

http://jaspar.genereg.net/

http://hocomoco.autosome.ru/

http://motifmap.ics.uci.edu/#Home

http://gtrd.biouml.org/
http://labs.biology.ucsd.edu/
Kadonaga/DCPD.htm
http://mccb.umassmed.edu/ffs/
http://www.flyreg.org/
https://bhapp.c2b2.columbia.edu/
OnTheFly/index.php

http://rulai.cshl.edu/SCPD/
http://www.yeastract.com/

(Barta et al., 2005;
Sebestyen et al., 2009)

(Mathelier et al., 2016)
(Kulakovskiy et al.,

2016)
(Daily et al., 2011)

(Yevshin et al., 2017)
(Kutach and Kadonaga,
2000)

(Zhu et al., 2011)

(Bergman et al., 2005)

(Shazman et al., 2014)

(Zhu and Zhang, 1999)

(Teixeira et al., 2014)

(continued on next page)
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URL

References

Resource Organism Contents/Features
YPA S. cerevisiae promoter sequences; TSSs; TATA boxes; 5'UTRs;
(version 1.6) 3’UTRs; DNA bendability; nucleosome occupancy;
TFBSs; interactions (28,826 TF-gene, 100 TF-TF-
gene); 21,843 TF knockout gene expression
YCRD S. cerevisiae 434,197 TF-TF-gene interactions
ScerTF S. cerevisiae the most accurate and additional PWMs for 196 TFs;

PlantProm DB
(version 2016.03)

plants (86 species)

genes bound to TFs; genes affected by TF deletion; TF-
TF interactions; information on TFs

576 promoter sequences; TSSs; promoters TATA or
TATA-less; 3032 TFBSs; TFs

ppdb A. thaliana, promoter sequences; TSSs; TATA box; Y Patch; Inr; GA
(version 3.0) 0. sativa, and CA elements; REGs
P. patens,
P. trichocarpa
PlantPAN 2.0 plants (76 species), promoter sequences; tandem repeats; CpG islands;
mainly: 1143 TFBSs; structure of homologous promoters;
A. thaliana, 16,960 TFs; co-occurrence of TFs and TFBSs within
O. sativa, promoters of gene group; GRNs
Z. mays
STIFDB2 A. thaliana, 38,798 associations between stress signals, stress-
O. sativa subsp. japonica, responsive genes, and stress-responsive TFs;
O. sativa subsp. indica information on genes, their orthologs, TFBSs, TFs
AGRIS A. thaliana 33,239 promoter sequences; TFBSs; 1773 TFs; TF-gene
interactions
AtPAN A. thaliana promoter sequences; TSSs; TFBSs; structure of
homologous promoters; TFs; co-occurrence of TFs and
TFBSs within promoters of gene group; GRNs
AthaMap A. thaliana 4.9 x 107 TFBSs for 126 TFs; 41,965 miRNA target
(version 8.0) sites in 10,442 genes; information on TFs and sRNAs;
web tools
AtmiRNET A. thaliana 187 miRNA promoter sequences; TSSs; Y Patch; Inr;

http://ypa.csbb.ntu.edu.tw/index.html

http://cosbi.ee.ncku.edu.tw/YCRD/
http://stormo.wustl.edu/ScerTF/

http://www.softberry.com/berry.
phtml?topic =plantp_2016.03&
subgroup = plantprom&group = data&
no_menu =on
http://ppdb.agr.gifu-u.ac.jp/ppdb/cgi-
bin/index.cgi

http://plantpan2.itps.ncku.edu.tw/

http://caps.ncbs.res.in/stifdb2

http://agris-knowledgebase.org/

http://atpan.itps.ncku.edu.tw/

http://www.athamap.de

http://AtmiRNET.itps.ncku.edu.tw/

(Chang et al., 2011)

(Wu et al., 2016)
(Spivak and Stormo,
2012)

(Shahmuradov et al.,
2003)

(Hieno et al., 2014)

(Chow et al., 2016)

(Naika et al., 2013)

(Yilmaz et al., 2011)
(Chen et al., 2012)
(Bulow et al., 2012;
Hehl et al., 2016)

(Chien et al., 2015)

REGs; CA and GA elements; TFBSs; TFs; targets of
miRNAs; regulatory networks; miRNAs functions

Another E. coli K-12-centered database is EcoCyc (Keseler et al.,
2016). It is a comprehensive source of literature-based experimental
and in silico predicted information for the entire genome, transporters,
metabolism and transcriptional regulation. In the field of transcrip-
tional regulation, EcoCyc complements the data provided by the Reg-
ulonDB (Gama-Castro et al., 2016). It contains information on 3841
promoters, 2836 TFBSs, 4505 genes, 283 terminators, 205 TFs, 3553
transcription units, operons and regulons. In contrast to the RegulonDB,
it is not possible to download the data, but the SmartTable tool allows
the user to browse the results and save it. Access to the repository is
free, but after viewing > 30 pages the user is required to register.
EcoCyc is well maintained and often updated, the last update being on
17th December 2016.

The information on selected prokaryotic databases is summarized in
Table 2.

4. Common eukaryotic and prokaryotic databases

The footprintDB is a database that collects the knowledge about
9087 DNA binding motifs and 23,174 DNA binding sites for 7196 TFs in
prokaryotes and eukaryotes (Sebastian and Contreras-Moreira, 2014). It
allows the user to submit DNA sites and motifs for comparison with
those from the database and to predict binding TFs, and conversely,
predict potential DNA sites and motifs based on the protein sequence of
a possible TF. However, the predictive power is higher for eukaryotes
than for prokaryotes. Moreover, registered users have access to addi-
tional facilities, i.e., to preserve searches and insert new databases. The
footprintDB integrates data from the literature and several open access
repositories, i.e., Arabidopsis cistrome (O'Malley et al., 2016), Arabi-
dopsis TFs (Franco-Zorrilla et al., 2014), Arabidopsis MYB TFs (Kelemen
et al., 2015), human TFs (Jolma et al., 2013), human TFs2 (Jolma et al.,
2015), Drosophila TFs (Down et al., 2007), Drosophila zinc fingers
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(Enuameh et al.,, 2013), Cis-BP (Weirauch et al., 2014), JASPAR
(Mathelier et al., 2016), 3D-footprint (Contreras-Moreira, 2010), HO-
COMOCO (Kulakovskiy et al., 2013), AthaMap (Bulow et al., 2009), the
DBTBS (Sierro et al., 2008), the RegulonDB (Salgado et al., 2013),
UniPROBE (Robasky and Bulyk, 2011). According to the authors, the
footprintDB has a similar coverage of multicellular organisms as com-
mercial TRANSFAC. The database gives the opportunity to download all
obtained results. It is constructed in plain fashion and is easy to use. The
most recent update was on 20th June 2017.

The second database that provides information on DNA binding
specificities of TFs in prokaryotes and eukaryotes is Universal PBM
Resource for Oligonucleotide Binding Evaluation (UniPROBE) (Hume
et al., 2015). It currently hosts PWM logos and binding sequences for
574 TFs. It includes information for species not supported by the
footprintDB (Sebastian and Contreras-Moreira, 2014). The data in-
corporated into UniPROBE were extracted from the literature (PBM
experiments). Furthermore, the database offers tools to search for po-
tential binding sites along nucleotide sequence, to find a similar motif
to that input by the user, and to generate negative control sequences
that will not bind to the selected TFs. The user can search or browse the
database, download the results, and add his own findings. UniPROBE
has an intuitive interface and is frequently updated. The last update was
on 1st June 2016.

The information on selected eukaryotic and prokaryotic databases is
summarized in Table 3.

5. Evaluation of databases

To demonstrate how the databases perform when subjected to the
same analysis, the most frequently given parameter was chosen, i.e. TF
with binding motif. The number of TF-binding motif pairs was esti-
mated with eleven repositories where the data were available (the
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Resource Organism Contents/features

URL References

PRODORIC
(version 8.9)

prokaryotes (696
species)
its evolutionary conservation

Pro54DB prokaryotes (43

(version 1.0) species) 054 promoters
CollecTF prokaryotes (over 100

species) comparisons; submission portal

DBTBS B. subtilis

(version 5.0)

homologous genes

PromEC E.coli 472 promoter sequences (—75: +25 bp); TSSs
Regulon DB E. coli K-12

(version 9.2)

1586 promoter sequences; 197 PWMs; 2921 TFBSs; regulated genes; operons;
TFs; tools that scans sequences or whole genomes for TF targets and checks de

210 0> promoter sequences; TSSs; 297 regulated genes; tool that identifies
9750 TFBSs for over 240 TFs; regulated genes; pairwise TFBSs and motifs

120 TFs; TFBSs; regulated genes; 736 operons; phylogenetic conservation of  http://dbtbs.hgc.jp
TFs and TFBSs; overrepresented hexameric motifs within upstream region of

8597 promoter sequences; 93 PWMs, 2285 TFBSs; 4652 genes; 280
terminators; 208 TFs; 3547 transcription units; 2632 operons; 480 regulons;

http://www.prodoric. (Grote et al., 2009)

http://lin.uestc.edu.cn/
database/pro54db
http://www.collectf.org

(Liang et al., 2016)
(Kilic et al., 2016)

(Makita et al., 2004;
Sierro et al., 2008)

http://margalit.huji.ac.
il/promec
http://regulondb.ccg. (Gama-Castro et al.,
unam.mx 2016)

(Hershberg et al., 2001)

53 gensor units; 3239 interactions (TF-gene, TF- transcription unit, TF-
operon, TF-TF, sSRNA-gene); submission portal

EcoCyc E. coli K-12 substr.

genome; transporters; metabolism; transcriptional regulation (3841

https://ecocyc.org/ (Keseler et al., 2016)

(version 20.5) MG1655 promoters, 2836 TFBSs, 4505 genes, 283 terminators, 205 TFs, 3553
transcription units, operons, regulons)
footprintDB,  JASPAR, UniPROBE, MotifMap, = HOCOMOCO, findings concern many species, including several model organisms, e.g.,

FlyFactorSurvey, YEASTRACT, ScerTF, the PRODORIC, CollecTF, the
Regulon DB) for nine main species (H. sapiens, M. musculus, R. norve-
gicus, D. melanogaster, C. elegans, S. cerevisiae, A. thaliana, Z. mays, E.
coli). As a consequence, thirty-five results were obtained (Table 4). The
greatest number of TF - binding motif pairs was collected by
YEASTRACT (759 for S. cerevisiae), followed by MotifMap (724 for M.
musculus, 707 for H. sapiens), FlyFactorSurvey (326 for D. melanogaster),
and the footprintDB (> 200 for C. elegans, > 200 for A. thaliana, 182
for E. coli, 55 for R. norvegicus, 11 for Z. mays) (Table 4). It is worth
underlining that databases with a lower score included unique
TF-binding motif pairs in contrast to the leading ones (data not shown).
To sum up, conducted analysis did not indicate one comprehensive
database which performed perfectly with the given query. These results
demonstrate need to employ a few complementary resources in re-
search.

6. Summary and conclusions

The forty databases described above are certainly valuable tools for
the researchers to investigate transcription-level regulation of gene
expression in various species of eukaryotes and prokaryotes. The re-
positories provide information on promoter sequences, promoter pat-
terns essential for transcription (TATA box, GC box, CCAAT box, GA
and CA elements, Inr, CpG island, DPE, Y Patch, REGs), binding sites for
TFs and miRNAs and corresponding TFs and miRNAs, interactions that
allow GRNs to be established (TF-gene, miRNA-gene, TF-TF, TF-
miRNA), promoter DNA bendability and nucleosome occupancy (DNA
accessibility), as well as TSSs. Moreover, the databases give the possi-
bility to examine evolutionarily-conserved TFs, TFBSs, miRNA binding
sites in promoters, and statistically overrepresented motifs in promoters
of co-regulated genes, thus allowing common mechanisms of regulation
of genes transcription to be determined. They also contain information
on the influence of external factors (biotic and abiotic environmental
stress, hormone treatment) on transcription in plants. The presented

Table 3
Selected eukaryotic and prokaryotic databases.

E. coli, B. subtilis, S. cerevisiae, A. thaliana, Z. mays, O. sativa, P. tricho-
carpa, C. elegans, D. melanogaster, D. rerio and M. musculus. Since the
functional analysis of promoters is laborious and expensive, researchers
tend to extend at least part of the information gained on model or-
ganisms to less-studied organisms, with the degree of the extension
associated with the distance between the organisms (Sierro et al.,
2008). In this regard, the described platforms offer great potential. The
data incorporated into the repositories were derived from both ex-
perimental literature and in silico predictions. The repositories are
highly diverse in their approach: i.e. they can be simple or more com-
plex, regularly updated or not, and they offer a range of search options.
Moreover, the performed analysis indicated the necessity to use mul-
tiple resources in research. The databases are clearly powerful tools for
the researchers, and there is a continuous need to expand existing re-
positories and establish new ones.
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Resource Organism Contents/features URL References

footprintDB  eukaryotes and 9087 DNA binding motifs and 23,174 TFBS for 7196 TFs; tool that http://floresta.eead.csic.es/ (Sebastian and Contreras-
prokaryotes predicts binding TFs and DNA sites, motifs footprintdb/ Moreira, 2014)

UniPROBE eukaryotes and PWM logos and binding sequences for 574 TFs; tools that predict binding  http://uniprobe.org (Hume et al., 2015)
prokaryotes sites for TFs, find similar motif, generate negative control sequence
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Comparison of databases.
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Resource H. sapiens M. musculus R. norvegicus D. melanogaster C. elegans S. cerevisiae A. thaliana Z. mays E.coli
No. of TF-binding motif pairs
footprintDB > 200 > 200 55 > 200 > 200 > 200 > 200 11 182
JASPAR 386 128 11 133 26 175 187 -
UniPROBE 55 358 - 16 - 119 18 -
MotifMap 707 724 - 248 8 507 - - -
HOCOMOCO 274 262 - - - - - -
FlyFactorSurvey - - - 326 - - - - -
YEASTRACT - - - - - 759 - - -
ScerTF - - - - - 197 - - -
PRODORIC - - - - - - - - 87
CollecTF - - - - - - - - 25
Regulon DB - - - - - - - - 93
Note. “~” no data available; “ > 200” > 200 results were incorporated into the database but it was not possible to retrieve them.
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Abstract: Salvia miltiorrhiza synthesises tanshinones with multidirectional therapeutic effects. These
compounds have a complex biosynthetic pathway, whose first rate limiting enzyme is 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGR). In the present study, a new 1646 bp fragment
of the S. miltiorrhiza HMGR4 gene consisting of a promoter, 5" untranslated region and part of a
coding sequence was isolated and characterised in silico using bioinformatics tools. The results
indicate the presence of a TATA box, tandem repeat and pyrimidine-rich sequence, and the absence
of CpG islands. The sequence was rich in motifs recognised by specific transcription factors sensitive
mainly to light, salicylic acid, bacterial infection and auxins; it also demonstrated many binding
sites for microRNAs. Moreover, our results suggest that HMGR4 expression is possibly regulated
during flowering, embryogenesis, organogenesis and the circadian rhythm. The obtained data
were verified by comparison with microarray co-expression results obtained for Arabidopsis thaliana.
Alignment of the isolated HMGR4 sequence with other plant HMGRs indicated the presence of many
common binding sites for transcription factors, including conserved ones. Our findings provide
valuable information for understanding the mechanisms that direct transcription of the S. miltiorrhiza
HMGR4 gene.

Keywords: HMGR4; microRNA; promoter; Salvia miltiorrhiza; transcription factor; transcription
factor binding site

1. Introduction

Salvia miltiorrhiza Bunge, also known as Red sage, or Chinese sage, is an important
species used in traditional Chinese medicine. The dried root is used alone or in combination
with other herbs to treat various ailments including cardiovascular diseases, menstrual
disorders and insomnia [1,2]. In addition, it has been found to have potential in treating
cancer [3], Parkinson’s [4] and Alzheimer’s disease [5], as well as renal deficiency [6], hepa-
tocirrhosis [7], acute lung injury [8], fibrosis [9], neuropathic pain [10], diabetes mellitus [11],
or alcohol dependence [12]. The main bioactive compounds responsible for such medical
properties are quinone diterpenoids (e.g., tanshinones) and phenolic acids. The tanshinones
are biosynthesised from intermediates generated in mevalonate (MVA) and methylerythri-
tol phosphate (MEP) pathways [13]. The key rate-limiting enzyme in the MVA pathway
converting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) to MVA is HMG-CoA
reductase (HMGR) [14]. The pivotal role of HMGR in plant metabolism is emphasised
by the precise regulation of its function at the level of transcription, post-transcription,
translation and post-translation [15,16]. To date, five S. miltiorrhiza HMGR gene sequences
(HMGR—HMGR4) have been identified and deposited in the GenBank database [17-19]. A
combination of cDNA sequence similarity searches with exon/intron structure indicates
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that HMGR (EU680958.1) and HMGR4 (JN831103.1), and HMGR? (F]747636.1) and HMGR3
(JN831102.1) are probably two pairs of duplicated genes, respectively [19]. Although the
coding sequences of the S. miltiorrhiza HMGR genes have been identified and described,
some of their promoter sequences remain unknown. These include the HMGR4 promoter.

Promoter sequence analysis provides much valuable information for understanding
the regulation of gene expression. Motifs such as the TATA box, CpG islands, tandem
repeats or transcription factor binding sites (TFBSs) deserve special attention. Genome-wide
analyses indicate that most in vivo functional TFBSs are located in the proximal promoter
region [20,21]. These sites form clusters, thus improving interactions of corresponding
transcription factors (TFs) to ensure a better execution of their regulatory functions [22].
An essential functional linkage exists between TFs and RNA polymerase II, acting as a
large, conformationally flexible multiprotein complex known as a Mediator [23]. This
complex regulates polymerase activity by transmitting signals from TFs. Groups of TFs
form complex networks of dependencies and act in a coordinated manner in response
to intracellular and environmental signals, thus directing many biological processes [24].
Gene expression is also regulated by the activity of microRNAs (miRNAs). They are mainly
known as post-transcriptional and translational inhibitors of gene expression. The miRNAs
cut the mRNA strands, destabilise the mRNA by shortening its poly(A) tail, and reduce the
efficiency of the translation process [25,26]. However, studies on human and Arabidopsis
thaliana indicate that miRNAs can also regulate gene expression during transcription by
binding to promoter sequences [27-30]. In conclusion, to understand the mechanisms
driving gene expression, it is necessary to also understand the nature of the promoter
regions. The first step to achieving this goal requires use of bioinformatics tools.

A. thaliana is the most widely-studied plant in modern biology. Its wide appeal for sci-
entists results from its fast growth rate, easy maintenance and small space requirements [31].
Moreover, the plant indicates a good tolerance to homozygosity and self-fertility [32].
Genetic studies are attracted by the small size (132 Mbp) of its completely sequenced
genome [32]. Due to its similarity to other plants, A. thaliana has become the starting
point for studying numerous aspects of plant cell-, molecular- and system-biology [33].
The abundance of research conducted on A. thaliana has led to the creation of numerous
clones, cloning vectors, mutant lines, seeds, databases and online tools containing genomic,
epigenomic, transcriptomic and proteomic data [34].

This work describes the isolation of a new S. miltiorrhiza HMGR4 promoter and 5’
untranslated region (5'UTR) sequences, and their in silico characterisation via specialised
databases such as PlantPan 2.0, TSSP and miRBase. Furthermore, the comprehensive in
silico analysis presented herein presents valuable new information about the regulatory
functions of HMGR promoters. The data can be used to create modified or synthetic
promoters which could be active under certain controlled conditions [35]. In this way,
numerous medically-important metabolites may be obtained.

2. Results
2.1. In Silico Analysis of the S. miltiorrhiza HMGR4 Promoter

The 1646 bp sequence obtained by the DNA walking method was deposited in Gen-
Bank under accession number KT921337.1 (Figure 1). The sequence contained a 51 bp
coding region which perfectly coincided with HMGR4 gene sequence JN831103.1 identified
by Ma et al. [19]. The TATA box was located at bases —28 to —33 from TSS. One tandem
repeat (at —1296 to —1353) and no CpG islands were found. A pyrimidine-rich sequence
(PRS) was recognised in the 5UTR.
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Figure 1. Isolated S. miltiorrhiza HMGR4 promoter sequence (1499 bp), 5" untranslated region
(5'UTR) (96 bp) and coding sequence fragment (51 bp). The potential TATA box, transcription start
site (TSS), pyrimidine-rich sequence (PRS), tandem repeat and consensus sequences for hormone-,
pathogen-, wounding-, light-, and anaerobic-responsive elements are signed and marked in pink on
the strands. ABRE, abscisic acid-responsive element; ARE, anaerobic-responsive element; AuxRE,
auxin-responsive element; BRRE, brassinosteroid-responsive element; ERE, ethylene-responsive
element; LRE, light-responsive element; MJRE, methyl jasmonate-responsive element.

Moreover, 5369 TFBSs and 365 potentially interacting TFs described previously in
A. thaliana were revealed using the PlantPan 2.0 tool (File S1). Each of the obtained TFs
could interact with a number of binding sites. The TFBSs were identified at both strands
of the examined sequence. The similarity score between the binding sites found in the S.
miltiorrhiza HMGR4 promoter and those detected in A. thaliana ranged from 0.7 to 1.0.

Additional analysis of the entire HMGR4 promoter sequence revealed the follow-
ing commonly-known consensus sequences: two auxin-responsive elements (AuxREs);
seven salicylic acid (SA)-responsive elements, including W box and TCA-elements; two
brassinosteroid-responsive elements (BRREs); two ethylene-responsive elements (EREs);
two abscisic acid-responsive elements (ABREs); four methyl jasmonate-responsive elements
(MJREs); one pathogen-responsive element Eli box 3; three wounding- and pathogen-
responsive elements WRE3; three anaerobic-responsive elements (AREs); and twenty-four
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light-responsive elements (LREs), including ATCT sequences, Box 4, GT1 motif, TCT motifs,
GA motifs, AE box, Box I (Figure 1). The vast majority of these results were in agreement
with data provided by PlantPan 2.0, which demonstrated the presence of numerous binding
sites for TFs responding to these types of stimulation (Table S1). Only anaerobic-sensitive
TFs were not found. The most commonly-observed TFs were those representing the fol-
lowing families: GATA (light); MYB-related and Dof (auxin); WRKY (SA, wounding and
pathogen); NAC; NAM (brassinosteroid and abscisic acid (ABA)); MYB-related (ethylene);
and CAMTA (MeJa) (Table S1). The consensus sequences listed above were distributed
along the entire HMGR4 promoter, with some being located only a few nucleotides from
each other; this allows more precise regulation of gene expression by dimerization of
binding TFs. Such sequences included two SA-responsive TCA elements and two LREs
(Table 1).

Table 1. Transcription factor binding sites (TFBSs) with the potential to form dimers detected in the S.
miltiorrhiza HMGR4 promoter sequence.

Fragment of Promoter Sequence with
Transcription Factor (TF) Family Name Underlined TFBSs ? and Potentially
Interacting TF Pairs

AGAAAAATGGAATAAGAAGA
two salicylic acid (SA)-responsive TCA
elements (AGAAAA and AGAAGA) spaced by
eight nucleotides

ATCTCCAATCT
two LREs (ATCT) spaced by three nucleotides

atTTAATgtaTTCATAAATata

HD-ZIP ATML1/HDGI and PDF2/ATMLI1 spaced by
four nucleotides
AGTCATAACAATGTCAA
WRKY2/WRKY14/WRKY45/WRKY57 /WRKY69
WRKY and

WRKY2/WRKY14/WRKY45/WRKY57/WRKY69
spaced by six nucleotides

AAAGAAAAAAGA
DOF5.4 and DOF5.4 spaced by two nucleotides

2 Most conserved positions within a matrix were written in capital letters.

Dof

The search of the PlantPan 2.0 database revealed about 234 TFs that could interact
with 915 TFBSs in the HMGR4 proximal promoter (File S2). To complement the findings
described above, the binding sites located in the proximal promoter were analysed in terms
of their response to external factors. Such data were available for 666 TFBSs (File S2). The
results indicated that HMGR4 transcription may be most dependent on light, SA, bacterial
infection and auxins, and less dependent on ABA, gibberellin, chitin, cold or salt stress
(Figure 2). The response to these agents was mainly associated with the following TF
families: GATA (light); WRKY (SA, bacterial infection, chitin); bZIP (auxins); MYB-related,
WRKY and C2H2 (ABA); MYB-related and MADS box (gibberellins); C2H2 and WRKY
(cold); and WRKY and MYB-related (salt stress) (Table S2). To determine the stage of S.
miltiorrhiza development at which the HMGR4 gene expression regulation is likely to occur,
450 TFBSs and interacting TFs located in its proximal promoter were examined (File S2).
The findings indicated flowering, embryogenesis, organogenesis (root, shoot, leaf and
flower development) and circadian rhythm (Figure 3).
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Figure 2. Classification of TFBSs found in the proximal S. miltiorrhiza HMGR4 promoter with regard
to their response to biotic and abiotic factors.
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Figure 3. Classification of TFBSs found in the proximal S. miltiorrhiza HMGR4 promoter with regard
to their biological functions.

As HMGR genes are crucial for the production of intermediates in the biosynthesis
pathway for tanshinones, a literature search was performed for TFs that positively regulate
tanshinone production. Following this, based on the results obtained with the PlantPan
2.0 database, the S. miltiorrhiza HMGR4 promoter sequence was searched for the presence
of binding sites for the 20 identified TFs; of these, the results indicated the presence of the
following five TFs: BHLH6 (MYC2) (14 binding sites), BHLH74 (2 sites), BZIP20 (32 sites),
WRKY?2 (8 sites) and WRKY61 (9 sites) (File S1) [36-40]. A number of TFBSs were also
found to be located in the proximal promoter region. The obtained results suggest that
HMGR4 may play a role in the biosynthesis of tanshinones.

Furthermore, in silico analysis of the HMGR4 promoter and 5'UTR revealed potentially
interacting miRNAs (Table 2). In total, 12 mature miRNAs were found, 8 binding within
the promoter and 4 within the 5 UTR.
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Table 2. Identification of microRNAs (miRNAs) potentially interacting with the S. miltiorrhiza HMGR4
promoter sequence and 5'UTR identified by the miRBase tool.

miRNA Name and . Sequence Alignment
& surce miRNA Sequence Position Start/End Strand e-Value
HMGR4 Promoter
miR1128 350/368 + 0.75
Saccharum sp. HRCHSCUECONCCGHEEC R 405/423 — 4.2
P(ﬁ}fj;‘g?ﬁigﬂm AAGGGACAAAAAUGGCAUAAGA 259/279 - 35
miR1128
e B UACUACUCCCUCCGUCCGAAA 350/368 + 42
miR1436
Oryza sativa and Hordeum ACAUUAUGGGACGGAGGGAGU 354/368 — 6.2
vulgare
Mo dl?;‘f)i%giiﬂ " CAUACAAUUUGGGACGGAGGGAG 355/374 - 9.1
Gugw;j‘ﬁfﬁgm " UAAUGAUGUGGCACAAUAUUA 634/653 - 9.1
miR11573a and
miR11573b UUGGGGAGCGUAUUGUAGAUU 197/216 - 9.1
Picea abies
5'UTR of HMGR4
miR477
o Y CGAAGUCUUGGAAGAGAGUAA 59/75 - 32
Hor;‘;ﬁff{%ﬂ, AGGGUGGAAGAAAGAGGGCG 55/69 - 39
G;;ﬁﬁgsi . GAGCGGCGGCGGUGGAGGAUG 13/30 - 69
i CUGAUGAGAGAGCGAAUGAUA 51/66 - 8.4

Citrus sinensis

2.2. Microarray and Next-Generation Sequencing (NGS) Co-Expression Data Analysis

The Protein BLAST analysis revealed that the coding sequence of S. miltiorrhiza HMGR4
(AEZ55673.1) was more similar to A. thaliana HMGR1 (NP_177775.2), with an identity of
73.76%, than to A. thaliana HMGR2 (NP_179329.1), with one of 69.48%. Additionally,
a phylogenetic study of coding sequences indicated that HMGR4 from S. miltiorrhiza
(JN831103.1) and HMGR1 from A. thaliana (NM_106299.4) were more closely related to
each other (Figure S1). Therefore, the A. thaliatna HMGR1 gene (At1g76490) was used for
further co-expression research. As a result of the conducted microarray analysis, 166 TF
genes co-expressed with A. thaliana HMGR1 in the r range of 0.5-1.0 were found: 41 in
AtGenExpress Hormone and Chemical Compendium, 37 in AtGenExpress Abiotic Stress
Compendium, 34 in AtGenExpress Pathogen Compendium, 25 in AtGenExpress Tissue
Compendium, and 29 in AtGenExpress Plus—Extended Tissue Compendium (Table S3).
The RNA-seq analysis did not identify any TF genes co-expressed with A. thaliana HMGR1
in the WGCNA correlation range of 0.5-1.0.

2.3. Comparison of the in Silico HMGR4 Analysis Results with Microarray Co-Expression Data

The comparison identified 32 common TFs in the S. miltiorrhiza HMGR4 promoter
(Table 3), with the most well-represented being TFs from the homeodomain-leucine zip-
per (HD-ZIP) and WRKY families. The common TFs participated mainly in response to
hormones (ABA, ethylene, jasmonic acid and cytokinins), other abiotic factors (light, salt
stress, water deprivation, heat and iron ion) and biotic agents (bacteria), embryogenesis,
organogenesis (root development), flowering or, finally, tissue development (epidermis)
(Table 3).
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These 32 common TFs were scanned with the Genomatix Pathway System for the
presence of interactions between them. The identified relationships are presented in
Figure 4. It was found that SVP, AGL18 and SPL3 proteins were involved together in
the regulation of flowering, and PDF2 and ATML1 in epidermal specification in embryos,
respectively. Furthermore, NAC3 and RD26 responded to high salinity, drought and ABA,
while NAC3 and ZF2 supported resistance to the herbivore Spodoptera littoralis. EIL3 and
EIL1 played roles in regulating the response to sulphur deficiency and in ethylene signalling,
and EBP transcription was light modulated through the EIN2-EIN3/EIL1 pathway.

SWP PDF2 EL3

1 E.Ai " TT o Tl

AGL18 ATMLY EL1

oo EATGsh, A (T
&

SPL3 ANL2 EBP

s 6 s iz WA, cllile
NAC3 ATHB13
hCE an AATZATT

| ) ® »
RD26 ZF2 | HB-1 |
AATTATT

Figure 4. Interactions between TFs potentially binding to the S. miltiorrhiza HMGR4 promoter found
with the Pathway System tool. The presented dependencies are based on co-citation (dashed line) or
expert-curation (solid line). Diamond-ended lines indicate that a given TF has a predicted binding site
in dependent promoter sequence. The number in the lower right corner of TF indicates the number
of interactions within the network (including those not displayed). EBP = RAP 2-3, NAC3 = NACO055,
RD26 = NAC072, ZF2 = AZF2, HB-1 = HATS.

Of the 32 common TFs that were recognised, 18 were found to interact with the TFBSs
situated in the proximal promoter region (Table 3). The ability of these 18 TFs to bind to
DNA as dimers or multimers was also tested. The TFBSs identified for HD-ZIP (ATML1,
PDF2, HDGI1), WRKY (WRKY2, WRKY14, WRKY45, WRKY57, WRKY69) and Dof (DOF5.4)
are given in Table 1; all are closely located to each other, and only separated by a few
nucleotides. The existence of experimentally-determined interactions between ATMLI and
PDF?2 proteins was confirmed by the BioGRID database.

2.4. Comparison of S. miltiorrhiza HMGR Promoters

The S. miltiorrhiza HMGR1, HMGR2 and HMGR4 promoter sequences were analysed
using the Common TFs tool. Based on the findings, common binding sites for TFs were
recognised, and these were classified into 22 matrix families (Figure 5, Table 4), with
each single matrix family comprising identical or functionally-similar TFs identified by
weight matrices. The following matrix families were found: Arabidopsis homeobox proteins
(P$AHBP), L1 box (P$L1BX), MYB IIG-type binding sites (P$MIIG), DNA binding with
one finger (P$DOFF), GT box elements (P$GTBX), MADS box proteins (P$MADS), MYB-
like proteins (P$MYBL), MYB proteins with single DNA binding repeat (P$MYBS), NAC
factors with transmembrane motif (PSNTMF), plant specific NAC proteins (P$NACE),
transcription repressor KANADI (P$KAN1), W box family (P$WBXF), time-of-day-specific
regulatory elements (P$TODS), nodulin consensus sequence 1 (P$NCS1), sweet potato
DNA-binding factor with two WRKY domains (P$SPF1), zinc finger proteins (P$ZFAT),
light-responsive elements (PSLREM), protein secretory pathway elements (P$PSPE), CGCG
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box binding proteins (P$CGCG), proteins involved in programmed cell death response
(P$PCDR), plant nitrate-responsive elements (P$PNRE) and finally, stomatal carpenter
(P$SCAP). As can be seen in Figure 5, the distribution of the matrices within the HMGR1
and HMGR?2 promoter sequences was strikingly similar. The above TF family analysis
found that the S. miltiorrhiza HMGR1, HMGR2 and HMGR4 genes can be co-regulated in
response to abiotic factors (auxins, gibberellins, ABA, SA, jasmonic acid, brassinosteroids,
light, water deprivation, salt stress, cold or phosphate starvation), biotic factors (bacteria,
fungi and viruses) and during root, stem, leaf and flower organogenesis (Table 4).

GU367911.1

KF297286.1

KT921337.1

600 bp 1200 bp 1800 bp 2400 bp
+ + + +
Matrix families:
[ PSAHBP P$CGCG PSDOFF W PSGTBX W PSKAN1 W PSL1BX M PSLREM W PSMADS W PSMIIG W PSMYBL W PSMYBS
W PSNACF W PSNCS1 PSNTMF W PSPCDR W PSPNRE PSPSPE P$SCAP W PSSPF1 W PSTODS W PSWBXF W PSZFAT

Figure 5. Distribution of matrix families common to the S. miltiorrhiza promoter sequences, i.e.,
HMGR1 (GU367911.1), HMGR2 (KF297286.1) and HMGR4 (KT921337.1) identified by the Common
TFs tool. Black lines correspond to the promoter sequences. Each matrix family is marked with
a semicircular coloured symbol. The figure shows families found on the positive and negative
strands. PEAHBP, Arabidopsis homeobox proteins; PSL1BX, L1 box; PSMIIG, MYB IIG-type binding
sites; PEDOFF, DNA binding with one finger; P$GTBX, GT box elements; PSMADS, MADS box
proteins; PSMYBL, MYB-like proteins; PSMYBS, MYB proteins with single DNA binding repeat;
P$NTMEF, NAC factors with transmembrane motif; PNACEF, plant specific NAC proteins; PSKANI,
transcription repressor KANADI; PSWBXE, W box family; PSTODS, time-of-day-specific regulatory
elements; PSNCS1, nodulin consensus sequence 1; P$SPF1, sweet potato DNA-binding factor with
two WRKY domains; P$ZFAT, zinc finger proteins; PELREM, light-responsive elements; P$PSPE,
protein secretory pathway elements; P$CGCG, CGCG box binding proteins; PSPCDR, proteins
involved in programmed cell death response; PSPNRE, plant nitrate-responsive elements; PESCAP,
stomatal carpenter.

Table 4. Common TF matrix families found during in silico analysis of the S. miltiorrhiza HMGRI,
HMGR2, HMGR4 promoter sequences using the Common TFs tool.

TF Matrix Family Processes in Which TF Is Involved ?

root, leaf and anther development; seed maturation; meristem initiation and
growth; xylem and phloem pattern formation; cell differentiation;

Arabidopsis homeobox proteins A : i a
Ps protet determination of bilateral symmetry; transition from vegetative to

(PRAEE) reproductive phase; glucosinolate metabolic process; response to: auxin,
gibberellin, ABA, water deprivation, blue light and salt stress
L1 box cotyledon development; seed germination and dormancy; epidermal cell
(P$L1BX) differentiation; maintenance of floral organ identity
root, seed, stamen and xylem development; cellular cadmium ion homeostasis;
MYB IIG-type binding sites gibberellin and flavonol biosynthesis; defence response to fungi; response to:
(PSMIIG) ABA, chitin, salt stress, cold, water deprivation, phosphate starvation,
potassium ion and light
DNA binding with one finger secondary shoot, cotyledon and seed development; cell wall modification; cell
(P$DOFF) cycle; gibberellin biosynthesis; response to: SA, auxin, chitin, red light and cold

shoot system and stomatal complex development; trichome morphogenesis;
seed maturation and germination; cell size and growth; response to: auxin and
water deprivation

GT box elements
(P$GTBX)
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Table 4. Cont.

TF Matrix Family Processes in Which TF Is Involved ?
. flower, ovule and seed coat development; seed maturation; meristem
MADS box proteins o s ) ;
(PSMADS) structural organisation; transition from vegetative to reproductive phase;

short-day photoperiodism; circadian rhythm; response to auxin

MYB-like proteins
(P$MYBL)

integument, anther and pollen development; leaf morphogenesis; seed growth
and dormancy; endothelial cell proliferation; vacuole organisation; wax
biosynthesis; long-day photoperiodism; defence response to bacteria and fungi;
response to: SA, brassinosteroid, gibberellin, ABA, jasmonic acid, chitin, salt,
water deprivation and cold

MYB proteins with single DNA binding repeat
(PSMYBS)

leaf and lateral root development; leaf senescence; circadian rhythm;
peroxidase activity; auxin and sulphate ion homeostasis; response to: ABA,
phosphate starvation, absence of light and high light intensity

NAC factors with transmembrane motif
(P$NTMF)

leaf and trichome morphogenesis; xylem development; seed germination;
photoperiodism; membrane protein proteolysis; response to: gibberellin, salt
stress

plant specific NAC proteins
(PSNACF)

leaf and secondary shoot development; primary shoot apical meristem
specification; formation of organ boundary; regulation of timing of organ
formation; response to water deprivation

transcription repressor KANADI

phenylpropanoid metabolic process

(P$KANT1)
] induced systemic resistance; JA-mediated signalling pathway; phosphate ion
W box family g ) . : : . .
(PSWBXF) transport; defence response to: bacteria, fungi and viruses; response to: SA,

chitin and wounding

time-of-day-specific regulatory elements

circadian rhythm; red or far-red light signalling pathway; response to

(P$TODS) temperature
nodulin consensus sequence 1 ST TR
(P$NCS1) P p
zinc finger proteins : . . A
(PSZFAT) regulation of root development; phosphate ion homeostasis
light-responsive elements . nse to hypoxi
(PSLREM) esponse to hypoxia
protein secretory pathway elements : , . ]
(P$PSPE) SA induction of secretion-related genes via NPR1
CGCG box binding proteins leaf senescence; defence response to: bacteria, fungi and insects; response to:
(P$CGCG) cold, auxins and water deprivation
proteins involved in programmed cell death
response regulation of expression of vacuolar processing enzyme
(P$PCDR)
plant nitrate-responsive elements nitrate assimilation; stomatal movement; response to: nitrate and water
(P$PNRE) deprivation
stomatal carpenter Sfomatal movement
(P$SCAP)
sweet potato DNA-binding factor with two
WRKY domains -
(P$SPF1)

@ The roles of the TFs were assumed based on the MatInspector (Genomatix) database.

The FrameWorker tool indicated the existence of 10,000 10-element-frameworks within
the S. miltiorrhiza HMGR1, HMGR2 and HMGR4 promoters. Two selected models are
provided in Figure 6. The frameworks were created based on 52 matrix families common to
the tested sequences, some of which are mentioned above in the Common TF results section.
The matrix families were located on the positive or negative strand of the promoters.
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GU367911.1

KF297286.1

KT921337.1

A
U I]I ‘ 1) 1)
A) 600 bp 1200 bp 1800 bp 2400 bp

Matrix families of model_10el_60:

P$SBPD PSAHBP PSAHBP W P$SUCB W PSWTBX W PSHEAT PSAHBP W PSNACF

PSAHBP W PSNACF
GU36T911 1

1 an il

KF297286.1

KT921337.1

B) 600 bp 1200 bp 1800 bp 2400 bp

Matrix families of model_10el_287:
PSSCAP W PSL1BX W PSMIIG W PSL1BX PSAHBP PSAHBP W PSTCXF
W PSTGAF W PSL1BX PSAHBP

Figure 6. Selected 10-element-frameworks of TFBSs obtained for S. miltiorrhiza promoter sequences,
i.e, HMGR1 (GU367911.1), HMGR2 (KF297286.1) and HMGR4 (KT921337.1) using the FrameWorker
tool. Black lines correspond to the promoter sequences. Each matrix family is marked with a
semicircular coloured symbol. The figure shows families found on the positive and negative strands.
(A) P$SBPD, SBP-domain proteins; PSAHBP, Arabidopsis homeobox proteins; P$SUCB, sucrose box;
P$WTBX, WT box; PSHEAT, heat shock factors; PSNACEF, plant specific NAC proteins; (B) P$SCAP,
stomatal carpenter; P$L1BX, L1 box; P$MIIG, MYB IIG-type binding sites; PSAHBP, Arabidopsis
homeobox proteins; PSTCXF, CRC domain containing tesmin/TSO1-like CXC (TCX) factors; PSTGAF,
basic/leucine zipper-type TFs of the TGA-family.

The DiAlign TF tool analysis found the HMGR1 (GU367911.1) and HMGR2 (KF297286.1)
promoters to demonstrate the greatest similarity (97%). In contrast, only 17% similarity
was found between HMGR4 (KT921337.1) and HMGR?2, and 14% between HMGR4 and
HMGR1. The greatest number of identical areas was revealed in the proximal fragments
of the analysed promoters, as well as in the beginning and the middle of the distal parts.
Common overlapping TFBSs were identified in locations where all three tested sequences
showed high local similarity; these included two binding sites for Arabidopsis homeobox
proteins (PSAHBP), one site for SBP domain proteins (P$SBPD), one site for W box family
proteins (P$WBXF), one site for DNA binding with one finger factors (P$DOFF), one GT
box element (P$GTBX) and, finally, one L1 box (P$L1BX). The PlantPan 2.0 and MatIn-
spector (Genomatix) databases indicated that PPAHBP proteins are mainly involved in the
response to hormones (auxins, ABA, cytokinins and gibberellins) and the initiation and
development of shoot, root and flower meristems. P$SBPD TFs are associated with inflores-
cence development, flowering and leaf epidermis differentiation. In turn, PEWBXF matrix
family responds to hormonal stimulation (SA, ABA, ethylene and jasmonic acid), other
abiotic factors (salt stress, wounding, osmotic stress, heat, water deprivation and cold) and
biotic agents (bacteria, fungi and viruses), and also participate in leaf senescence. PSDOFF
proteins are primarily involved in the regulation of flowering, circadian rhythm and in
response to hormones (auxins and SA). P$GTBX factors participate in the organogenesis of
flowers and shoots. In addition, PSL1BX proteins are needed for epidermis development
and seed germination. These data are available in File S1 and Table 4.

2.5. The Conservation of Plant HMGR Promoters

MEGA X software alignment of 36 sequences spanning the proximal promoters and
5'UTRs of the plant HMGR genes revealed the presence of conserved regions; these are
marked in blue in Figure 7. These regions were detected in both the 5’UTRs and proximal
promoters. In most of the tested sequences, PRS was identified within the preserved
areas. Additional analysis with the DiAlign TF tool revealed the presence of conserved
TFBSs. However, no TFBS was found to be conserved in any of the analysed sequences.
The most conserved site was the TATA box, detected in 41.7% of the sequences. Two
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preserved binding sites for TFs belonging to the PSAHBP (Arabidopsis homeobox protein)
and P$GCCF (GCC box family) families were detected in 27.8% of cases. Sites for PSTDTF
(transposase-derived proteins), PEMYBL (MYB-like proteins) and P$L1BX (L1 box) proteins
were identified in 25% of the sequences. Binding sites for PSDREB (dehydration responsive
element binding factors) and P$ROOT (root hair-specific cis-elements in angiosperms)
families were found in 22.2%. These TFBSs are highlighted in red in Figure 7.

Figure 7. Alignment of proximal promoter regions and 5'UTRs of Arabidopsis thaliana (At), Arabidopsis
lyrata (Al), Gossypium hirsutum (Gh), Glycine max (Gm), Oryza sativa (Os), Solanum lycopersicum (SI),
Zea mays (Zm) and Salvia miltiorrhiza (Sm) HMGR genes. Conserved nucleotides are marked in
blue. The darker the colour, the greater the degree of conservation within the analysed sequences.
The proximal promoters are present at the beginning and the 5’'UTRs at the end of the displayed
sequences, respectively. Conserved TFBSs identified by DiAlign TF tool are highlighted in red.
P$AHBP, Arabidopsis homeobox protein; PSGCCF, GCC box family; PSTDTE, transposase-derived
proteins; PSMYBL, MYB-like proteins; P$L1BX, L1 box; PSDREB, dehydration responsive element
binding factors; PSROOT, root hair-specific cis-elements in angiosperms.
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Apart from the conserved TATA box and PRS motifs, the investigated S. miltiorrhiza
HMGR4 promoter was found to contain several other common binding sites for TFs,
belonging to PSAHBP (Arabidopsis homeobox protein), PSGTBX (GT box elements), P DOFF
(DNA binding with one finger) and P$L1BX (L1 box); these were shared by 8-13% of
the tested sequences. Nucleotide pairwise alignment of S. miltiorrhiza HMGR4 with the
remaining tested sequences found 13 to 31% identity (mean 24.7%).

3. Discussion

Our study presents new data regarding the isolated S. miltiorrhiza HMGR4 promoter
and 5'UTR and compares these sequences with other plant HMGRSs.

Initially, the sequences were examined for the presence of certain distinctive motifs
(Figure 1). One such motif found in the investigated sequences is the TATA box, which
is estimated to be present in 30-50% of all known promoters [41] and 29% of A. thaliana
promoters [42]. It was also detected in the S. miltiorrhiza HMGR2 promoter [43]. Previous
studies in human and yeast models indicate that the TATA box is more common in promot-
ers of highly-regulated genes and in those stimulated by stress factors and extracellular
signals [44-48]; in contrast, TATA-less genes are more constitutively expressed and associ-
ated with key processes such as cell growth [44—48]. In addition, promoters containing the
TATA box appear to have a more conserved sequence than those that do not [49].

The HMGR4 promoter is also characterised by the presence of a single tandem repeat.
This motif is estimated to be present in only 25% of promoters [50], and is absent from the S.
miltiorrhiza HMGR2 promoter [43]. As tandem repeats are more prone to mutation, which
affects the length of the repeat and thus local nucleosome positioning and gene expression
rate, genes whose promoters have tandem repeats show higher rates of transcription
divergence [50].

Both the HMGR2 promoter and the studied HMGR4 promoter lack CpG islands [43].
The cytosines in the CG dinucleotides of the islands can be methylated, thus inhibiting
gene expression [51,52]. However, the CpG cluster is not required for methylation since, in
plants, it can also occur within the CHG and CHH sequences (H = A, T or C) [53].

A PRS is also detected in the 5’'UTR of the described sequence. This is a rather rare
observation, but not an unprecedented one, as a PRS has also been found in the 5UTR of
the S. miltiorrhiza HMGR?2 gene [43]. It is believed to take part in the organisation of the
spliceosomal complex [54].

Furthermore, the examined S. miltiorrhiza HMGR4 promoter sequence turned out to
be rich in TFBSs recognised by specific TFs (File S1). The conducted research indicates that
the number of promoter regulatory elements and interacting proteins positively correlates
with divergence of gene expression [55]. The HMGR4 proximal promoter was found to
contain consensus sequences mainly related to the response to light, SA, bacterial infection,
auxins, ABA, gibberellin, chitin, cold or, finally, salt stress (Figure 2), suggesting that these
factors may participate in gene regulation. One previous paper investigating the influence
of external agents on S. miltiorrhiza HMGR4 found that treatment with 200 uM Me]Ja had
no significant effect on HMGR4 expression in either leaves or roots [19]. It is important to
note that the effect of these factors has been examined on other S. miltiorrhiza HMGR genes.
Chen et al. found that only 100% red light slightly increased the expression of HMGR
in hairy root culture, while other light types (e.g., 100% far-red, 100% blue, red:far-red,
blue:far-red, red:blue, red:blue:UV) had an inhibitory effect [56]. In contrast, Wang et al.
noted that UV-B enhanced the expression of HMGR1 in roots almost 5-fold compared to
an untreated control [57]. Incubation of hairy root culture with 100 uM SA raised HMGR
transcript level, peaking at three-times higher than baseline after 36 h [58]. In turn, 200 pM
SA has been found to have a differential effect on HMGR2 promoter in leaf material [43]. A
decrease in its activity was observed after 12, 24 and 48 h of treatment, while a 2.5- to 3-fold
rise compared to the calibrator values was observed after 72 and 96 h. Bacteria appeared
to be good activators of HMGR expression. The addition of Pseudomonas brassicacearum
subsp. neoaurantiaca and Pseudomonas thivervalensis to S. miltiorrhiza root culture resulted in
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2.1- and 1.5-fold enhancements in HMGR enzyme activity, respectively [59]. In addition,
Streptomyces pactum Actl2 increased HMGR1 expression by more than a factor of 35 on day
14 relative to the calibrator [60]. Exposure to 2.85 uM IAA and 2.88 uM gibberellic acid
improved the activity of the HMGR2 promoter, resulting in manifold higher expression
compared to the calibrator in 96 h [43]. In turn, 200 uM and 10 uM ABA upregulated
HMGR1 and HMGR2, respectively [43,61]. Salt stress (50 mM, 100 mM, 200 mM, 300 mM
NaCl) enhanced the expression and enzymatic activity of HMGR in leaves and roots over
48 h of exposure [62]. It was also found that 200 mM NaCl inhibited the level of HMGR1
transcript in leaves and roots as compared to the calibrator [63].

As non-coding regions are generally not highly conserved, from an evolutionary
perspective, finding such motifs in the promoter or 5UTR sequences suggest they have
functional importance [64].

Within the studied 36 HMGR sequences, the most frequently-identified conserved
motif was the TATA box (Figure 7). This is a known sequence that has been conserved from
Archaebacteria to humans [65]. The other TFBSs discussed in the Results section were shared
by a much smaller number of tested sequences (27.8% or fewer).

The study also examined the possibility that more complex structures could be created
by TFs interacting with the HMGR4 promoter. TFs participate in the regulation of gene
expression as monomers, dimers (homo- and heterodimers) or multimers. Dimers and
multimers are often preferred by nature because they allow specific interactions with
the promoter sequence and bind with high affinity [66]. One TF monomer can create
dimers or multimers with different functions, thus mediating the regulation of various
genes, by forming bonds with multiple, but not random, protein partners [67]. Our
analyses revealed the presence of closely-related TFBSs for the following TFs in the S.
miltiorrhiza HMGR4 proximal promoter: HD-ZIP (ATML1, PDF2 and HDG1), WRKY
(WRKY2, WRKY14, WRKY45, WRKY57 and WRKY69) and Dof (DOF5.4) (Table 1). The
HD-ZIP proteins are unique to the plant kingdom. TFs from the family are unable to
bind to DNA as monomers [68]. They form homo- and heterodimers via the leucine
zipper motif [67]. Meanwhile, ATML1 was able to create a heterodimer with its paralogue
PDF2 in studies on Nicotiana benthamiana and A. thaliana [69,70], and to form homodimers
in vitro [69,71]. It has been shown that WRKY TFs can interact with DNA as monomers
or create homo- and heterodimers, especially those with a leucine zipper motif [72-74],
WRKY2 protein was found to form homodimers in Hordeum vulgare [75], while WRKY45
created homodimers in vitro by exchanging 34-f35 strands in Oryza sativa [72]. The Dof TFs
have a multifunctional domain that allows them to bind to DNA and interact with other
proteins [76] and to establish homo- and heterodimers.

As miRNA is believed to regulate plant promoter activity at the transcription level,
the investigated HMGR4 sequence was searched for miRNA binding sites and interacting
miRNAs [27]. Of the 12 miRNAs potentially binding to the HMGR4 promoter and 5 UTR
sequences (Table 2), non-conserved miR1128 and miR1436 were detected during deep
sequencing in S. miltiorrhiza [77]. However, their significance in the regulation of gene
expression has not yet been investigated at the experimental level.

The results of our present in silico analysis of the HMGR4 promoter and 5 UTR se-
quences constitute a strong basis for planning future necessary experiments on S. miltiorrhiza.

4. Materials and Methods
4.1. Plant Material

S. miltiorrhiza plants were cultivated from seeds provided by the Garden of Medicinal
Plants of the Medical University of Lodz. The plants were grown in pots containing
composite soil at 26 £ 2 °C under natural light. Six-month-old plants were used for
the experiment.
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4.2. Isolation of the S. miltiorrhiza HMGR4 Promoter Sequence

Genomic DNA used for isolation of the HMGR4 promoter was obtained from young,
fresh S. miltiorrhiza leaves and stems according to the method proposed by Khan et al. [78].
The DNA was analysed using a NanoPhotometer P300 (Implen, Munich, Germany) to
determine its quantity and quality based on Ajgg/Azgp and Azep/ Agzp ratios. The HMGR4
promoter region was isolated using GenomeWalker Universal Kit (Takara Bio, Kusatsu,
Japan) according to the manufacturer’s instructions. A 5'-terminal fragment of the HMGR4
gene, deposited in GenBank under accession number JN831103.1, was used as a target for
designing GSP1 and GSP2 specific primers (Table S4). The PCR reactions were performed
using the Advantage 2 PCR Kit (Takara Bio, Kusatsu, Japan). The amplified DNA frag-
ments were TOPO-TA cloned into a pCRII-TOPO vector (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The inserts were Sanger sequenced (CoreLab,
Medical University of Lodz, Lodz, Poland) with specific primers listed in Table S4. The
HMGR4 promoter sequence was assembled using CodonCode Aligner software version
8.0.2 (CodonCode Corporation, Centerville, MA, USA).

The isolation and sequencing of the S. miltiorrhiza HMGR4 promoter took approxi-
mately one month.

4.3. In Silico Analysis of the S. miltiorrhiza HMGR4 Promoter Sequence

The obtained HMGR4 promoter sequence was characterised in silico using available
tools and databases [79]. The promoter, TATA box, TSS and 5'UTR positions were identified
with TSSP software (Softberry Inc., Mount Kisco, NY, USA) [80]. Tandem repeats, CpG
islands, TFBSs and TFs were detected using PlantPan 2.0 [81]. The promoter sequence was
screened for the presence of commonly-known consensus motifs reported in the published
literature. Assuming that the functional TFBSs are concentrated mainly in the proximal
promoters, special attention was paid to the promoter region lying within 300 bp from
the TSS. The miRBase tool was used to search for miRNA binding sites and interacting
miRNAs in the obtained promoter and 5UTR sequences [82].

4.4. Microarray and NGS Co-Expression Data Analysis

Protein BLAST (NCBI, Bethesda, MD, USA) and MEGA X version 10.2.6 (Pennsylvania
State University, State College, PA, USA) [83] were employed to determine which of the A.
thaliana HMGR genes is a homologue of the S. miltiorrhiza HMGR4 gene. Analyses were
performed on coding sequences. Expression Angler (BAR, Toronto, ON, Canada) [84] and
Arabidopsis RNA-seq Database [85] were utilised to find TF genes co-expressed with the
selected A. thaliatna HMIGR gene. The Expression Angler tool has access to the expression
results for approximately 22,000 Arabidopsis genes, while the Arabidopsis RNA-seq Database
integrates 28,164 publicly available Arabidopsis RNA-seq libraries. The following microarray
dataset compendiums were used during the study: AtGenExpress Hormone and Chemical,
AtGenExpress Abiotic Stress, AtGenExpress Pathogen, AtGenExpress Tissue, and AtGen-
Express Plus—Extended Tissue. The Pearson’s correlation coefficient (1) ranging from 0.50
to 1.00 (moderate to strong positive correlation) was applied to identify co-regulated genes.
Information on the detected TFs was obtained from the UniProt database [86]. The collected
results were compared with the in silico data found by PlantPan 2.0. The occurrence of
interactions between the received common TFs was determined using Pathway System
(Genomatix, Munich, Germany) and the BioGRID database version 4.4.201 [87].

4.5. Comparison of S. miltiorrhiza HMGR Promoters

The entire available S. miltiorrhiza HMGR promoter sequences, i.e., HMGR1 (GU367911.1),
HMGR? (KF297286.1), and HMGR4 (KT921337.1) were analysed with Common TFs, Frame-
Worker and DiAlign TF tools from Genomatix, Munich, Germany. Common TFs was used
for preliminary analysis of the common TFBSs and interacting TFs located anywhere in
the investigated promoters. The search only included sites that were common to all three
sequences. The similarity of the matrix to the tested sequences was set to the highest
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possible value, i.e., 0.05. The FrameWorker tool permitted the common, most complex
framework of TFBSs to be extracted from the input promoters. Frameworks are defined as
TFBSs that occur in the same order and in a specificed space range in all of the sequences.
The DiAlign TF allowed for multiple alignment of the studied HMGR promoters, and
revealed conserved regions and TFBSs located therein. The analyses using the Genomatix
tools were based on matrix library version 11.3 and default search criteria.

4.6. Assessment of Conservation of Plant HMGR Promoters

The conservation of the 36 available HMGR promoters derived from plants such as
A. thaliana, Arabidopsis lyrata, Glycine max, Gossypium hirsutum, Oryza sativa, Solanum lycop-
ersicum, Zea mays and S. miltiorrhiza was assessed by aligning their sequences. Proximal
promoters and 5'UTR sequences (each sequence 500 bases long) were obtained from Plant-
Pan 3.0 [88] and NCBI Nucleotide databases with the participation of the UniProt [86].
Alignments were performed using the MUSCLE algorithm from the MEGA X software,
version 10.2.6 [83]. TFBSs located in the conserved regions of the compared sequences were
recognised with the DiAlign TF tool (Genomatix, Munich, Germany).

5. Conclusions

Regulation of S. miltiorrhiza HMGR4 gene expression can occur during flowering,
embryogenesis, organogenesis and circadian rhythm, and are influenced mainly by factors
such as light, SA, bacterial infection and auxins.

The presence of binding sites for TFs that promote the biosynthesis of tanshinones
may indicate that the S. miltiorrhiza HMGR4 gene plays an important role in the production
of these metabolites.

A comparison of TFBSs and TFs in the S. miltiorrhiza HMGR1, HMGR2, and HMGR4
promoter sequences indicates that these genes can be co-regulated in response to abiotic
and biotic factors, and during organogenesis.

The S. miltiorrhiza HMGR4 promoter is not highly conserved.

Future research on the S. miltiorrhiza HMGR4 promoter could be developed towards
preparing promoter deletion mutants, and studying their transcriptional activity [89]. More-
over, mutagenesis of particular TFBSs could be suitable for experimental verification of their
importance in response to biotic or abiotic factors [89]. The TFs or other regulatory proteins
could be isolated using a yeast-one hybrid (Y1H) system and the promoter segments as
bait [90]. Isolated TFs could be functionally characterised by studying their DNA binding
properties, and their potential to increase expression of specific genes [91,92]. These stud-
ies could be verified by chromatin immunoprecipitation-sequencing (ChIP-seq) of DNA
fragments that are associated with particular proteins [93]. Finally, regulatory networks
of TFs and other proteins playing a pivotal role in the response to certain external factors
could be built using transcriptomic RNA sequencing, and weighted gene co-expression
network analysis (WGCNA) [94,95].

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ plants11141861/s1, Figure S1: Unrooted dendrogram of
HMGR sequences from S. miltiorrhiza and A. thaliana; Table S1: TFs responsive to light, hormone,
wounding and pathogen stimulation found in the entire S. miltiorrhiza HMGR4 promoter sequence
using PlantPan 2.0 database; Table S2: TFs responsive to major abiotic and biotic factors found in
the proximal S. miltiorrhiza HMGR4 promoter using the PlantPan 2.0 database; Table S3: TF genes
co-expressed with A. thaliana HMGR1 found with the Expression Angler tool; Table S4: Primers used
in the study.
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Figure S1. Unrooted dendrogram of HMGR sequences from S. miltiorrhiza and A. thaliana constructed by
Maximum Likelihood method and bootstrap test with 1,000 replicates using the MEGA X program.
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Table S1. TFs responsive to light, hormone, wounding and pathogen stimulation found in the entire
S. miltiorrhiza HMGR4 promoter sequence using PlantPan 2.0 database.

TF family name

TF name

light-responsive TFs

bHLH BHLH63, PIF1
bZIP BZIP54
Dehydrin COR15A
Dof DOF1.5, DOF1.10, DOF2.5, DOF3.3, DOF5.2
GATA GATA1, GATA2, GATA3, GATA4, GATAS5, GATAS, GATA9, GATA21, GATA22, GATA23
Homeodomain; bZIP; HD-ZIP  ATHB-1
Homeodomain; HD-ZIP ATHB-2, ATHB-4, ATHB-16
MYB-related/Myb/SANT RVE7
NAC; NAM NAC081

auxin-responsive TFs
bHLH BEE1, BEE3
Dof DOF1.1, DOF3.4, DOF3.6
Homeodomain; bZIP; HD-ZIP  ATHB-15
Homeodomain; HB-PHD PRH

Homeodomain; HD-ZIP

ATHB-2, ATHB-20

MADS box ;MIKC

AGL14, AGL15

MYB-related

CCA1l, RVE4, RVE5, RVES8

Myb/SANT; MYB MYB6
NAC; NAM NAC030, NAC101
WRKY WRKY23
SA-responsive TFs
bHLH BHLH66
CAMTA CAMTA2, CAMTA4, CAMTA6
CSD CSP2
Dof DOF1.1, DOF3.4, DOF3.6
MYB MYB46
MYB-related CCA1, RVE4, RVE5, RVE6, RVES
Myb/SANT MYB3, MYB6
NAC; NAM NAC062, NACO081
WRKY WRKY3, WRKY4, WRKY6, WRKY7, WRKY8, WRKY15, WRKY18, WRKY21, WRKY26,
WRKY30, WRKY40, WRKY53, WRKY54, WRKY60, WRKY70
brassinosteroid-responsive TFs
AP2; B3; RAV RAV1
bHLH BEE1, BEE3
NAC; NAM NACO030, NAC081, NAC101
ethylene-responsive TFs
AP2; ERF RAP2-2
bHLH BEE1, BEE3, BHLH66
C2H2 AZF2, AZF3
CAMTA CAMTAL, CAMTA4
CG-1; CAMTA CAMTA3
CSD CSpP2
MYB-related CCA1, RVE4, RVE5, RVE6, RVES
MYB-related/Myb/SANT RVE7
Myb/SANT;ARR-B ARR2
Myb/SANT; MYB MYB6
NAC; NAM NAC029
WRKY WRKY4, WRKY6

ABA-responsive TFs
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bHLH BEE1, BEE3, MYC2, SCRM
bZIP ABF3, ABF4

C2H2 AZF2, AZF, ZAT10

CG-1; CAMTA CAMTA2, CAMTA4, CAMTA6
CSD CSP2

Dehydrin CORI15A

Homeodomain; HD-ZIP HAT22

MYB-related

CCA1, RVE4, RVES5, RVE6, RVES

Myb/SANT MYB7
Myb/SANT; MYB MYB3
NAGC, NAM NACO019, NAC029, NAC032, NAC055, NAC062, NAC072
WRKY WRKY8
ZF-HD ZHD5
MeJa-responsive TFs
AP2; ERF RAP2-3
bHLH MYC2
CAMTA CAMTA1, CAMTA4
CG-1; CAMTA CAMTA3
NAGC, NAM NACO081
wounding-responsive TFs
C2H2 ZAT10
CAMTA CAMTA1, CAMTA4, CAMTAG6
CG-1; CAMTA CAMTA2, CAMTA3
NAC; NAM NAC002, NAC081
WRKY WRKY6, WRKY8, WRKY20, WRKY40
pathogen-responsive TFs
CG-1; CAMTA CAMTA3
Homeodomain; HB-PHD PRH
Myb/SANT; MYB MYB6

NAC, NAM NACO081, NAC091
SBP SPL14
WRKY WRKY4, WRKY6, WRKY8, WRKY11, WRKY17, WRKY18, WRKY23, WRKY27, WRKY33,

WRKY38, WRKY48, WRKY53, WRKY60
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Table S2. TFs responsive to major abiotic and biotic factors found in the proximal S. miltiorrhiza HMGR4
promoter using the PlantPan 2.0 database.

TF family name TF name
light-responsive TFs

bHLH MYC2
Dehydrin CORISA
Dof DOF1.5, DOF2.5
GATA GATA1, GATA2, GATA3, GATA4, GATA5, GATAS8, GATA9, GATA12, GATA21, GATA22,

GATA23
MADF;Trihelix GT-1
MYB-related/Myb/SANT RVE7
NF-YA NFYA5
NF-YB NFYB9

SA-responsive TFs

bZIP TGA1, TGA2, TGA3, TGA5, TGA7
Dof DOF1.1, DOF3.4, DOF3.6
MYB MYB46
MYB-related RVE4, RVE6, RVE8
WRKY WRKY3, WRKY4, WRKY6, WRKY7, WRKY8 WRKY15, WRKY18, WRKY21, WRKY26, WRKY30,

WRKY38, WRKY40, WRKY53, WRKY54, WRKY60, WRKY70

bacterium-responsive TFs

bZIP TGA3, TGA7
WRKY WRKYS8, WRKY11, WRKY17, WRKY18, WRKY27, WRKY33, WRKY38, WRKY40, WRKY48,

WRKY52, WRKY53, WRKY60, WRKY70

auxin-responsive TFs

bZIP TGA1, TGA2, TGA3, TGA5, TGA7
C2H2 AZF2
Dof DOF1.1, DOF3.4, DOF3.6
Homeodomain; HB-PHD  PRH

MADS box; MIKC

AGL14, AGL15

MYB-related

RVE4, RVES5, RVE8

WRKY WRKY23
ABA-responsive TFs
bHLH SCRM, MYC2
C2H2 AZF2, AZF3, ZAT10
Dehydrin CORI5A
MYB-related RVE4, RVE5, RVE6, RVES
NE-YA NFYA5
NE-YB NFYB6, NFYB9
NE-YC NFYC3
WRKY WRKY8, WRKY25, WRKY33
gibberellin-responsive TFs
MADS box AGL42, AGL71, AGL72
MYB-related RVE4, RVE5, RVE6, RVES
WRKY WRKY27
chitin-responsive TFs
C2H2 ZAT10
Dof DOFL.7
WRKY WRKY6, WRKY11, WRKY17, WRKY18, WRKY22, WRKY33, WRKY40, WRKY46, WRKY48,
WRKY53, WRKY70
cold-responsive TFs
bHLH SCRM
C2H2 AZF2, AZF3, ZAT6, ZAT10
Dehydrin COR15A
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Dof DOF2.5
MADS box; MIKC AGL19
WRKY WRKY25, WRKY33, WRKY34
salt stress-responsive TFs
bHLH MYC2, SCRM
C2H2 AZF3, ZAT10
Dehydrin CORI15A
MYB-related RVE3, RVE4, RVE5, RVE6, RVES
MYB-related/Myb/SANT ~ RVE7

WRKY

WRKYS8, WRKY25, WRKY33, WRKY46, WRKY57
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Table S3. TF genes co-expressed with A. thaliana HMGR1 found with the Expression Angler tool.

TF locus name TF gene name r-value 2

AtGenExpress Hormone and Chemical Compendium

At5g17300 RVE1 0.501
At1g06850 AtbZIP52 0.501
At2g01760 ARR14 0.509
At1g33240 GTL1 0.509
At1g19700 BLH10 0.516
At1g64380 ERF061 0.516
At5g44190 GLK2 0.520
At5g54630 MRB17.13 0.521
At1g06040 BBX24 0.522
At5g25810 TINY 0.527
At3g23050 IAA7 0.538
At5g13770 Pentatricopeptide repeat (PPR-like) superfamily protein 0.544
At1g22590 AGL87 0.547
At1g69690 TCP15 0.549
At2g27050 EIL1 0.554
At3g06590 BHLH148 0.561
At4g40060 ATHB-16 0.562
At5g57660 COL5 0.563
At4g36540 BEE2 0.566
At4g00150 SCL6 0.567
At5g02840 RVE4 0.573
At1g30650 WRKY14 0.576
At1g13300 HRS1 0.578
At3g07650 COL9 0.578
At1g69780 ATHB-13 0.594
At2g18160 BZIP2 0.597
Atdg09460 MYB6 0.599
At2g42380 BZIP34 0.605
At3g05800 BHLH150 0.609
At2g28200 ZAT5 0.61

Atlg74840 Homeodomain-like superfamily protein 0.61

At3g17100 BHLH147 0.618
At1g68520 BBX14 0.621
At5g47390 KUA1 0.623
At3g60490 ERF035 0.63

At3g62420 BZIP53 0.635
At3g58120 BZIP61 0.64

At2g23760 BLH4 0.648
At3g48360 BT2 0.659
At3g47620 TCP14 0.704
At5g60850 DOF5.4 0.727

AtGenExpress Abiotic Stress Compendium

At3g16770 RAP2-3 0.502
At5g46690 BHLHO071 0.502
At1g68190 BBX27 0.502
At3g47620 TCP14 0.502
At1g69690 TCP15 0.503
At2g20570 GLK1 0.504
At3g12730 Homeodomain-like superfamily protein 0.506
At3g61150 HDG1 0.507
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At5g67180 TOE3 0.508
At5g44190 GLK2 0.512
At2g42300 BHLH48 0.518
At5g38140 NFYC12 0.523
At4g00730 ANL2 0.524
At2g46530 ARF11 0.524
At2g02080 IDD4 0.525
At3g48590 NFYC1 0.527
At4g36870 BLH2 0.53

At2g01760 ARR14 0.53

At3g17100 BHLH147 0.537
At2g22540 sVP 0.537
At5g02840 RVE4 0.545
Atlg72740 Homeodomain-like/winged-helix DNA-binding family protein 0.545
At3g57800 BHLH60 0.545
At5g08330 TCP21 0.546
At5g05550 ENAP2 0.552
At5g24930 COL4 0.557
Atlgl10610 BHLH90 0.558
At2g33500 BBX12 0.575
At5g08520 MYBS2 0.575
Atlg54060 ASIL1 0.579
At4g21750 ATML1 0.583
At4g04890 PDF2 0.587
At2g33810 SPL3 0.596
At3g19860 BHLH121 0.611
At2g43010 PIF4 0.625
At1g14920 GAI 0.627
At5g62000 ARF2 0.63

AtGenExpress Pathogen compendium

At3g19580 AZF2 0.503
At1g69310 WRKY57 0.504
At1g02220 NAC003 0.505
At1g07530 SCL14 0.516
At1g19850 ARF5 0.515
At3g01970 WRKY45 0.515
At4g39100 SHL 0.52

At3g19860 BHLH121 0.521
At1g62990 KNAT7 0.522
Atlg73730 EIL3 0.525
At5g52510 SCL8 0.526
At2g36080 ABS2 0.53

Atl1g79180 MYB63 0.534
At1g48000 MYBI112 0.535
At2g21240 BPC4 0.536
At3g61890 ATHB-12 0.536
At5g49700 AHL17 0.537
At3g06490 MYB108 0.538
At3g51960 BZIP24 0.543
At4g27410 NAC072 0.543
At2g28200 ZAT5 0.547
Atlg56010 NACO021 0.554
At1g06180 MYBI13 0.557
At3g17100 BHLH147 0.559
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At3g58710 WRKY69 0.564
At4g31420 REIL1 0.565
At2g46680 ATHB-7 0.571
At3g20770 EIN3 0.572
At5g13330 RAP2.6L 0.573
At5g24800 BZIP9 0.59

At3g15500 NACO055 0.594
Atlgl0170 NFXL1 0.599
At2g38340 DREB2E 0.611
At5g39610 NAC92 0.643

AtGenExpress Tissue Compendium

Atl1g77980 AGL66 0.506
At3g15540 IAA19 0.512
At2g40620 BZIP18 0.517
Atl1g60240 NAC (No Apical Meristem) domain transcriptional regulator superfamily protein 0.52

At2g03060 AGL30 0.521
At3g01470 HAT5 0.521
At2g32460 MYB101 0.521
Atlg72740 Homeodomain-like/winged-helix DNA-binding family protein 0.525
At3g10470 C2H2-type zinc finger family protein 0.534
At1g18750 AGL65 0.535
At3g16350 Homeodomain-like superfamily protein 0.539
At2g42380 BZIP34 0.546
At4g08250 SCL26 0.548
At4gl16110 ARR2 0.552
At2g47810 NFYB5 0.558
At4gl14410 BHLH104 0.563
At5g56270 WRKY2 0.575
At4g35700 DAZ3 0.579
At1g35490 bZIP family transcription factor 0.582
At5g45710 HSFA4C 0.584
At4g20380 LSD1 0.598
At4g31420 REIL1 0.609
At1g53320 TLP7 0.64

At3g54620 BZIP25 0.666
At1g50640 ERF3 0.721

AtGenExpressPlus Extended Tissue Compendium

At4g26930 MYB97 0.505
Atlg18750 AGL65 051

At4g35700 DAZ3 0.512
At2g23340 DEAR3 0.516
At2g01930 BPC1 0.519
At5g67580 TRB2 0.525
At2g34440 AGL29 0.53

At3g20310 ERF7 0.534
At2g32460 MYB101 0.545
At2g03060 AGL30 0.547
At1g35490 bZIP family transcription factor 0.553
At5g56270 WRKY2 0.557
At1g34190 NAC017 0.558
At3g57390 AGL18 0.567
At2g42380 BZIP34 0.572
At3g20770 EIN3 0.572
At2g40620 BZIP18 0.572
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At3g16350 Homeodomain-like superfamily protein 0.601
At4g37180 HHO5 0.601
At5g46910 JMJ13 0.604
Atdgle110 ARR2 0.611
At5g54680 BHLH105 0.64

At4g13980 HSFA5 0.644
At1g55520 TBP2 0.645
Atdg31420 REIL1 0.661
At4g20380 LSD1 0.665
At1g50640 ERF3 0.666
At1g53320 TLP7 0.667
At5g45710 HSFA4C 0.790

2 The r-value was 0.5 - 1.0.
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Table S4. Primers used in the study.

Primer name Sequence

Genome Walker gene-specific primers (GSPs)

GSP1 GGTGAAGAAAATGCCGTTGGTTAGGAAGA
GSP2 TGTGGCGGAGTGAGGCGACGGCGGTIT
Sanger sequencing of HMGR4 promoter
M13_F GTAAAACGACGGCCAG
M13_R CAGGAAACAGCTATGAC
HMGR4_F TTTGTGCAGTGCGAACCAACCAA
HMGR4 R GCATGACATAGTTCTTTTAGG

85



Publikacja 11

File S1 i File S2 https://www.mdpi.com/article/10.3390/plants11141861/s1
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Abstract: Salvia miltiorrhiza is a medicinal plant that synthesises biologically-active tanshinones with
numerous therapeutic properties. An important rate-limiting enzyme in the biosynthesis of their
precursors is 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR). This study presents the
organ-specific expression profile of the S. miltiorrhiza HMGR4 gene and its sensitivity to potential
regulators, viz. gibberellic acid (GA3), indole-3-acetic acid (IAA) and salicylic acid (SA). In addition, it
demonstrates the importance of the HMGR4 gene, the hormone used, the plant organ, and the culture
environment for the biosynthesis of tanshinones. HMGR4 overexpression was found to significantly
boost the accumulation of dihydrotanshinone I (DHTI), cryptotanshinone (CT), tanshinone I (TI) and
tanshinone ITA (TIIA) in roots by 0.44 to 5.39 mg/g dry weight (DW), as well as TIIA in stems and
leaves. S. miltiorrhiza roots cultivated in soil demonstrated higher concentrations of the examined
metabolites than those grown in vitro. GA3 caused a considerable increase in the quantity of CT
(by 794.2 ng/g DW) and TIIA (by 88.1 ug/g DW) in roots. In turn, IAA significantly inhibited the
biosynthesis of the studied tanshinones in root material.

Keywords: Salvia miltiorrhiza; HMGR4; expression; overexpression; tanshinone; GAs; IAA; SA

1. Introduction

Salvia miltiorrhiza Bunge, also known as Chinese sage or Red sage, is one of the basic
elements of traditional Chinese medicine used in treating diverse conditions, such as car-
diovascular diseases, menstrual disorders and insomnia [1,2]. The medical properties of
this plant result from the biosynthesis of various bioactive compounds, including tanshi-
nones. Recent research indicates that tanshinones provide cardiovascular protection [3],
regulate metabolic functions [4], and possess a range of anticancer [5], neuroprotective [6],
anti-inflammatory [7], antioxidant [8], phytoestrogenic [9], antiosteoporotic [10], antibacte-
rial [11] and anti-aggregation [12] properties.

Among the several dozen tanshinones isolated from S. miltiorrhiza so far [13], the most
studied are dihydrotanshinone I (DHTI), cryptotanshinone (CT), tanshinone I (TT) and
tanshinone ITA (TIIA). The starting point for the production of the tanshinone diterpene
backbone is the synthesis of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP) precursors through the mevalonate (MVA) and methylerythritol phosphate
(MEP) pathways [14]. The key rate-limiting enzyme in the MVA pathway, catalysing the
conversion of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) to MVA, is HMG-CoA
reductase (HMGR) [14]. A recent search found five sequences of S. miltiorrhiza HMGR genes
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(HMGR to HMGR4) currently deposited in the GenBank database [15-17]. Among them is
HMGR4, which, unlike other genes, has not been extensively studied, and its importance in
the biosynthesis of tanshinones has not been investigated.

Whereas the annual consumption of S. miltiorrhiza in China exceeds 16 million kg,
the low concentration of tanshinones in plant material and limited arable land available
for cultivation, make the meeting of growing demand more and more problematic [14].
Therefore, alternative sources of S. miltiorrhiza plant material, such as hairy roots or cell and
callus cultures are under development [18]. These sources offer continuous biosynthesis
of tanshinones, and their concentration may be boosted by the application of chemical or
physical components known as elicitors [19-21].

Gibberellic acid (GA3) regulates vegetative and reproductive growth by triggering
the degradation of DELLA proteins, these being master repressors of its signaling [22,23].
Initially, a bioactive hormone binds to the gibberellin-insensitive DWARF 1 (GID1) receptor
and induces a conformational change in its N-terminal fragment, enabling DELLA binding.
The DELLA proteins are then polyubiquitinated by E3 ubiquitin ligases such as SLEEPY1
and constitutively photomorphogenic 1 (COP1), and directed towards the destruction
in 265 proteasome [24]. Removing the DELLA proteins releases repressed transcription
factors (TFs), enabling gene expression regulation. Dominant TFs regulated by GA3 are
GAI-RGA-SCR (GRAS) proteins [25]. In S. miltiorrhiza most of the 35 identified GRAS TFs
are induced by GAj3 [25]. It has been proven that the overexpression of GRAST and GRAS2
in S. miltiorrhiza hairy roots increases the accumulation of DHTI, CT, TT and TIIA [26].

In the auxin signaling pathway, the transcription of effector genes is controlled by
the interaction of auxin/indole-3-acetic acid (Aux/IAA) repressor with transport inhibitor
resistant 1/auxin signaling F-box (TIR1/AFB) proteins [27]. Ubiquitination of these com-
plexes by suppressor of kinetochore protein 1 (SKP1)/cullinl/F-box (SCF) E3 ubiquitin
ligase complex and subsequent proteasome-dependent degradation, enable auxin response
factors (ARFs) to regulate gene transcription [28]. The proper initiation of gene expression
usually requires dimerization of ARFs, that bind to closely-located TGTCGG inverted
repeats and TGTCTC or TGTCGG direct repeats [29]. The complexity of auxin-dependent
gene regulation in S. miltiorrhiza is increased by the fact that most of the 25 studied ARFs
have an inhibitory effect on the transcription rate [30].

In the salicylic acid (SA) signaling route, the non-expressor of pathogenesis-related
genes 1 (NPR1) acts as the master regulator of the plant response [31]. In the absence of SA,
the N-terminal BTB domain of NPR1 interacts with the C-terminal transactivation domain
to inhibit NPR1 transcription activity [32]. NPR1 is activated through copper-dependent
binding of SA [32]. This protein lacks its own DNA-binding domain and expresses its trans-
activatory function through interaction with bZIP family TFs [33]. Such SA-responsive
TGACG transcription factor binding sites (TFBSs) have been found in numerous plant
promoters [34-36]. Another group of TFs controlled by SA are WRKY; among these, WRKY1
strongly induces the genes of the tanshinone biosynthesis pathway through interaction
with the W-box (T)TGAC(C/T) element [37].

This work examines the organ-specific expression pattern of the S. miltiorrhiza HMGR4
gene and the influence of selected phytohormones (GAj3, indole-3-acetic acid (IAA), SA)
on its transcription level. These experiments were carried out on wild, in vitro-grown
plants. In silico analysis of the S. miltiorrhiza HMGR4 promoter performed with PlantPan
2.0 tool was used to select the appropriate hormones. Moreover, this study investigates the
importance of the HMGR4 gene, the hormone used, the plant organ and the growth envi-
ronment for the biosynthesis of DHTI, CT, TI, TIIA and total tanshinone using transgenic
S. miltiorrhiza plants grown in vitro and in soil. The use of hormones is aimed at modulating
the HMGR4 gene expression and thus obtaining information on the presumed role of this
gene in the biosynthesis of tanshinones, as well as influencing their content.
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2. Results
2.1. Organ-Specific Expression of S. miltiorrhiza HMGR4 Gene

Real-time qPCR results showed that HMGR4 gene was expressed in all analysed
S. miltiorrhiza organs, but with different intensities. The leaves and stems demonstrated
higher levels of the HMGR4 transcript than the reference, with R = 1.14 £ 0.08 and
R =1.054+ 0.01, respectively; in roots, the level was lower than in the reference with
R =0.95%0.07.

Due to their level of transcript and high availability of material for research, it was
decided to use the leaves to study the effect of hormones on S. miltiorrhiza HMGR4 activity.

2.2. Potential Regulators of S. miltiorrhiza HMGR4 Gene Expression

Sequence analysis of the S. miltiorrhiza HM(GR4 promoter using the PlantPan 2.0 tool
showed the existence of 5369 potential TFBSs and 365 interacting TFs previously detected
in the Arabidopsis thaliana model plant. The similarity score between the TFBSs found in
HMGR4 promoter and those identified in A. thaliana was set to 0.7-1.0. Of all the TFs
detected, a large group was able to respond to hormonal agents; many of these were
sensitive to GA3, IAA and SA (Table 1, Tables S1-S3). It is worth emphasising that these TFs
also had potential binding sites in the HMGR4 proximal promoter region (Tables S1-S3),
where most functional TFBSs are believed to be located [38,39]. Therefore, it was decided to
investigate the importance of these hormones on the expression of S. miltiorrhiza HMGR4.

Table 1. Potential transcription factors (TFs) that bind to the Salvia miltiorrhiza HMGR4 promoter
sequence and respond to gibberellic acid (GAj3), indole-3-acetic acid (IAA), salicylic acid (SA) signals
found using PlantPan 2.0 tool.

TF Family Name TF Gene Name and Locus TFBSs Number
GA;3
AT-Hook AHL25; At4g35390 6
CCA1; At2g46830 1
MYB-related RVES; At3g09600
p
RVE4; At5g02840
Homeodomain; HD-ZIP ATHB-23; At1g26960 )|
bHLH PIF3; At1g09530 2
GATA22; At4g26150
GATA 62
GATA21; At5g56860
SOC1; At2g45660 8
MADS box; MIKC
AGL24; At4g24540 15
AGL71; At5g51870 13
MADS box AGL72; At5g51860
14
AGL42; At5g62165
NE-YC NFYC3; At1g54830 48
IAA
CCA1; At2g46830 1
MYB-related
RVE 8; At3g09600 2
HAT2; At5g47370 2
Homeodomain; HD-ZIP
ATHB-20; At3g01220 3
CAMTA CAMTAI; At5g09410 2
MADS box; MIKC AGL14; At4g11880 17
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Table 1. Cont.

TF Family Name TF Gene Name and Locus TFBSs Number
SA
NACO081; At5g08790 1
NAC; NAM
NACO062; At3g49530 2
MYB MYB46; At5g12870 4
Myb/SANT; MYB MYB3; At1g22640 1
CCA1; At2g46830 1
MYB-related RVES; At3g09600
2
RVE4; At5g02840
DOF1.1; Atl1g07640
Dof 34
DOF3.4; At3g50410
bZIP TGA2; At5g06950 32
bHLH LRL1; At2g24260 2
CG-1; CAMTA CAMTA2; At5g64220 3
CAMTA4; Atlg67310
CAMTA 2
CAMTAG; At3g16940
CSD CSP2; At4g38680 2
WRKY6; Atlg62300
9
WRKY40; At1g80840
WRKY4; Atlg13960
WRKY60; At2g25000
WRKY21; At2g30590
WRKY WRKY54; At2g40750
WRKY70; At3g56400 3

WRKY53; At4g23810

WRKY18; At4g31800

WRKY26; At5g07100

WRKY38; At5g22570

WRKY30; At5g24110

2.3. Effect of GA3, IAA, SA on S. miltiorrhiza HMGR4 Gene Expression

The hormones used in the experiment changed the expression of HMGR4 in treated
leaves compared to control (leaves not incubated with hormones) (Figure 1). At the
beginning of each study, a lower HMGR4 transcript level was observed in the test materials
than in corresponding control (R < 1). Treatment with GA3 or IAA or SA for 12 and 24 h
resulted in the stimulation of HMGR4 expression against untreated samples (R > 1). It is
worth noting that the exposure of leaves to GAj resulted in an approximately 2.86-fold
increase in HMGR4 expression between 12 and 24 h, and the stimulation effect was also
maintained at 48 h. From 48 h, the level of HMGR4 transcript in the hormone-treated
samples decreased compared to the control (R < 1). In the final part of the testing (72 h
for SA and 96 h for GA3 and IAA) the level of HMGR4 mRNA increased again in leaves

incubated with hormones compared to untreated samples (R > 1).
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Figure 1. Effect of GA3, IAA and SA on HMGR4 gene expression in S. miltiorrhiza leaves. The
expression was analysed by real-time PCR. The results are presented as mean + SD.

Based on the obtained results, GA3 and IAA were selected for experiments determining
the tanshinone content.

2.4. Impact of pRI201-AN-HMGR4 Transformation on S. miltiorrhiza HMGR4 Gene Expression

Higher levels of the HMGR4 transcript were observed in all S. miltiorrhiza organs
taken from plants transformed with the pRI201-AN-HMGR4 construct compared to control
(R>1). The R values for stems, roots and leaves, were 1.28 + 0.19, 1.25 + 0.14 and
1.10 £ 0.14, respectively.

2.5. Influence of HMGR4 Overexpression on the Biosynthesis of Tanshinones in S. miltiorrhiza

The conducted studies indicate that S. miltiorrhiza HMGR4 overexpression had a
significant influence on the quantity of measured tanshinones.

Roots with HMGR4 overexpression, both soil-grown and cultivated in vitro, demon-
strated significantly higher accumulation of DHTI, CT, TI, TIIA and higher total tanshinone
content compared to control roots without HMGR4 overexpression (p < 0.01) (Figure 2A-E).
The differences described above ranged from 1.51-fold to 2.43-fold, i.e., 0.59-5.39 mg/g dry
weight (DW), and from 1.82- to 3.62-fold (0.44-2.40 mg/g DW), respectively, depending on
the type of tanshinone.

Clear differences in the levels of individual tanshinones were observed between roots
with HMGR4 overexpression and those without. More specifically, these values were as
follows (the first value indicating soil conditions and the second in vitro): 2.43- or 3.62-fold
(5.39 or 2.40 mg/g DW) for CT, 2.19- or 2.47-fold (0.59 or 0.44 mg/g DW) for DHTI, 1.86- or
2.21-fold (0.71 or 0.65 mg/g DW) for TI, 1.51- or 1.82-fold (1.88 or 0.55 mg/g DW) for TIIA,
and reflected the place of cultivation.

Moreover, overexpression of HMGR4 gene induced the quantity of TIIA to about
50 nug/g DW in in vitro and in soil-grown stems and leaves (Figure 2D).

92



Publikacja 111

Molecules 2022, 27, 4354 60f 19

A) Dihydrotanshinone |

1.4+ *%

*k *%

tanshinone content [mg/g DW]

] ) ) L] ) ) |.:-: 1 T ] ] ) ) T T T T L] ) ) T
& &(o\ o & bF;\- & &«"\ & &(o\ bto‘\' (,\éo\ u°+ &‘o\ & o"@\ & &‘o\ u°+ &(o
& oS \&S’Q. d §‘g,?' S &L bo*' S F S KL L b‘o"' I h°+ &L @C’Q‘ 5
& D R é;z- “S;Z- R @S’Q' “QQ- K
& & D D & & D D Cd
&

*%

*%

*%

B N e A Y
B R R R

SSNSSNNSANNNNSS

RN

[N

tanshinone content [mg/g DW]
RN

AN NS NSNS NNNSNNSANSNNNNNNNNY

-\g\
SOSSSNNNNNNSS

SSSASSANSANNE
i
SOSSINNNNNNN
SSAANIRNNNNE
RN
SOSSNSNNNNNNN
SSSSASANRANE
RN

A
k3
NN

Figure 2. Cont.

93



Publikacja 111

7 of 19

Molecules 2022, 27, 4354

C) Tanshinone |

- \oéoo
=3 +° v}
gy
L, &
\oéo O\N\\v
- Vw‘oo \\oe
7 %
+ S
L \0.000 ba\O A«OQ
- wf‘v 00 @A\
O‘
L \o«\+ou .@@
0%,
o %
B .\hovo o.\..\\A
%, %, %,
- +° % O.A.\\4 00\
2, 2
L \oéoa‘e@% .\\oe\
- vw‘oo \\oe
7 Lo
L, o 2
) .ooo va\O
- AN‘O (> *sm\
Q
L+ %
\o«\oo %, 9 4
F 2 Y,
L 2 %
\o.oo OQ\A\ % %
i +0 N o&& @@9
7 & ¢,
. 0 %, %, %,
* > VN‘QOO $% \\06 )
4 %
+. %,
\0600&@0 Yo
50 %
%
% 0 “
o %, M
b, %
. % ] \oéoo&&\o \4«\\\
7777777777k +.° %, *
N EEEEE R
- - v v v O © © © © &\A\ %
[ma 6/6w] jusjuos auoulysuey «\oa
0,

D) Tanshinone IIA

*%

Figure 2. Cont.

94



Publikacja 111

Molecules 2022, 27, 4354 8of 19

E) All tanshinones

18

16

14

12

\ Dihydrotanshinone |

Cryptotanshinone
€ Tanshinone |
E=3 Tanshinone IIA

U

3

10

SR

NN

SIS

>

PN

tanshinones content [mg/g DW]
ARRAINRNN

%'I

SOSSSSNNNSSNNNNNNNNAY

R

NN

N
MR

NN

NN

N

NN

SIN

N
RN

SSSISINNS
S Y

g\\\\\

2N

R Y XY XY
NN

PSISAATAAAAAAAATAS AR SRR AN

SN

NN

R
N

K
R

R R
R

\\\\‘\\t\\\\\\

SSSSS

0 e e L T
u°+ o"@\hd‘. o RO o & « u°+ o‘@\u&. &‘o\ x° &‘o\ & é50\“0'\' &o\b‘o'\- o‘@\ *° o‘@\ & &‘&uo.\- &‘o\
3l é(,q' S S S S & °°h° &L uo"‘ S & L “NQQ' b & o S ‘}(,Q' °d
D S o ol D Q& i D o D
BN ) O N o <) 9 ) 9 N
\bo‘ & Qs‘ ,g“ S & Qs“ Q‘\x‘ &"o‘ & Q“‘\ ,b\“ . o
& NS & & &'\*‘ 4{\@ & & ¢ & &
& o & ¢ & 6\\“ & %\\“ A &
& & 9\@& o @ &

Figure 2. Quantitative UHPLC analysis of the content of individual tanshinones (A-D) and the total
amount of all tested tanshinones (E) in extracts obtained from roots, stems, leaves and flowers of
S. miltiorrhiza. A control is shown for each test sample (non-HMGR4 overexpressing plant material
or, in the case of hormone treatment, non-hormone-treated HMGR4 overexpressing plant material).
Bars are medians with first and third quartile. ** significant difference at p < 0.01 compared to control;
* significant difference at 0.01 < p < 0.05 compared to control; DW, dry weight; OX, overexpression.

2.6. Organ-Dependent Accumulation of Tanshinones in S. miltiorrhiza

Roots appeared to be the main site of accumulation of all studied metabolites in
S. miltiorrhiza. All of the examined roots were found to contain all tested tanshinones
(Figure 2A-D). CT was present at the highest levels (0.91-9.17 mg/g DW), while lower
amounts were found for TIIA (0.67-5.61 mg/g DW), TI (0.54-1.53 mg/g DW) and DHI
(0.30-1.08 mg/g DW) (Figure 2A-D). The quantity of the identified metabolites was highest
in soil-grown roots overexpressing HMGR4.

Some tanshinones were detected in stems and leaves with median values ranging
from 50 to 73.5 ug/g DW (Figure 2A,B,D,E). The most common tanshinone present in the
tested stems and leaves was TIIA. The TIIA content was typically 104.5-fold higher (by

95



Publikacja 111

Molecules 2022, 27, 4354

90f19

5.55 mg/g DW) in roots than in stems or leaves in the soil-grown plants, and 23.4-fold
higher (by 1.16 mg/g DW) in in vitro roots (Figure 2D). No tanshinones were detected in
flowers (Figure 2A-E). Hence, apart from slight changes in TIIA level in stems and leaves,
HMGR4 overexpression did not appear to significantly change the organ-specific pattern of
accumulation of the compounds in S. miltiorrhiza.

2.7. Impact of Growth Environment on the Biosynthesis of Tanshinones in S. miltiorrhiza

The soil environment favoured a significantly higher production of all tested tanshi-
nones in the root material compared to in vitro conditions (p < 0.01). This was true both in
the group of roots with and without HMGR4 overexpression, and the differences were from
1.45- to 4.62-fold (0.34-5.86 mg/g DW) and from 1.63- to 5.58-fold (0.19-3.06 mg/g DW),
respectively, depending on the type of metabolite. The quantities of individual tanshinones
varied considerably between the soil-grown roots and those grown in vitro. More specifi-
cally, these differences were as follows (first value = HMGR4 overexpression; the second
value = without): 4.62- or 5.58-fold (4.39 or 3.06 mg/g DW) for TIIA, 2.77- or 4.14-fold
(5.86 or 2.87 mg/g DW) for CT, 1.45- or 1.63-fold (0.34 or 0.19 mg/g DW) for DHTI, 1.28-
or 1.52-fold (0.34 or 0.28 mg/g DW) for TI. It is worth noting that the in vitro roots with
HMGR4 overexpression demonstrated 1.51-fold higher DHTI (0.25 mg/g DW) and 1.45-fold
higher TI (0.37 mg/g DW) than the soil-grown roots without overexpression.

In leaf material, the content of TIIA was significantly higher in soil than in in vitro
conditions (p = 0.0000), amounting to 50 or 56.8 ug/g DW, depending on HMGR4 overex-
pression status.

DHTI and CT were detected in stems grown in vitro but not in stems grown in soil
(Figure 2A,B). Median levels were 66.8 or 65.9 ng/g DW for DHTI, and 72 or 67.3 ug/g DW
for CT, depending on the presence or absence of HMGR4 overexpression.

2.8. Effect of GAz and IAA on the Biosynthesis of Tanshinones in S. miltiorrhiza

The addition of GAj3 to S. miltiorrhiza in vitro root culture significantly increased CT,
TIIA and total tanshinone levels in comparison to untreated roots (p = 0.0000, p = 0.0404,
p = 0.0404, respectively) (Figure 2B,D). The observed increases were 1.24-fold (0.79 mg/g
DW) for CT and 1.07-fold (88.1 ng/g DW) for TIIA. Treatment had no effect on DHTI
and significantly decreased the amount of TI by 1.29-fold (0.27 mg/g DW) (p = 0.0000)
(Figure 2A,C).

In vitro cultivation of stems grown in the presence of GAj showed a significant
1.15-fold (9.9 ng/g DW) rise in DHTI (p = 0.0000) and a significant 1.04-fold (1.9 ug/g
DW) reduction in TIIA (p = 0.0235) compared to untreated controls (Figure 2A,D). However,
in vitro cultivation of leaves with GAj resulted in a significant 1.02-fold (1.2 pg/g DW)
increase in TIIA compared to control (p = 0.0000) (Figure 2D).

The use of IAA resulted in a significant decrease in the content of all tested tanshinones
in in vitro root culture compared to untreated roots (p = 0.0000) (Figure 2A-D): 34.06-fold
(3.21 mg/g DW) for CT, 11.49-fold (1.11 mg/g DW) for TIIA, 8.84-fold (0.66 mg/g DW) for
DHTI and 5.05-fold (0.96 mg/g DW) for TI.

IAA treatment only appeared to have a slight influence on the quantity of tanshinones
in stems and leaves: a significant 1.05-fold (3.2 ug/g DW) rise in DHTI and a significant
1.05-fold (2.3 ng/g DW) fall in TIIA were observed in stems compared to control (p = 0.0000)
(Figure 2A,D), while a significant 1.01-fold (0.7 pg/g DW) increase in TIIA was noted in
leaves relative to control (p = 0.0001) (Figure 2D).

3. Discussion

This work analyses the expression profiles of the S. miltiorrhiza HMGR4 gene and its
influence on the biosynthesis of tanshinones.

Previous studies have shown that S. miltiorrhiza HMGR genes are expressed in the
roots, stems and leaves, but with different intensities in each organ. HMGR showed the
strongest activity in roots, and weaker in stems and leaves [17]. The level of the HMGR2
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transcript was about four-fold higher in leaves than in stems, and about two-fold higher in
stems than in roots [15]. HMGR3 was vigorously expressed in stems and root steles, and to
a much greater degree than in root cortices and leaves [16]. HMGR#4 activity was the highest
in flowers, lower in stems and leaves, and lowest in root steles and root cortices [16]. In the
present study, a higher level of HMGR4 mRNA was noted in leaves and stems than in the
control; however, this was not observed in roots. Previous transcriptomic analyses have
indicated that within the S. miltiorrhiza root, the strongest expression of HMGR4 occurred
in xylem [40].

The S. miltiorrhiza HMGR4 gene showed a biphasic response to GAj3 treatment. After
initial stimulation of its expression relative to the control at 12, 24 and 48 h, it then decreased
and subsequently increased at 96 h (Figure 1). It has been found that 2.89 uM GA3 has
a similar influence on the S. miltiorrhiza HMGR2 gene; however, in this case, HMGR2
expression increased compared to control at 12 h, followed by a fall and a second increase
at 72 and 96 h [41]. Elsewhere, stimulation with 400 uM GAj resulted in an initial rise
in Malus domestica HMGRI transcripts against control until four hours, followed by a
decrease at six h [42]. We hypothesise that stimulation of S. miltiorrhiza HMGR4 gene
expression by GAj3 and subsequent enzyme production could activate the next stages
of the MVA pathway and the production of mediators necessary for the biosynthesis of
endogenous gibberellins, such as ent-kaurene [43]. The newly-produced endogenous GA3
could stimulate the HMGR4 transcription which decreased as a result of metabolising
the exogenous hormone. However, this hypothesis needs to be verified by monitoring
endogenous GAj levels during the course of an experiment.

The impact of IAA on S. miltiorrhiza HMGR4 expression was very similar to that
induced by GAj3 (Figure 1). Although the effect of IAA on plant HMGR genes has not been
widely studied, we have noticed some similarities in our results with previous research. IAA
at a final concentration of 100 uM first raised the level of M. domestica HMGR#4 transcripts
relative to control, and then lowered them [42]. The biphasic effect, which we observed in
our experiment, may result from the stimulation of various TFs, some of which increase
expression of the gene, while others reduce it.

The use of SA caused a rise in HMGR4 expression at 12, 24 and 72 h and a fall at 48 and
96 h in relation to untreated material (Figure 1). A similar effect was observed for 10 mM
SA against HMGR3 in Ginkgo biloba leaves; however, in contrast to our present findings,
the level of HMGR3 mRNA rose against control values in the final phase of the study
(96 and 120 h) [44]. Elsewhere, SA treatment was found to result in continually elevated
HMGR transcript levels versus untreated controls in S. miltiorrhiza hairy roots throughout
the experiment [20] and Salvia przewalskii hairy roots [45]. A maximum three-fold increase
in HMGR expression was noted after 36 h of stimulation [20], and an eight-fold rise after
six days [45].

The present study is the first investigation of the role of HMGR4 in the biosynthesis of
tanshinones in S. miltiorrhiza. Overexpression of this gene resulted in a significant increase
in DHTI, CT, TT and TIIA content: by 1.51- to 2.43-fold (0.59-5.39 mg/g DW) in soil-grown
roots, and by 1.82- to 3.62-fold (0.44-2.40 mg/g DW) in in vitro roots (Figure 2A-D). Of all
tanshinones tested, CT showed the highest rise relative to control: 2.43-fold (5.39 mg/g DW)
for roots grown in soil and 3.62-fold (2.40 mg/g DW) for in vitro roots. The results are in
agreement with data received for other S. miltiorrhiza HMGR enzymes. Kai et al. reported
that overexpression of the HMGR gene led to an increase in CT, TI, TIIA quantity in
hairy root culture ranging from 1.17- to 3.19-fold (0.844-1.515 mg/g DW) compared to
control [46]. As in our research, CT showed the highest rise in all seven transgenic lines
tested. In another study, HMGR2 overexpression significantly enhanced the amount of
DHTI, CT, TI, TIIA by 1.23- to 2.46-fold (0.99-3.16 mg/L) at day 40 of root culture relative
to control [15]. In the experiment, CT demonstrated the greatest increase, i.e., by 2.46-fold
(3.16 mg/L).

Our results indicate that tanshinone accumulation in S. miltiorrhiza was organ-dependent,
with roots as the primary storage place for DHTI, CT, TI, TIIA (Figure 2E). Li et al. specif-

97



Publikacja 111

Molecules 2022, 27, 4354

11 0f 19

ically indicate the root periderm of S. miltiorrhiza as the main site of accumulation of
all tested tanshinones, viz. DHTI, CT, TI, TIIA, Tanshinone IIB, Dehydrotanshinone IIA,
Dashenxinkun B, Trijuganone A, Trijuganone C; the inner layer of the roots and the outer
part of stems contained much smaller amounts [47]. Subsequent research also pointed
to S. miltiorrhiza root periderm as the main storage place for TIIA, although traces were
also detected in root phloem [40]. In addition, transcriptomic analyses of the MVA and
MEP pathway genes and other enzymes leading to the production of tanshinones indi-
cated that the strongest expression of most of the tested genes (AACT1 to AACT6, HMGS2,
HMGR1, HMGR2, MK, PMK, MDC1, MDC2, IPI1, GGPPS3, DXS2, DXS4, DXR, MCT, CMK,
MDS, HDS, HDR1 to HDR3, CPS1, CPS5, KSL1, KSL7, KSL8, CYP76AH1) occurred in the
periderm of S. miltiorrhiza roots [40]. Hence, the root periderm layer appears to be not
only the main storage site, but also the main place of biosynthesis of tanshinones. The
examined stems turned out to be a better source of the metabolites than leaves, but their
content was quite low (several dozen pg/g DW) (Figure 2E). These results are in line
with previously-performed studies [48]. Organ-specific accumulation and production of
tanshinones may result from the existence of various mechanisms regulating the activity of
enzymes involved in the biosynthesis of these compounds [49].

Our findings indicate that soil cultivation favoured 1.28- to 5.58-fold (0.19-5.86 mg/g
DW) higher production of DHTI, CT, TI and TIIA in roots and 1.12-fold (6.2 ug/g DW)
greater production of TIIA in leaves compared to in vitro conditions. This may be due
to the community of microorganisms naturally present in the rhizosphere, phyllosphere
and endosphere; it is possible that these may affect the biosynthesis of metabolites [50,51].
According to Yan et al., the endophytic bacteria Pseudomonas brassicacearum subsp. neoaura-
niaca raised the activity of HMGR and DXS enzymes by 2.1- and 4.2-fold, respectively, in S.
miltiorrhiza hairy root culture. This resulted in a significant increase in the content of all
tanshinones tested, with particular gains found for DHTI (19.2-fold) CT (11.3-fold) and total
tanshinones (3.7-fold) compared to controls [52]. In addition, the polysaccharide fraction
isolated from rhizobacterium Bacillus cereus stimulated the accumulation of tanshinones
in S. miltiorrhiza root culture by about seven-fold (1.59 vs. 0.19 mg/g DW) compared to
control [53]. Another potential reason for the lower in vitro yields of tanshinones may be
changes occurring in the morphology, anatomy and physiology of plants during in vitro
cultivation [54,55].

Additionally, our findings provide further information about the influence of hor-
mones on the biosynthesis of tanshinones in S. miltiorrhiza. GAz stimulated CT and TIIA
production, but had no significant effect on DHTI content and decreased TI in in vitro root
culture compared to untreated controls (Figure 2A-D). We hypothesize that the presence of
GAj3 may strongly induce the expression of some key enzyme/-s involved in the terminal
stage of CT biosynthesis. This could be the reason for the higher TIIA content which arises
from CT; however, as GA3 may not have a similar effect on DHTI production, the resulting
TI does not rise, and may even fall [14]. GA3 has been found to increase DHTI, CT, TI and
TIIA levels in most GRAS3-overexpressing S. miltiorrhiza hairy root culture lines and in
untransformed controls [56]; however, these results cannot be directly compared to ours,
as the experiment used a 34.6-fold higher concentration of the hormone (100 uM) and
a much shorter incubation time with GA3, of only six days. The second hormone used,
TAA, significantly reduced the accumulation of CT by 34.06-fold (3.21 mg/g DW), TIIA
by 11.49-fold (1.11 mg/g DW), DHTI by 8.84-fold (0.66 mg/g DW) and TI by 5.05-fold
(0.96 mg/g DW) in an in vitro root culture versus control (Figure 2A-D). Reduced CT, TI
and TIIA synthesis was also observed in S. miltiorrhiza hairy roots treated with 5.71 uM
TAA: 1.61-fold decrease (82 ng/g DW) for TI, 1.50-fold decrease (125 ug/g DW) for CT, and
1.24-fold decrease (23 ug/g DW) for TIIA, compared to control [57].
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4. Materials and Methods
4.1. Establishment of S. miltiorrhiza Culture and Treatments

S. miltiorrhiza plants were cultivated from seeds provided by the Garden of Medic-
inal Plants of the Medical University of Lodz. To establish in vitro plant cultures, the
seeds were surface sterilised utilising 70% ethanol for 1 min and subsequent 1% sodium
hypochlorite solution for 5 min, and then rinsed three times with sterile distilled water for
5 min. The seeds were thereafter transferred aseptically onto Murashige and Skoog (MS)
basal medium [58] with 3% sucrose (Chempur, Piekary Slaskie, Poland) and 0.65% agar
(Sigma-Aldrich, Saint Louis, MO, USA) and a final pH of 5.7. Germination was carried out
in the dark at 26 £ 2 °C. After germination, aerial parts of S. miltiorrhiza were grown in
solid MS medium at 26 = 2 °C under 16/8 h (light/dark) photoperiod at a cool fluorescent
light with intensity of 40 pmol m~2 s~ 1. Roots were cultivated in the dark at 26 + 2 °C in
Gamborg B5 liquid medium [59] agitated at 70 rpm. Subcultures were carried out every
five weeks.

Five-week-old leaves, stems and roots, grown as described above, were used to study
organ-specific expression of the HMGR4 gene.

The effect of hormones on HMGR# activity was determined in five-week-old leaves.
S. miltiorrhiza plants were incubated in sterile distilled water containing 1 mg/L (2.89 uM)
GA3 or 0.5mg/L (2.85 uM) IAA or 20 mg/L (144.80 uM) SA and 0.01% non-ionic detergent
Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA). Plants treated with sterile distilled
water supplemented with 0.01% Triton X-100 were used as controls. Samples were collected
after 0, 12, 24, 48,72 and 96 h.

4.2. Selection of Potential Regulators of S. miltiorrhiza HMGR4 Gene Expression

The S. miltiorrhiza HMGR4 promoter sequence deposited in GenBank under accession
number KT921337.1 was scanned with PlantPan 2.0 tool (http://plantpan2.itps.ncku.edu.
tw/, accessed on 5 June 2021) for TFBSs and interacting TFs [60]. UniProt database (https:
/ /www.uniprot.org/, accessed on 5 June 2021) was used to acquire information on received
TFs [61].

4.3. Preparation of pRI201-AN-HMGR4 Overexpression Construct

The S. miltiorrhiza HMGR4 coding sequence (1653 bp) was synthesised on the basis of
JN831103.1 sequence and inserted into a pUC57 vector (Gene Universal Inc., Newark, DE,
USA). The correctness of the insert was determined by double-strand Sanger sequencing.
Afterwards, the HMGR4 insert was excised from pUC57 and inserted into a pRI201-AN
binary expression vector (Takara Bio Inc., Kusatsu, Japan) at Ndel/Sall sites of MCS1
(Eurofins Genomics, Ebersberg, Germany). HMGR4 gene overexpression was driven by
the strong and constitutive promoter of Cauliflower Mosaic Virus 355 (CaMV), which
facilitates high levels of RNA transcription in a wide variety of plants. Analysis of the
HMGR4 sequence and flanking regions was performed by double-strand Sanger sequencing.
A map of the prepared pRI201-AN-HMGR4 construct is presented in Figure 3.

4.4. Transformation, Selection, Regeneration and Treatments of S. miltiorrhiza Culture

Agrobacterium tumefaciens (Rhizobium radiobacter) GV2260 (C58CIRifR with pGV2260)
competent cells were transformed with the pRI201-AN-HMGR4 construct or the empty
PRI201-AN vector using the freeze/thaw method [62]. The transformed bacteria were firstly
grown for 84 h at 26 °C on solid selective YEB medium containing 50 mg/L kanamycin,
100 mg/L carbenicillin and 30 mg/L rifampicin (Chem-Impex International, Wood Dale,
IL, USA) and then on liquid selective YEB medium with shaking at 140 rpm until ODg
reached 0.4-0.8. To confirm the transformation, plasmid DNA was isolated by alkaline
lysis and extracted with a phenol/chloroform/isoamyl alcohol mixture [63]; this was
then subjected to PCR amplification using GoTaq Hot Start Green Master Mix (Promega,
Madison, WI, USA) and Kanamycin primers (Table 2). The PCR reactions were carried out
in an MJ Mini Personal Thermal Cycler (Bio-Rad, Hercules, CA, USA) with the following
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parameters: initial denaturation (95 °C, 5 min), denaturation (95 °C, 45 s), primer annealing
(60 °C, 30 s), extension (72 °C, 30 s), final extension (72 °C, 5 min). In total, 40 PCR cycles
were conducted. The obtained products were separated by 2% agarose gel electrophoresis.
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Figure 3. Map of the expression construct pRI201-AN-HMGR4.

Table 2. Primers used in the study.

Primer Name Sequence Product Size [bp]
Confirmation of Transformation
Kanamycin_F TGATCTCGTCGTGACCCAT 234
Kanamycin_R AGAAGGCGATAGAAGGCGA
Real-Time PCR
HMGR4_F CTCAACCTGCTTGGCGTAA 185
HMGR4_R AGTCTCGTGATGTCCCTGCT
ACT7_F TCCGTCTTGATCTTGCTGGT 170
ACT7_R CGTCTTTGCAGTTTCGAGCT

To induce virulence, bacterial cultures with confirmed transformation were collected
by centrifugation and resuspended to ODgq = 0.1 in sterile induction medium, i.e., liquid
MS medium supplemented with 100 M acetosyringone (Sigma-Aldrich, Saint Louis, MO,
USA), and then agitated on a rotary shaker at 140 rpm for five hours at 26 °C [64].

Three-month-old leaves of S. miltiorrhiza grown in pots were surface sterilised using the
same protocol described earlier for the seeds; however, 0.8% sodium hypochlorite solution
was applied. Preparation, infection of leaves and co-cultivation were performed according
to Dandekar and Fisk with some modifications [64]. The composition of the induction
medium was as mentioned above. Co-cultivation solid MS medium was supplemented with
1mg/L 6-benzylaminopurine (BAP), 0.2 mg/L 1-naphthaleneacetic acid (NAA) and 100 uM
acetosyringone (Sigma-Aldrich, Saint Louis, MO, USA). Overall regeneration frequency,
non-transgenic regeneration under selection and non-transgenic controls were included in
the research. After 72 h of incubation, leaf discs were transferred every two weeks onto
fresh A. tumefaciens (R. radiobacter) killing medium, i.e., solid MS medium with 1 mg/L BAP,
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0.2 mg/L NAA and 250 mg/L cefuroxime. After another six weeks, the obtained calluses
were moved onto solid MS medium supplemented with 0.5 mg/L BAP, 0.2 mg/L IAA and
250 mg/L cefuroxime. In the following weeks, cefuroxime was gradually phased out and
the selection antibiotic kanamycin (Biological Industries, Kibbutz Beit-Haemek, Israel) was
introduced (10-50 mg/L). The aerial parts of the S. miltiorrhiza transformants and controls
were cultivated in solid MS medium at 26 = 2 °C under 16/8 h (light/dark) photoperiod
using a cool fluorescent light with intensity of 40 pmol m 2 s~! and their roots in the dark

in liquid Gamborg B5 medium agitated at 70 rpm. Subcultures were carried out every five
weeks. Additionally, in order to compare the influence of different growth environments
on the biosynthesis of tanshinones, the transformants and control were transferred from
in vitro cultures to pots containing sterile composite soil. The plants were covered with a
transparent glass jar for three weeks and grown at 26 & 2 °C under natural light. Figure 4
shows S. miltiorrhiza cultures at various stages of the experiment.

Figure 4. Cultures of S. miltiorrhiza at various stages of transformation, regeneration and growth.
(A) callus resistant to selection antibiotics after two weeks of growth, (B) shoots regenerated from
callus three months after the experiment began, (C) culture of roots transformed with the pRI201-AN-
HMGR4 construct, (D) plant transformed with the pRI201-AN-HMGR4 construct after several months
of growing in soil, (E) flowering of the plant transformed with the pRI201-AN-HMGR4 construct.

The transformation of S. miltiorrhiza plants was confirmed by PCR analysis of genomic
DNA isolated from five-week-old leaves using Isolate IT Plant DNA kit (Bioline, Taunton,
MA, USA) according to the manufacturer’s instructions, with the use of GoTaq Hot Start
Green Master Mix (Promega, Madison, WI, USA) and Kanamycin primers (Table 2). The
concentration and purity of the DNA were assessed based on Ajg/Azgp and Angn/Azzg
ratios using a Nanophotometer P300 (Implen, Munich, Germany). PCR reaction parameters
were as mentioned above. The obtained products were separated via 2% agarose gel
electrophoresis.

The effect of the pRI201-AN-HMGR4 construct or the empty pRI201-AN vector (con-
trol) on S. miltiorrhiza HMGR4 expression was investigated in five-week-old leaves, stems
and roots.

The importance of the HMGR4 gene for tanshinone biosynthesis was assessed in
five-week-old S. miltiorrhiza roots, leaves, and stems growing in soil and in vitro and
overexpressing HMGR4 relative to plant material that did not overexpress HMGR4.

The role of the growth environment for the tanshinone content was evaluated in
five-week-old S. miltiorrhiza roots, leaves, and stems with and without HMGR4 overexpres-
sion growing in soil in relation to the plant material grown in in vitro conditions.

The effect of GA3 (1 mg/L, 2.89 uM) or IAA (0.5 mg/L, 2.85 uM) on the production
of tanshinones was estimated in five-week-old roots, leaves, and stems of S. miltiorrhiza

101



Publikacja 111

Molecules 2022, 27, 4354

15 0f 19

overexpressing HMGR4, grown in vitro and treated with the hormones against untreated
plant material.

The role of plant organ for the accumulation of tanshinones was assessed in five-
week-old S. miltiorrhiza roots, leaves, and stems with and without HMGR4 overexpression
growing in soil and in in vitro conditions.

4.5. RNA Isolation, Reverse Transcription and Quantitative Real-Time PCR

Total RNA was isolated in accordance with the protocol given in NucleoSpin RNA
Plant and Fungi kit (Macherey-Nagel, Duren, Germany). Plant material was ground under
liquid nitrogen to a fine powder using mortar and pestle. The samples were digested by
RNase-free rDNase (Macherey-Nagel, Duren, Germany) to assure removal of genomic
DNA. Isolated RNA was stored at —80 °C. The concentration and purity of the RNA
were evaluated using Nanophotometer P300 (Implen, Munich, Germany). The obtained
Anen/Aggp ratios were within the range of 1.9-2.1 and Apgp/Apzp ratios were ~2.

The reverse transcription reactions were carried out using Maxima H Minus Reverse
Transcriptase, Oligo(dT)18 Primer, ANTP Mix, RiboLock RNase Inhibitor, and nuclease-free
water (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.
The quantity of RNA was adjusted to achieve the same final RNA concentration in a given
experiment. No reverse transcriptase and no template controls were applied. The prepared
cDNA was stored at —20 °C.

In order to investigate the expression of HMGR4, real-time PCR reactions were per-
formed. Actin (ACT7) was used as a reference gene [65]. Gene-specific primers (Table 2)
were created based on JN831103.1 and HM051058.1 sequences using Primer3web version
4.1.0 (https:/ /primer3.ut.ee/, accessed on 5 June 2022) and Jellyfish version 1.5 tools. Ex-
pected sizes of HMGR4 and ACT7 fragments (Table 2) were confirmed by agarose gel
electrophoresis. Amplification reactions were conducted using SYBR Green JumpStart
Taq ReadyMix (Sigma-Aldrich, Saint Louis, MO, USA) according to the manufacturer’s
instructions on Rotor-Gene 6000 (Corbett Research, Manchester, United Kingdom). The
real-time PCR reaction parameters were as follows: initial denaturation (95 °C, 10 min),
40 cycles of denaturation (95 °C, 20 s), primer annealing (60 °C, 30 s), extension (72 °C, 10 s).
The obtained products were melted in the temperature range of 72-95 °C with an increment
of 1 °C. Ctvalues for HMGR4 were normalised to Ct values for ACT7 and calculated relative
to a calibrator according to Pfaffl method [66].

4.6. Quantitative Analysis of Tanshinones

Roots, stems and leaves of S. miltiorrhiza were freeze-dried in a lyophiliser Alpha 1-2 LD
(Martin Christ, Osterode am Harz, Germany) under 0.1 mbar pressure and ground with
a pestle and mortar to a fine powder. The obtained powder (50 mg) was extracted with
methanol (2 mL) under ultrasonic treatment for one hour at room temperature. The mixture
was then centrifuged at 14,000 ¢ for 5 min and then the supernatant was filtered through
a 0.2 um organic membrane filter (Millipore, Burlington, MA, USA) [67].

The tanshinone content was determined with a UHPLC 1290 Infinity instrument (Agi-
lent Technologies, Santa Clara, CA, USA). Chromatographic separation was performed on
a Zorbax Eclipse XDB-C18 column (3 mm x 100 mm, 1.8 um particle size; Agilent Technolo-
gies, Santa Clara, CA, USA) with a Zorbax Eclipse XDB-C18 pre-column (3 mm x 5 mm,
1.8 um particle size; Agilent Technologies, Santa Clara, CA, USA) thermostatted at 30 °C.
The mobile phase consisted of 0.1% (v/v) formic acid acetonitrile solution (A) and 0.1%
(v/v) formic acid aqueous solution (B), and the flow rate was 0.4 mL/min. The following
gradient was used (all concentrations are v/v): 0-2 min, 40-55% A; 2-12 min, 55-50% A;
12-13 min, 50-80% A; 13-17 min, 80-95% A; 17-20 min, 95% A. The column and pre-column
were equilibrated to 40% A for 1.5 min. The samples were injected in a volume of 1 uL and
the wavelength of 270 nm was applied for the detection of tanshinones. HPLC grade DHTI,
CT, TI, TIIA standards (Sigma-Aldrich, Saint Louis, MO, USA) were used for calibration.
HPLC grade methanol, acetonitrile, and water were provided by Sigma-Aldrich (Saint

102



Publikacja 111

Molecules 2022, 27, 4354

16 of 19

Louis, MO, USA). More details on the UHPLC analysis are provided in Table 3. The data
were collected and processed using ChemStation 3D software.

Table 3. Details of UHPLC tanshinone analysis in S. miltiorrhiza.

Analyte Retention Time [min] Standard Curve R?
DHTI 6.025 y =190.163x — 16.690 0.99973
CT 10.009 y = 146.106x — 10.926 0.99992
TI 10.938 y =241.276x — 21.816 0.99989
TIIA 14.808 y =327.209x — 20.014 0.99996

4.7. Statistical Analysis

Statistica 13.3 software (TIBCO Software Inc, Palo Alto, CA, USA) was used for
analyses. The collected UHPLC results were checked for normal distribution using the
Shapiro-Wilk test, and subsequent analyses were performed using the Kruskal-Wallis
test, Mann-Whitney U test and t-test. Values with p < 0.05 were considered statistically
significant. Expression values were given as mean + SD.

5. Conclusions

The most important observation from the conducted research concerns the important
role played by HMGR4 in the biosynthesis of tanshinones, which is reflected in the content of
DHTI, CT, TI, TIIA in the roots and TIIA in the stems and leaves with gene overexpression.

Other conclusions:

GA3, IAA and SA regulated the expression of the S. miltiorrhiza HMGR4 gene, confirm-
ing the results of the in silico promoter analysis.

The soil environment promoted a higher accumulation of all tested metabolites in
roots and TIIA in leaves compared to in vitro conditions. However, it is worth noting that
the amounts of DHTI and TI in in vitro roots with HMGR4 overexpression were higher
than in soil-grown roots without overexpression.

Apart from the positive effect on the appearance of TIIA in the studied stems and
leaves of S. miltiorrhiza, HMGR4 overexpression did not change the characteristic organ-
dependent pattern of tanshinone accumulation, i.e., the main source was the root, with
trace amounts observed in stems and leaves.

GAj increased CT and TIIA production in roots, while IAA reduced the biosynthesis
of all tested metabolites.

The greatest efficiency of tanshinone biosynthesis was found to result from a combina-
tion of three traits, namely HMGR4 gene overexpression, root organ, and cultivation in soil
conditions.

Future research could investigate the mechanisms controlling S. miltiorrhiza HMGR4
gene expression. TFs regulating HMGR4 expression could be isolated using the yeast-one
hybrid (Y1H) system and then functionally characterised [68]. The role of specific TFBSs in
the response of HMGR4 to abiotic or biotic factors could be verified by its mutagenesis [69].
TF networks that play a key role in the regulation of HMGR4 gene expression could
be explored through transcriptomic RNA sequencing and weighted gene co-expression
network analysis (WGCNA) [70,71].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27144354 /s1, Table S1: Potential transcription factor
binding sites (TFBSs) and interacting transcription factors (TFs) that respond to gibberellic acid
(GAg) signals found in Salvia miltiorrhiza HMGR4 promoter sequence using PlantPan 2.0 tool; Table
S2: Potential TFBSs and interacting TFs that respond to indole-3-acetic acid (IAA) signals found in
S. miltiorrhiza HMGR4 promoter sequence using PlantPan 2.0 tool; Table S3: Potential TFBSs and
interacting TFs that respond to salicylic acid (SA) signals found in S. miltiorrhiza HMGR4 promoter
sequence using PlantPan 2.0 tool.
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Publikacje bedace podstawg rozprawy doktorskiej

Majewska M., Szymczyk P., Gomulski J., Jelen A., Grabkowska R., Balcerczak E., Kuzma
L. ,,The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme
A reductase 4 gene and its influence on the biosynthesis of tanshinones” Molecules, 2022, 27,
4354, doi: 10.3390/molecules27144354

[F2021 4,927; MEiN,(,; 140
Majewska M., Kuzma L., Szymczyk P. ,lIsolation and comprehensive in silico
characterisation of a new 3-hydroxy-3-methylglutaryl-coenzyme A reductase 4 (HMGR4)
gene promoter from Salvia miltiorrhiza: comparative analyses of plant HMGR promoters”
Plants, 2022, 11, 1861, doi: 10.3390/plants11141861

[F2021 4,658; MEiN;g,; 70

Majewska M., Wysokinska H., Kuzma L., Szymczyk P. ,Eukaryotic and prokaryotic
promoter databases as valuable tools in exploring the regulation of gene transcription:
a comprehensive overview” Gene, 2018, 644, 38-48, doi: 10.1016/j.gene.2017.10.079

IF2018 2,638; MNiSWyq;6 20

Pozostaly dorobek naukowy
Publikacje naukowe

Szymczyk P., Kuzma L., Jelen A., Balcerczak E., Majewska M. ,Isolation of Salvia
miltiorrhiza kaurene synthase-like (KSL) gene promoter and its regulation by ethephon and
yeast extract” Genes, 2023, 14, 54, doi: 10.3390/genes14010054

[F2021 4,141; MEiN;g,; 100
Szymczyk P., Szymanska G., Majewska M., Weremczuk-Jezyna 1., Kotodziejeczyk M.,
Czarnecka K., Szymanski P., Kochan E. ,,Homology modelling and docking studies of
strictosidine B-D-glucosidase from Madagascar periwinkle (Catharanthus roseus Bunge)”
International Journal of Bioinformatics Research and Applications, 2022, 18 (3), 234-269,
doi: 10.1504/IJBRA.2022.10033607

MEiNjg,; 20

Majewska M., Lewandowska U. ,,The chemopreventive and anticancer potential against
colorectal cancer of polyphenol-rich fruit extracts” Food Reviews International, 2018, 34 (4),
390409, doi: 10.1080/87559129.2017.1307388

IF2018 3,933; MNiSW3;6 30
Rosset 1., Strapagiel D., Sitek A., Majewska M., Ostrowska-Nawarycz L., Zadzinska E.
»Association of FTO and TMEMI8 polymorphisms with overweight and obesity in the
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population of Polish children” Anthropological Review, 2016, 79 (1), 17-33, doi:
10.1515/anre-2016-0002
MNiSWy6 15
Sitek A., Rosset I., Strapagiel D., Majewska M., Ostrowska-Nawarycz L., Zadzinska E.
»Association of F'TO gene with obesity in Polish schoolchildren” Anthropological Review,
2014, 77 (1), 3344, doi: 10.2478/anre-2014-0003
MNiSW014 7

Patenty
Strapagiel D., Majewska M., Stomka M., Janik K., Sobalska M., Bartosz G. ,,Sposob
ustalania ptci” Biuletyn Urzedu Patentowego RP, 2015, 13, 1082, 406569

Komunikaty zjazdowe
Majewska M., Kochan E., Szymanska G., Wysokinska H., Szymczyk P. ,,Struktura
i klonowanie promotora genu 4 reduktazy 3-hydroksy-3-metyloglutarylo-koenzymu A
z szalwii czerwonokorzeniowej — Salvia miltiorrhiza (SmHMGR4)”, 1 Biotechnologiczna
Konferencja Naukowa, Biotechnologia roslin — perspektywy i wyzwania, 9 czerwca 2017,

Warszawa

Majewska M., Podsedek A., Owczarek K., Fichna J., Lewandowska U. , Differentiated
impact of digested and non-digested red cabbage extracts on the growth of human colon
cancer cell lines”, X Parnas Conference, Young Scientist Forum, Molecules in the Living
Cell and Innovative Medicine, 10—12 lipca 2016, Wroctaw

Majewska M., Strapagiel D., Rosset L., Sitek A., Zadzinska E., Bartosz G. ,,Wplyw
czynnikow genetycznych na ryzyko wystgpienia nadwagi i otytosci w populacji polskie;j”,
IV Polski Kongres Genetyki, 10—13 wrzesnia 2013, Poznan

Majewska M., Strapagiel D., Bartosz G. ,,Single nucleotide polymorphisms of ABCBI and
ABCG?2 genes in Polish cancer patients”, The role of MDR proteins in pharmacokinetics and
toxicology, 3—6 wrzesnia 2013, Ryn

Majewska M., Sobalska M., Siewierska A., Strapagiel D., Bartosz G. ,,Single nucleotide
polymorphisms of selected 4BCC genes in the Polish population”, 4th FEBS Special
Meeting, ATP-Binding Cassette (ABC) Proteins: From Genetic Disease to Multidrug
Resistance, 3—9 marca 2012, Innsbruck

Majewska M., Soliman A., Les$nikowski Z.J. ,, Aktywno$¢ przeciwwirusowa wybranych

pochodnych kumaryny”, II Lubelskie Dni Wirusologiczne, 22—-24 wrze$nia 2010, Natgczoéw
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Majewska M., Paradowska E., Olejniczak A.B., Studzinska M., Wojtczak B.A., Piskata A.,
Laskowski A., Lesnikowski Z.J. ,Screening laboratory virology and bacteriology”,

BioForum, 19-21 maja 2010, £6dz

Majewska M., Studzinska M., Wojtczak B.A., Andrysiak A., Paradowska E., Olejniczak
A.B., Lesnikowski Z.J. ,,Cytotoksycznos¢ nukleozydow modyfikowanych klasterami boru”,

52. Zjazd PTChem i SITPChem, 12—16 wrzesnia 2009, £.6dz

Nagrody i wyr6znienia
Wyro6znienie w konkursie InnoTechAkademia II BioTechScience — droga do witasnych
marzen za pracg: Strapagiel D., Janik K., Majewska M., Stomka M., Sobalska M.
»ldentyfikacja plci z uzyciem technik z zakresu biologii molekularnej — masowa analiza
krzywych topnienia produktow PCR w niskiej rozdzielczosci dla genow AMELY, SRY,
ABCG2”, 19 grudnia 2013
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z obowigzujgcymi przepisami.
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Oswiadczenia wspolautorow publikacji wchodzacych w sklad rozprawy

doktorskiej

mgr Malgorzata Majewska Lo6dz, 09.02.2023
Zaklad Biologii i Botaniki Farmaceutycznej
Wydzial Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Os$wiadczam, ze moj udzial w powstaniu artykutu

Majewska M., Wysokinska H., Kuzma L., Szymczyk P. ,Eukaryotic and prokaryotic
promoter databases as valuable tools in exploring the regulation of gene transcription: a
comprehensive overview” Gene, 2018, 644, 38-48, doi: 10.1016/j.gene.2017.10.079

polegat na: opracowaniu koncepcji artykuhu, zebraniu literatury naukowej, przygotowaniu
tabel, napisaniu manuskryptu, korespondencji z czasopismem, przygotowaniu odpowiedzi na

recenzje, koncowej korekcie manuskryptu.

Oswiadczam, ze moj udzial w powstaniu artykutu

Majewska M., Kuzma L. Szymczyk P. ,Isolation and comprehensive in silico
characterisation of a new 3-hydroxy-3-methylglutaryl-coenzyme A reductase 4 (HMGR4)
gene promoter from Salvia miltiorrhiza: comparative analyses of plant HMGR promoters”
Plants, 2022, 1861, doi: 10.3390/plants11141861

polegal na: opracowaniu koncepcji badaf, przeprowadzeniu analiz in silico, interpretacji
wynikdw, przygotowaniu rycin i tabel, zebraniu literatury naukowej, napisaniu manuskryptu,
korespondencji z czasopismem, przygotowaniu odpowiedzi na recenzje, koncowej korekcie

manuskryptu.

Os$wiadczam, ze mdj udzial w powstaniu artykutu

Majewska M., Szymczyk P., Gomulski J., Jelen A., Gragbkowska R., Balcerczak E., Kuzma
L. ,,The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme
A reductase 4 gene and its influence on the biosynthesis of tanshinones” Molecules, 2022, 27,

4354, doi: 10.3390/molecules27144354
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

polegal na: opracowaniu koncepcji badan, zatozeniu kultur in vitro S. miltiorrhiza,
przeprowadzeniu analiz in silico, zaprojektowaniu konstruktu nadekspresyjnego oraz
starterow do reakcji PCR i real-time PCR, optymalizacji zastosowanych metod badawczych,
wykonaniu czgsci eksperymentalnej, analizie statystycznej wynikow, interpretacji wynikow,
przygotowaniu rycin i tabel, zebraniu literatury naukowej, napisaniu manuskryptu,
korespondencji z czasopismem, przygotowaniu odpowiedzi na recenzje, koncowej korekcie

manuskryptu.
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

dr hab. n. farm. Eukasz KuZma, prof. UM 16dz, 09.02.2023
Zaklad Biologii i Botaniki Farmaceutycznej

Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Oswiadczam, ze mdj udzial w powstaniu artykutu

Majewska M., Wysokifiska H., Kuzma E., Szymczyk P. ,Eukaryotic and prokaryotic
promoter databases as valuable tools in exploring the regulation of gene transcription:
a comprehensive overview”. Gene, 2018, 644, 38-48, doi: 10.1016/j.gene.2017.10.079

polegat recenzji i korekcie manuskryptu.

Os$wiadczam, ze moj udzial w powstaniu artykutu
Majewska M., Kuzma L., Szymczyk P. ,Isolation and comprehensive in silico
characterisation of a new 3-hydroxy-3-methylglutaryl-coenzyme A reductase 4 (HMGR4)
gene promoter from Salvia miltiorrhiza: comparative analyses of plant ZMGR promoters”.
Plants, 2022, 1861, doi: 10.3390/plants11141861

polegat na: nadzorze merytorycznym nad badaniami, recenz;ji i korekcie manuskryptu.

O$wiadczam, ze mdj udzial w powstaniu artykutu

Majewska M., Szymczyk P., Gomulski J., Jelen A., Grabkowska R., Balcerczak E., Kuzma
L. . The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme
A reductase 4 gene and its influence on the biosynthesis of tanshinones”. Molecules, 2022,
27, 4354, doi: 10.3390/molecules27144354

polegal na: opracowaniu koncepcji badan, wsparciu w zatozeniu kultur in vitro S.
miltiorrhiza, opracowaniu i optymalizacjii metody UHPLC oraz ocenie zawartosci
tanszinonow w ekstraktach S. miltiorrhiza, interpretacji wynikéw, nadzorze merytorycznym

nad badaniami, recenzji i korekcie manuskryptu.
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

Jednoczeénie wyrazam zgode na przedlozenie przez mgr Malgorzate Majewskg ww.
artykutéw jako czesci rozprawy doktorskiej przygotowanej w formie spojnego tematycznie

zbioru artykutéw opublikowanych w czasopismach naukowych.

O$wiadczam, ze wktad mgr Matgorzaty Majewskiej w powstanie ww. prac byt dominujacy,

tatwy do wyodrebnienia i dotyczyt wszystkich etapow ich powstawania.

PROFESOR UCZELNI
Zakfad Biologii i Botaniki Farmaceutycznej
Katedra_ Biologii i Biotechnologii Farmaceutycznej
_L.'ir:)(wer§ytet_u Mgg?cznego"y todzi,

Z
.......... o i P U R

dr hab. n. farm. tukasz Kuzma
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

dr n. biol. Piotr Szymczyk 1.6dz, 09.02.2023
Zaklad Biologii i Botaniki Farmaceutycznej
Wydzial Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Oswiadczam, ze méj udzial w powstaniu artykutu

Majewska M., Wysokinska H., Kuzma L., Szymeczyk P. ,Eukaryotic and prokaryotic
promoter databases as valuable tools in exploring the regulation of gene transcription:
a comprehensive overview” Gene, 2018, 644, 38-48, doi: 10.1016/j.gene.2017.10.079

polegat na: nadzorze merytorycznym, recenzji i korekcie manuskryptu.

Os$wiadczam, ze moj udzial w powstaniu artykutu

Majewska M., Kuzma L., Szymczyk P. ,Isolation and comprehensive in silico
characterisation of a new 3-hydroxy-3-methylglutaryl-coenzyme A reductase 4 (HMGR4)
gene promoter from Salvia miltiorrhiza: comparative analyses of plant HMGR promoters”
Plants, 2022, 1861, doi: 10.3390/plants11141861

polegal na: opracowaniu koncepcji badan, zatozeniu hodowli S. miltiorrhiza, izolacji
sekwencji promotora genu HMGR4 S. miltiorrhiza, interpretacji wynikéw, nadzorze

merytorycznym nad badaniami, recenzji i korekcie manuskryptu.

Oswiadczam, ze mdj udzial w powstaniu artykutu

Majewska M., Szymezyk P., Gomulski J., Jelen A., Grgbkowska R., Balcerczak E., Kuzma L.
»The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme A
reductase 4 gene and its influence on the biosynthesis of tanshinones” Molecules, 2022, 27,
4354, doi: 10.3390/molecules27 144354

polegal na: opracowaniu koncepcji badan, interpretacji wynikéw, nadzorze merytorycznym

nad badaniami, recenzji i korekcie manuskryptu.
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

Jednoczesnie wyrazam zgode na przediozenie przez mgr Malgorzatg Majewskg ww.
artykuléw jako czesci rozprawy doktorskiej przygotowanej w formie spojnego tematycznie

zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze wklad mgr Maltgorzaty Majewskiej w powstanie ww. prac byl dominujacy,
tatwy do wyodrebnienia i dotyczyt wszystkich etapéw ich powstawania.

ACIUNKT
Zakladu Biologii i Botaniki Farmaceutycznej

Uniaz}it\eftu I\gdycznego w t(c:‘cjzi

dr n. biol. Piotr’Szymczyk
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

prof. dr hab. Halina Wysokinska Lodz, 09.02.2023
Zaktad Biologii i Botaniki Farmaceutycznej

Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Oswiadczam, ze mdj udzial w powstaniu artykutu

Majewska M., Wysokinska H., Kuzma L., Szymczyk P. ,Eukaryotic and prokaryotic
promoter databases as valuable tools in exploring the regulation of gene transcription:
a comprehensive overview” Gene, 2018, 644, 38-48, doi: 10.1016/j.gene.2017.10.079

polegat na recenzji i korekcie manuskryptu.

Jednoczesnie wyrazam zgode na przedlozenie przez mgr Malgorzate Majewska ww. artykutu
jako czgsci rozprawy doktorskiej przygotowanej w formie spdjnego tematycznie zbioru

artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze wkiad mgr Matgorzaty Majewskiej w powstanie ww. pracy byt dominujacy,
tatwy do wyodrebnienia i dotyczyt wszystkich etapéw jej powstawania.
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

mgr Jan Gomulski Lodz, 09.02.2023
Zaklad Biologii i Botaniki Farmaceutycznej
Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Os$wiadczam, ze mdj udziat w powstaniu artykutu

Majewska M., Szymczyk P., Gomulski J., Jelen A., Grabkowska R., Balcerczak E., Kuzma
L. ,,The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme
A reductase 4 gene and its influence on the biosynthesis of tanshinones™ Molecules, 2022, 27,
4354, doi: 10.3390/molecules27144354

polegal na: optymalizacji metody UHPLC i obstudze aparatury.

Jednoczesénie wyrazam zgode na przedlozenie przez mgr Malgorzate Majewskg ww.
artykutéw jako czesci rozprawy doktorskiej przygotowanej w formie spdjnego tematycznie

zbioru artykutéw opublikowanych w czasopismach naukowych.

Oséwiadczam, ze wklad mgr Matgorzaty Majewskiej w powstanie ww. prac byl dominujacy,

tatwy do wyodrebnienia i dotyczyt wszystkich etapéw ich powstawania.
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

dr n. farm. Renata Grabkowska 16dz, 09.02.2023 r.
starszy specjalista ds. badan laboratoryjnych

Zaktad Biologii i Botaniki Farmaceutycznej

Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Oswiadczam, ze mdj udzial w powstaniu artykutu:

Majewska M., Szymczyk P., Gomulski J., Jelen A., Grgbkowska R., Balcerczak E., Kuzma
L. ,,The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme
A reductase 4 gene and its influence on the biosynthesis of tanshinones” Molecules, 2022, 27,
4354, doi: 10.3390/molecules27144354

polegal na wsparciu merytorycznym w zakresie optymalizacji i prowadzenia hodowli

S. miltiorrhiza.
Jednoczesnie wyrazam zgode na przedlozenie przez mgr Malgorzate Majewskg ww. artykutu
jako czesci rozprawy doktorskiej przygotowanej w formie spdjnego tematycznie zbioru

artykulow opublikowanych w czasopismach naukowych.

Oswiadczam, ze wkiad mgr Matgorzaty Majewskiej w powstanie ww. pracy byt dominujacy,

fatwy do wyodrebnienia i dotyczyt wszystkich etapow jej powstawania.

10.08. 1. . Qouahs_ Greblarohs,
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

dr n. farm. Agnieszka Jelen L6dz, 09.02.2023
Zaklad Biochemii Farmaceutycznej i Diagnostyki Molekularnej
Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Oswiadczam, ze moj udzial w powstaniu artykutu

Majewska M., Szymczyk P., Gomulski J., Jelen A., Gragbkowska R., Balcerczak E., Kuzma L.
,,The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme A
reductase 4 gene and its influence on the biosynthesis of tanshinones” Molecules, 2022, 27,
4354, doi: 10.3390/molecules27144354

polegal na: wsparciu merytorycznym w zakresie planowania doswiadczen, optymalizacji,
przeprowadzania i analizy wynikéw reakcji PCR 1i real-time PCR oraz analizy statystycznej

zawartosci tanszinonéw w ekstraktach S. miltiorrhiza, recenzji i korekcie manuskryptu.

Jednocze$nie wyrazam zgode na przedlozenie przez mgr Malgorzatg Majewska ww.
artykuléw jako czesci rozprawy doktorskiej przygotowanej w formie spdjnego tematycznie

zbioru artykutéw opublikowanych w czasopismach naukowych.
Oswiadczam, ze wklad mgr Malgorzaty Majewskiej w powstanie ww. prac byt dominujacy,

tatwy do wyodrebnienia i dotyczyt wszystkich etapow ich powstawania.

e \ i
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Oswiadczenie wspotautorow publikacji wchodzgcych w sktad rozprawy doktorskiej

prof. dr hab. n. farm. Ewa Balcerczak 16dz,09.02.2023
Zaktad Biochemii Farmaceutycznej i Diagnostyki Molekularnej
Wydziat Farmaceutyczny

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE

Oéwiadczam, ze moj udziat w powstaniu artykutu

Majewska M., Szymczyk P., Gomulski J., Jelen A., Grabkowska R., Balcerczak E., Kuzma
L. ,,The expression profiles of the Salvia miltiorrhiza 3-hydroxy-3-methylglutaryl-coenzyme
A reductase 4 gene and its influence on the biosynthesis of tanshinones” Molecules, 2022, 27,
4354, doi: 10.3390/molecules27144354

polegat na: wsparciu merytorycznym w zakresie planowania do$wiadczen, optymalizacji,
przeprowadzania i analizy wynikow reakcji PCR i real-time PCR, recenzji i korekcie

manuskryptu.

Jednoczesnie wyrazam zgod¢ na przedlozenie przez mgr Malgorzate Majewska ww.
artykuléw jako czesci rozprawy doktorskiej przygotowanej w formie spojnego tematycznie

zbioru artykuléw opublikowanych w czasopismach naukowych.

Oéwiadczam, ze wkiad mgr Malgorzaty Majewskiej w powstanie ww. prac byt dominujgcy,

tatwy do wyodrebnienia i dotyczyt wszystkich etapoéw ich powstawania.

KIEROWNIK
Katedry Diagnostyki Laboforyjnej i Molekulamne

niwersytety Pledycznego w tpdzi

Prof. dr hab. n. farm. Ewa Balcercza
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