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1. UVOD

V poslednich letech zaznamenal vyzkum lé¢ivého konopi velky rozmach v
biomedicinském a farmaceutickém odvétvi. Kontroverze spojené s psychoaktivnimi ucinky,
a viubec s touto lécbou vramci pravnich a socialnich dasledkti na zakladé uzivani,
nestandardizovana aplikace a davkovani, nepiiznivé zdravotni nasledky zpiisobené
intoxikaci a terapeutickymi indikacemi na zakladé omezenych klinickych udajt, predstavuji

urcité komplikace.

Ptes vSechny tyto obtize se aplikovatelnost a dostupnost 1é€ebného konopi neustale
usnadiiuje, rozsifuje a vyviji, o cemz sveéd¢i 1 rostouci pocet zemi, které dnes umozinuji jeho
pouziti pro konkrétni terapeutické indikace a rekrea¢ni uzivani. Pocet sledovanych ucinnych

latek i nadale roste a je studovan jejich ucinek na fadu riznych onemocnéni.

V evropskych zemich se ale dosud vétSina odriid konopi péstuje pro prumyslové
ucely. Z tohoto divodu je technologie péstovani technického konopi pomérné dobie
prozkoumana, zatimco o klicovych faktorech ovliviiyjicich péstovani konopi pro l1ékaiské
Ggely je znamo jen mélo. U¢inné latky v rostlinach konopi se nazyvaji fytokanabinoidy.
Kromé¢ kanabinoidnich sloucenin obsahuji rostliny konopi mimo jiné terpeny a flavonoidy.
Biosyntéza fytokanabinoidii je pomérné dobfe prozkoumdna, ale mnohem méné byly
studovany specifické faktory prostiedi, které ovliviiuji jejich obsah a spektrum. Péstovani ve
sklenicich nebo wvnitfnich prostordch s automatizovanym osvétlenim, ventilaci,
zavlaZzovanim a komplexnimi systémy vyzivy rostlin se stava stale propracovangj$im a jevi

se jako nejucinnéjsi metoda pro homogenni produkci 1é€ebného konopi.



2. LITERARNI PREHLED

2.1. Taxonomie konopi

Debata o spravné botanické klasifikaci konopi je stdle oteviend, protoze jeho

geneticka plasticita ztézuje katalogizaci.

2.1.1. Historie

Linnaeus (1753) popsal konopi (Cannabis) jako rod s jedingm druhem Cannabis
sativa. Na zakladé¢ srovnavacich analyz psychoaktivnich ucinku, velikosti listl, tvaru a
struktury indickych a evropskych odrid klasifikoval o 33 let pozdéji de Lamarck (1786)
indické kultivary jako dals§i samostatny druh, Cannabis indica. Na zacatku 20. stoleti pak ale
rusky botanik Janischevsky (1924) zjistil, ze mistni rostliny maji odlisné vlastnosti od C.
sativa i C. indica, pfesto stale patii do taxonu konopi. Tyto malé, divoce rostouci,
samonakvétaci rostliny byly tedy klasifikovany jako tieti samostatny druh s nazvem

Cannabis ruderalis. Rozdily v jednotlivych druzich rodu Cannabis Ize vidét na Obrazku 1.

C. indica

W

C. ruderalis

Obrazek 1: Druhy konopi (Hartsel et al. 2016).



2.1.2. Souc¢asna nomenklatura

Koncem 20. stoleti Small a Cronquist (1976) vyuzili dvoufazovy ptistup kombinujici
morfologické a chemické vlastnosti ke kategorizaci rodu Cannabis na nasledujici ¢tyfi

skupiny:

1. C. sativa L. subsp. sativa var. sativa,

2. C.sativa L. subsp. sativa var. spontanea Vavilov,

3. C.sativa L. subsp. indica Small & Cronquist var. indica (Lam) Wehmer,

4. C. sativa L. subsp. indica Small & Cronquist var. kafiristanica (Vavilov) Small &
Cronquist (Obrazek 2).

Slabé intoxikujici

kultivary na *

vlakno a olej subsp. sativa

var. sativa I var. spontanea

Méneé nez 0,3 % THC Divoké*

Domestikované (n&kdy az k 1 %) = )

o > (ptvodni,
L r 2 04
(kultivaci &i spontanné) Vice nez 0,3 % THC zdomacn§le,

(vétsinou pres 1 %) plevehle)

subsp. indica
,.Narkotické «
kultivary . . .
var. indica var. kafiristanica

Silné€ intoxikujici

Obrazek 2: Chemotypy konopi (Small & Cronquist 1976).

Hillig (2005) ve své genomické studii taxonomické klasifikace konopi na zaklade
analyz odliSnych genotypi rizného zemépisného plivodu dospél k zavéru, ze zadné z
predchozich rozdéleni dostateéné nedefinovalo diference mezi geny sativa a indica, a proto

se priklani k vicedruhové klasifikaci (C. sativa, C. indica a C. ruderalis).

Small (2015) nedavno navrhl dvé mozna taxonomicka uspofadani. Prvni je v souladu

vvvvvv

hub a rostlin (McNeill et al. 2012). Druhé, pro domestikované konopi, se fidi pokyny pro
Mezinarodni kéd nomenklatury kulturnich rostlin (Brickell et al. 2009):



. Nenarkotické rostliny, domestikované pro vlakna a/nebo olejnatd semena v zapadni Asii
a Evropé. Nizky obsah A°-tetrahydrokanabinolu (THC) and vysoky obsah kanabidiolu
(CBD) (Hillig a Mahlberg (2004) C. sativa ,,biotyp technického konopi‘).

. Nenarkotické rostliny, domestikované pro vlakna a/nebo olejnatd semena ve vychodni
Asii, predevsim v Cing. Nizky az stfedni obsah THC a vysoky obsah CBD (Hillig a
Mahlberg (2004) C. indica ,,biotyp technického konopi*).

Psychoaktivni rostliny, domestikované v jizni a sttedni Asii. Vysoky obsah THC a zadny
az nizky obsah CBD (Hillig a Mahlberg (2004) C. indica ,,drogovy biotyp s tzkymi
listy*).

Psychoaktivni rostliny, domestikované v jizni Asii (Afghanistan a sousedni staty).
Stredni az vysoky obsah THC a CBD (Hillig a Mahlberg (2004) C. indica ,,drogovy
biotyp s Sirokymi listy*).

Kromé vyse zminénych byly navrzeny také dvé hybridni tfidy:

(5.) Nenarkotické rostliny, hybridni kultivary mezi skupinami 1 a 2.

(6.) Psychoaktivni rostliny, hybridni kultivary mezi skupinami 3 a 4.

Hillig a Mahlberg (2004) analyzovali obsah kanabinoidt v riiznych rostlinach konopi

ana zaklad¢ geografického ptivodu, morfologickych ryst a ptedpokladaného tcelu kultivace

je prifadili k vnitrodruhovym taxonim (biotypim):

1. C.sativa,,biotyp technického konopi* - bylo analyzovano 62 rostlin, percentualni obsah

kanabinoidi v susin€ byl stanoven v rozmezi 0,1-11,5 % pro THC a 0,0-13,6 % pro CBD.

C. indica ,,biotyp technického konopi - bylo analyzovano 45 rostlin, percentualni obsah
kanabinoidi v susiné byl stanoven 0,1-9,3 % pro THC a 0,0-8,5 % pro CBD.

C. indica ,,drogovy biotyp s uzkymi listy” - bylo analyzovano 68 rostlin, percentualni
obsah kanabinoidi v susiné€ byl stanoven v rozmezi 1,4-12,4 % pro THC a 0,0-0,1 % pro
CBD.

C. indica ,,drogovy biotyp s Sirokymi listy“ - bylo analyzovano 40 rostlin, percentualni
obsah kanabinoidu v susin¢ byl stanoven 0,1-14,7 % pro THC a 0,0-11,0 % pro CBD.

Vsechny druhy konopi se uspésné kfizi a produkuji plodné hybridy (Beutler &

Marderosian 1978). Bylo téz zjisténo, ze rostliny indica a sativa se 1isi v terpenovych a

kanabinoidnich profilech. Tyto chemotaxonomické markery jsou tedy slibnym nastrojem
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pro screening danych hybrida (Hillig 2004; Hillig & Mahlberg 2004; Fischedick et al. 2010;
Elzinga et al. 2015).

Zhang et al. (2018) doporucuji, aby konopi bylo uznano jako monotypicky druh C.
sativa L. se tfemi poddruhy subsp. sativa, subsp. indica a subsp. ruderalis. Jejich navrh je
podlozen studii zaméfenou na sekvenovani DNA téchto rostlin. Také McPartland (2018) se
na zakladé analyzy konopného DNA ve své préci ptiklani k rozdéleni konopi na poddruhové

urovni a uznava nomenklaturu C. sativa subsp. sativa a C. sativa subsp. indica.

2.2. Sekundarni metabolity konopi

V tomto odvétvi jiz davno uplynula doba, kdy se pifi experimentech vyuzivaly
nezndmé kmeny konopi s nedefinovanym obsahem alespoii dvou hlavnich kanabinoidi,
THC a CBD. Nyni jsou nastaveny pé&stitelské postupy s cilem optimalizovat a standardizovat
Slechténi konopnych kmenti se specifickym slozenim majoritnich i minoritnich kanabinoida
a dalsich dulezitych fytochemikalii, zejména terpenti a flavonoidi. Ackoliv se vétSina
stavajici védecké literatury o konopi zamétuje stale predevsim na dva jiz zminéné hlavni
kanabinoidy, minoritni kanabinoidy, terpeny a flavonoidy jsou obecné ignorovany. Ditkazy
v8ak naznacuji, Ze tyto sloZky, zejména kanabinoidy a terpeny, hraji vyznamnou roli pfi
vzajemném ovliviiovani a synergickém pisobeni. Tento jev byva souhrnné¢ ozna¢ovan jako
»doprovodny efekt konopi“ (Russo 2011, 2018; Koltai & Namdar 2020). Dale budou
pfibliZzeny pouze dvé€ skupiny konopnych fytochemikalii, a to fytokanabinoidy a terpenické

slou€eniny.

2.2.1. Fytokanabinoidy

Soucasny vyzkum kanabinoidt stoji na fad€ vyznamnych objevl profesora Raphaela
Mechoulama a profesora Yechiela Gaoniho. Ti v 60. letech identifikovali psychoaktivni
slozku C. sativa, A°-tetrahydrokanabinol, popsali jeji chemickou strukturu (Gaoni &
Mechoulam 1964; Mechoulam & Gaoni 1967) a syntetizovali ji (Mechoulam et al. 1967). V
90. letech byly v sav¢ich tkanich identifikovany ligandy endogennich kanabinoidnich
receptort, nazyvané endokanabinoidy. Nejznaméjsimi zastupci jsou anandamid (Devane et
al. 1992) a 2-arachidonoylglycerol (Mechoulam et al. 1995). Endokanabinoidy jsou
odvozeny od arachidonové kyseliny, jako potencidlni zdroj této mastné kyseliny slouzi

membranové lipidy (Giuffrida et al. 2001).



Z tohoto divodu jsou kanabinoidni latky z konopi cCasto oznafovéany jako

fytokanabinoidy, aby se odlisily od vySe zminénych endokanabinoidu.

2.2.1.1. Biosyntéza

Fytokanabinoidy lze rozdélit do dvou skupin, a to na neutradlni kanabinoidy a
kanabinoidni kyseliny. Diverzifikace je zaloZena na tom, kolik karboxylovych skupin ma
dana molekula. Béhem skladovani a pfi zvySenych teplotach miize ale dojit k neenzymatické
dekarboxylaci (Kimura & Okamoto 1970; Shoyama et al. 1970).

Fytokanabinoidy, prenylované polyketidy smiSeného biosyntetického plivodu, jsou
syntetizovany z prekurzori mastnych kyselin a izoprenoidli. Vsechny fytokanabinoidni
struktury obsahuji monoterpenovou jednotku pfipojenou k fenolickému kruhu se
substituentem v podob¢ alkylu na C3 (Dewick 2002). Alkylovy postranni fetézec mize mit
riznou délku od jednoho do péti atoml uhliku (Obrazek 3), ale n-pentyl je nejhojngjsi
(Elsohly & Slade 2005). Fytokanabinoidy obsahujici postranni fetézec v podobé n-propylu
se oznacuji jako kanabivariny. Tetrahydrokanabivarin (THCV), analog THC s postrannim

fetézcem n-propylu, se ¢asto vyskytuje u C. indica (Hillig & Mahlberg 2004).

OH O
1

5~ “OH

Fo IR

4
Obrazek 3: Chemicka struktura fytokanabinoidd.

Vychozimi slouceninami pro syntézu aromatickych kruht, véetné alkylu na tfetim
uhliku (Hanus et al. 2016), jsou tii molekuly malonyl-CoA a jedna molekula hexanoyl-CoA
odvozena od kyseliny hexanové (kapronové) (Dewick 2002). Hexanoyl-CoA pusobi jako
primer pro enzymy, polyketidové syntazy typu III, zndmé také jako tetraketid syntazy (TKS).
V dal$im kroku jsou vyzadovany enzymy, cyklazy olivetolové kyseliny (OAC), katalyzujici
C2-C7 intramolekularni aldolovou kondenzaci s retenci karboxylové skupiny za vzniku
olivetolové kyseliny (Taura et al. 2009; Gagne et al. 2012). V pribéhu téchto
biosyntetickych krokl vznikaji téz vedlejsi produkty jako 4-hydroxy-6-pentylpyran-2-on
(PDAL), 4-hydroxy-6-(2-oxoheptyl)pyran-2-on (HTAL) a olivetol. Olivetolova kyselina je
alkylovana monoterpenovou jednotkou, geranylpyrofosfatem, za ucasti geranylpyrofosfat:
olivetolat geranyltransferdzy (GOT), a tim vznikd kanabigerolova kyselina (CBGA)
(Obrazek 4) (Fellermeier & Zenk 1998). V mensi mife je syntetizovan také (z)-izomer
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kanabigerolové kyseliny, kanabinerolova kyselina (CBNRA) (na Obr. 4 z davodu
prehlednosti nezminéna), a to v piipade, kdy je nerylpyrofosfat vyuzit enzymem GOT

namisto geranylpyrofosfatu (Taura et al. 1995a). Existuji tii kyseliny, které lze vytvofit z
CBGA a CBNRA.

Prvni z nich, tetrahydrokanabinolova kyselina (THCA) je syntetizovana z CBGA
nebo CBNRA za formovani heterocyklického kruhu pomoci enzymu THCA syntazy (Taura
et al. 1995b). Nizka substratova specificita THCA syntazy pro CBNRA ve srovnani s CBGA
vSak naznacuje, ze THCA je pfevazn¢ syntetizovana z CBGA. Prub¢h této reakce je obdobny
jako u jinych reakci katalyzovanych monoterpenickymi cyklazami (Obrazek 5). VétSina
cyklaz vyzaduje pro svou aktivitu dvojmocné ionty, jako jsou Mg?* nebo Mn?*, ale u THCA
syntazy tomu tak neni (Taura 2009). Pfitomnost karboxylové skupiny u substratu je pro
danou reakci zésadni, protoze THCA syntdza nerozpozna jako substraty neutralni

kanabinoidy, jako je kanabigerol (CBG) (Taura et al. 2007a).

Struktura druhé, kanabidiolové kyseliny (CBDA) je vysledkem pericyklické reakce
zahrnujici ztratu protonu (Obrazek 6) (Dewick 2002). Modifikace je katalyzovana
intramolekularni oxidoreduktdzou, CBDA syntazou, ktera selektivné uptednostituje tvorbu
CBDA z CBGA pted jeho (2)-izomerem, CBNRA (Taura et al. 1996). Byly zkoumany
ginky riiznych kovovych iontd (Mg?*, Mn?*, Zn?*, Ca?*, Co?* a Cu?") na aktivitu daného
enzymu, ale tyto nezménily rychlost katalyzy. Naproti tomu iont Hg?* p¥i koncentraci 2 mM
zcela inhiboval aktivitu enzymu a chelata¢ni ¢inidlo, ethylendiamintetraoctova kyselina
(EDTA), v koncentracich do 5 mM vykazovalo nizky pozitivni Gi€inek na aktivitu enzymu.
Nezdé se tedy, ze by CBDA syntdza vyzadovala kovové ionty pro oxidativni cyklizaci
CBGA (Taura et al. 1996). CBDA syntaza a THCA syntaza katalyzuji tvorbu jednotlivych

optickych izomert o Cistoté vyssi nez 95 % (Taura et al. 2007b).
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Obrazek 4: Biosyntéza fytokanabinoidi 1/2. TKS - tetraketid syntaza; PDAL - 4-hydroxy-
6-pentylpyran-2-on; OAC - cyklaza olivetolové kyseliny; HTAL - 4-hydroxy-6-(2-
oxoheptyl)pyran-2-on; GOT - geranylpyrofosfat: olivetolat geranyltransferaza
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Obrazek 5: Syntéza AS-THCA. CBGA - kanabigerolovd kyselina; AS-THCA -
tetrahydrokanabinolova kyselina

Tteti, kanabichromenova kyselina (CBCA) je syntetizovana z CBGA pomoci
oxidace a cyklizace CBCA syntazou (Obrazek 7). CBCA je syntetizovana jako enantiomerni
smés v poméru 5:1, pravdépodobné kvili ¢astecnému uvolnovani meziprodukti z aktivniho
mista CBCA syntazy pied dokonéenim reakce (Morimoto et al. 1997). Testy kovovych iontt
Mg?*, Zn?*, Ca®*" a Cu®" ukézaly, ze zadny ze zminénych nestimuluje aktivitu enzymu.
Naopak, kupiikladu iont Hg?* ipIné inhiboval danou reakci jiz v koncentraci 1 mM a EDTA
mirné zvySovala aktivitu enzymu. VSe tedy naznacuje, Ze reakce CBCA syntazy nevyzaduje

kovové ionty (Morimoto et al. 1998).

CBDA syntaza

Obrazek 6: Syntéza CBDA. CBGA - kanabigerolova kyselina; CBDA - kanabidiolova
kyselina

Croteau (1987) zjistil, ze terpenické cyklazy vyzaduji pro svoji funkci bivalentni
kationty. Tyto kovové ionty jsou schopné neutralizovat negativni naboj na difosfatovych
skupinach terpenickych molekul, a dale ionizuji allyldifosfatovy substrat. Protoze ale CBGA
difosfatovou skupinu neobsahuje, 1ze ocekavat, Ze CBCA syntdza, CBDA syntdza a THCA
syntaza tento pozadavek na bivalentni kationty nemaji. Z kanabinoidii pfitomnych v C.
sativa Ize vétsinu klasifikovat jako A°-THC, CBD, kanabichromen (CBC), CBG, kanabinol
(CBN), kanabicyklol (CBL), kanabielsoin (CBE) a kanabitriol (CBT) (Turner et al. 1980;
Razdan 1986; Ross & EISohly 1995). THCA, CBDA a CBCA byvaji také nékdy nazyvany



jako primarni fytokanabinoidy, protoze dalsi fytokanabinoidy jsou generovany z téchto tii

prekurzord prevazné neenzymatickymi degradacnimi cestami.

CBCA

Obrazek 7: Syntéza CBCA. CBGA - kanabigerolova kyselina; CBCA - kanabichromenova
kyselina

Primérni fytokanabinoidy 1ze bud’ dekarboxylovat na neutralni formu (Obrazek 8),
nebo konvertovat na CBE, CBN, CBT, Ag-tetrahydrokanabinol (AB-THC) ¢i CBL
vystavenim svétlu, teplu a kysliku (Obrazek 9). CBD muze podstoupit fotooxidaci nebo
pyrolyzu za vzniku CBE. AS-THC se pfi vystaveni teplu pfevede na termodynamicky
stabilngjsi A®-THC, nebo miize v piitomnosti kysliku oxidovat na CBT nebo CBN (Elsohly
& Slade 2005). Piitomnost CBT a CBN spolu s vysokymi hladinami dekarboxylovanych
fytokanabinoidtl jsou chemickymi indikatory dlouhého skladovani za Spatnych podminek
(Shoyama et al. 1970). Rychlost degradace primarnich fytokanabinoidd se zvySuje spolu s
teplotou, vysSimi pocateCnimi koncentracemi primarnich fytokanabinoidli a pifi zvétSeni
povrchu kvéti (nadrcenim), a tim tedy i vét$i povrchovou expozici vzduchu (Milay et al.
2020). CBC v pritomnosti svétla degraduje na kanabinoidy typu CBL (Elsohly & Slade
2005).

Kanabivariny jsou generovany stejnymi biosyntetickymi cestami z kyseliny
kanabigerovarinové (CBGVA), homologniho prekurzoru CBGA (Obrazek 9) (Shoyama et
al. 1984). Kanabinoidni profil v konopi prochazi rychlymi zménami v ranych fazich rtstu
(Potter 2014). CBDA a THCA syntaza maji velmi podobné katalytické rychlosti (kcat = 0,19
s1a0,20 s1) a afinitu (Km= 134 pM a 137 uM) pro CBGA (Taura et al. 1995b; Taura et al.
1996). Ale CBCA syntaza vykazuje niz§i Michaelisovu konstantu (Km = 23 uM) a vyssi
katalytickou rychlost (Keat = 0,04 s1). V ranych fazich kultivace, kde je CBGA stéle piitomna
v nizkych koncentracich, ptevlada tedy syntéza CBCA (Morimoto et al. 1998). Jak se vSak
v prubéhu ¢asu zvysuje koncentrace CBGA, zvysuje se u¢innost biosyntézy THCA a CBDA,

a tyto slouCeniny brzy prevazi nad koncentraci CBCA. V pozdéjsich fazich ristu se syntéza
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CBGA zpomaluje a jeji relativni podil v kanabinoidnim profilu rostliny se postupné snizuje
(Potter 2014).

zahfivani
dekarboxylace

zahtivani
dekarboxylace

CBD
OH O OH
Z I OH zahfivani Z + 10=0=0
dekarboxylace
N & X o
CBCA CBC

Obrazek 8: Dekarboxylace primarnich fytokanabinoidf. A°-THCA - tetrahydrokanabinolové
kyselina; AS-THC - tetrahydrokanabinol; CBDA - kanabidiolova kyselina; CBD -
kanabidiol; CBCA - kanabichromenova kyselina; CBC - kanabichromen

2.2.1.2. Vliv vyZivy na tvorbu fytokanabinoidl

V oblasti vyzivy lécebného konopi chybi soucasné stale v literatuie podstatné
experimentalni udaje (Caplan et al. 2017a). Tudiz vétSina téchto informaci je stale
vyvozovana na zakladé péstovani konopi technického. Technické konopi bylo vSak
selektivné vySlechténo k produkci vldkna a péstovani na poli, a proto bude mit
pravdépodobné mirné odliSné potieby Zivin neZ konopi péstované pro lécebné ucely za
kontrolovanych podminek (Hillig & Mahlberg 2004; van Bakel et al. 2011; Amaducci et al.
2015).
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CBGVA (R=Me)

CBDA syntaza CBCA syntaza
THCA
syntaza OH O
R OH = OH
" ’1_.
\\ HO R X 0
CBDA (R=n-Pr) CBCA (R=n-Pr)
CBDVA (R=Me) CBCVA (R=Me)
fotooxidace L.
nebo fotochemicka
pyrolyza reakce
Flid w THCA (R=n-Pr) Y
: THCVA (R=Me)
H OH O
3 OH OH
-—_;:\ H
HO R 0o R

CBEA (R=n-Pr)

CBLA (R=n-Pr)
CBEVA (R=Me)

CBLVA (R=Me)
izomerizace

oxidace

A3-THC (R=n-Pr) CBTA (R=n-Pr)

Y
oxidace oxidace
O OH O
O OH
0 R

CBNA (R=n-Pr)

Obrazek 9: Biosyntéza fytokanabinoidi 2/2. CBGA - kanabigerolova kyselina; CBGVA -
kanabigerovarinova kyselina; CBDA - kanabidiolova kyselina; CBDVA - kanabidivarinova
kyselina; CBCA - kanabichromenova kyselina; CBCVA - kanabichromevarinova kyselina;
THCA - tetrahydrokanabinolova kyselina; THCVA - tetrahydrokanabivarinova kyselina;
CBEA - kanabielsoinova kyselina; CBEVA - kanabielsovarinova kyselina; CBLA -
kanabicyklolova kyselina; CBLVA - kanabicyklolvarinova kyselina; CBTA - kanabitriolova
kyselina; CBNA - kanabinolova kyselina
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Ptijatelné formy jednotlivych zékladnich zivin rozdé€luji Barker a Pilbeam (2015) do
dvou skupin podle potieb rostlin, a to na makroziviny: dusik (NOs", NH4"), fosfor (H2PO4,
HPO4%), draslik (K*), vapnik ( Ca®"), sira (SO4%), hoi¢ik (Mg?*) a mikroziviny: Zelezo (Fe?*,
Fe3"), chlor (CI), mangan (Mn?"), zinek (Zn?*), méd’ (Cu*, Cu?"), bor (H3BOs, H2BO3),
molybden (MoO4?) a nikl (Ni®*).

2.2.1.2.1. Vliv makrozivin na tvorbu fytokanabinoida

2.2.1.2.1.1. Dusik, fosfor a draslik (NPK)

Predpoklada se, ze obsah dusiku ve vegetativnich ¢astech technického konopi
pozitivné koreluje s obsahem THC (Haney & Kutscheid 1973). Starsi listy tedy obsahuji
méné THC nez listy mladsi, protoZe obsahuji mén¢ dusiku (Bocsa et al. 1997). Optimalni
hladiny pfistupného dusiku v ptdé pro péstovani technického konopi se pohybuji v rozmezi
50-200 kg/ha (Vera et al. 2004; Aubin et al. 2015). Tato doporuceni vSak nejsou plné
aplikovatelna pifi hydroponickém péstovani 1écebného konopi, kde by pii kultivaci za
kontrolovanych podminek mélo byt zajisténo 190-400 mg N/I. Tato hodnota byla taktéz
uvedena pii organickém péstovani rajéat ve sklenicich (Zhai et al. 2009; Surrage et al. 2010).
Experimentalné bylo nedavno dokazano, ze pro rostliny 1é¢ebného konopi je z hlediska
morfofyziologickych funkci ve vegetativni fazi optimalni davka 160 mg N/I (Saloner &
Bernstein 2020). Tato koncentrace se taktéz jevila jako optimalni kompromis mezi
morfofyziologickym stavem rostlin a vytézkem sekundarnich metabolitd ve fazi generativni
(Saloner & Bernstein 2021). Jako idealni pomér amonny (NH4")/nitratovy (NO3") dusik bylo
pfi hlading 200 mg N/1 stanoveno 10-30 % NH4". Vy$s§i pomér zvysoval potencial vazného

az smrtelného poskozeni toxicitou NH4* (Saloner & Bernstein 2022b).

Rist technického konopi a jeho obsah THC pozitivné koreluji s obsahem pfistupného
P v pudé (Coffman & Gentner 1977), ale naopak obsah CBD v listové tkani je s pudné
dostupnym P v souvztaznosti negativni. Technické konopi p€stované na pudach zbavenych
P vykazovalo zvyseny obsah CBD (Coffman & Gentner 1975). Zvyseni fosforu také
neprokazalo zadny pozitivni vliv na koncentrace THC, CBD, CBN ¢i CBG v kvétech rostlin
lécebného konopi (Bernstein et al. 2019b). Produkce rostlinné biomasy, rychlost
fotosyntézy, stomatalni vodivost a rychlost transpirace ve vegetativni fazi rostlin 1écebného
konopi excelovaly pii hladin¢ 30 mg P/l (Shiponi & Bernstein 2021b). Tato koncentrace

taktéz postacovala k produkci 80% maximalniho vynosu v generativni fazi rostlin. Ale
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piisun fosforu vyssi nez 5 mg P/l snizil finalni obsah THCA a CBDA v kvétech az 0 25 %
(Shiponi & Bernstein 2021a).

Dle Saloner et al. (2019) se ristova odezva rostlin 1é¢ebného konopi na ruzné
koncentrace drasliku suplementované béhem vegetativni faze lisi v zavislosti na genotypech.
Davka 15 mg K/1 byla nedostacujici pro optimalni rust a funkci, a vyvolala symptomy
deficitu ve vSech genotypech. Naopak 240 mg K/1 se jiz ukazalo jako davka nadmérna a
Skodliva. Byla prokazana kompetice o piijem mezi K, Ca a Mg, ale zadny G¢inek na piijem
N a P s vyjimkou draslikového deficitu. Rychlost fotosyntézy rostlin se zvysovala s davkou
K az do maxima, kterého bylo dosazeno pii davce 100 mg K/1. A¢koli biomasa listd, stonkt
a kofent se zvySovala az do koncentrace 175 mg K/I. Optimalni davka K v rustové fazi se
tedy pohybuje mezi 100-175 mg K/l v zavislosti na genotypu lécebného konopi.
V navazném pokusu, jiz béhem faze kvétu a nasledné sklizné rostlin, vysledky ukdzaly, Ze
vyvoj a funkce rostlin, které obdrzely nizké koncentrace drasliku (15 mg K/I), byly naruseny.
Tyto rostliny trpély chlorézou a byl u nich snizen vynos kvétenstvi. Rostliny, které dostavaly
vyssi davky drasliku az do 175 mg K/I, vykazovaly optimalni fyziologické funkce a vysoky
vynos. Naopak ale koncentrace vétSiny kanabinoidl a terpenoidd klesaly se zvySovanim
davek drasliku. Koncentrace 60 mg K/l se tedy jevi jako doporucena aplika¢ni davka pro
udrzeni optimalnich fyziologickych funkci rostlin v kombinaci se stale vysokym vytézkem

sekundarnich metabolitt (Saloner & Bernstein 2022a).

Podle Hanus a Dostalova (1994) mohou rizné kombinace vybranych makroelementt
(N, P, K) ve vyzivé technického konopi vyznamné ovlivnit typ danych kanabinoidu i jejich
individualni obsahy. Caplan et al. (2017a, 2017b) se experimentalné zabyvali piimo touto
problematikou organické vyzivy ve vztahu k 1écebnému konopi. Koncentrace 389 mg N/I se
jim jevila jako optimdlni pro maximalni vynos b&hem riistové faze. Pomér zakladnich
makroelementi (N, P a K) ve vegetativnim obdobi byl 4:1,3:1,7. Po provedeni ptepoctt dle
poméru byly ziskany hodnoty 126 mg P/l a 165 mg K/I. V generativni fazi bylo stanoveno
optimalni mnozstvi dusiku 212-261 mg/l. Pti koncentraci dusiku 283 mg/l poskytovaly
rostliny maximalni vytéZzek kvétd a biomasy, ale vysledna koncentrace kanabinoidi v
suSeném produktu byla niz§i. Pomér N, P a K v generativnim obdobi byl stanoven na
2:0,87:3,32. Pii koncentraci 283 mg N/l by tedy m¢lo byt nasledn¢ doplnéno 123 mg P/l a
470 mg K/I. Vysledky piedlozené Bernstein et al. (2019b) ukazuji, ze zvyseni koncentrace
NPK v zivném roztoku zvysilo hladiny CBG v kvétech o 71 % a snizilo hladiny CBN v
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kvétech o 38 % ve srovnani s kontrolni vyzivovou variantou. Koncentrace rozpusténych
Zivin v kontrolni varianté byla nasledujici: 65 ppm N (pomér 1:2 NH4"/NO3"), 17 ppm P a
90 ppm K. Mikronutrienty byly dodadvany jako EDTA chelaty v koncentraci 0,4 ppm Fe, 0,2
ppm Mn a 0,06 ppm Zn.

2.2.1.2.1.2. Ostatni makroziviny

Hoft¢ik je v ptidé relativné mobilni a jeho koncentrace v rostlinach, zejména v listech,
je vysoka, protoze je soucasti chlorofylu. Negativni korelace mezi timto kovem a médi
vyplyva ze skutecnosti, Ze poloméry jejich iontl jsou podobné, a tim padem soutézi o stejna
vazebna mista. Obsah A®-THC a CBD v listech technického konopi klesa s rostouci
koncentraci Mg v pidé. Pozitivni korelace hoi¢iku s AS-THC byly vysloveny s hypotézou,
Ze tato Zivina muze byt kofaktorem v enzymu odpovédném za produkci daného kanabinoidu.
Obsah AS-THC v listech technického konopi pozitivné koreluje s pomérem piistupného
Ca/Mg v pudg, ale CBD negativné koreluje s pfistupnymi poméry Ca/Zn a Mg/Cu (Coffman
& Gentner 1975; Pate 1994; Radosavljevic-Stevanovic et al. 2014).

2.2.1.2.2. Vliv mikroZivin na tvorbu fytokanabinoidi

Obdobné vysledky byly pozorovany u poZadavkil na mikroZiviny. Bylo zjiSténo, ze
koncentraci CBN a A®-THC v rostliné 1ze ovlivnit mnoZstvim manganu, zatimco obsah CBD
je zavisly na koncentraci Zeleza (Radosavljevic-Stevanovic et al. 2014). THCA syntaza je
enzym obsahujici flavinadenindinukleotidovou (FAD) prostetickou skupinu. Jak jiZ bylo
zminéno, katalyzuje oxida¢ni cyklizaci CBGA na THCA. Tato reakce vyZaduje molekularni
kyslik pro reoxidaci FADH2 na FAD, tim padem tedy produkuje toxické mnoZstvi peroxidu
vodiku, a to v molarnim poméru 1:1 k vznikajici THCA (Shoyama et al. 2012). CBDA
syntaza je také enzym obsahujici FAD kofaktor. Rozdil mezi reakcemi THCA syntazy a
CBDA syntazy spociva v kroku pienosu protond, jak ukazuje Obrazek 10. Dale je

redukovany FADH> téz reaktivovan za vytvoreni peroxidu vodiku (Taura et al. 2007Db).
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Obrazek 10: Reakéni mechanismus THCA syntdzy a CBDA syntizy. CBGA -
kanabigerolova kyselina; CBDA - kanabidiolova kyselina; THCA - tetrahydrokanabinolova
kyselina; FAD - flavinadenindinukleotid

Odhaduje se, ze zhruba 1 % kysliku u rostlin je vyuzito pro tvorbu reaktivnich forem
kysliku s riznou subcelularni lokalizaci, pfi¢emz nejvyznamnéjsi podil pfipada na peroxid
vodiku. U rostlin byl tedy vyvinut velmi sofistikovany systém tvorby, detoxikace a

signalizace H>O», ktery v rostlinném organismu zastava celou fadu rozli¢nych funkci.
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Akumulace peroxidu vodiku vede k oxidacnimu poskozeni bunék a nasledné az k

programované buné¢né smrti (Quan et al. 2008).

Vzhledem k tomu, ze je tedy peroxid vodiku toxicky, je dale pfeménén na vodu a
kyslik kataldzami, které obsahuji mangan nebo hemové Zelezo. Na zakladé pozitivni
korelace manganu, THC a CBN miizeme predpokladat, ze katalaza, ktera rozklada peroxid
vodiku ziskany syntézou THCA, obsahuje ve svém katalytickém centru mangan (Mn)
v oxidacnim ¢isle I1I. Béhem rozkladu peroxidu vodiku na vodu a kyslik se Mn s oxida¢nim
¢islem III redukuje na Mn s oxidacnim ¢islem II, ktery se znovu oxiduje z Mn (II) na Mn

(IIT) dalsi reakci s peroxidem dle nasledujicich rovnic:
2Mn** + H20;2 <> 2Mn?* + Oz + 2H*
2Mn?* + Hy02 + 2H* «» 2H,0 + 2Mn®*,

Obe reakce jsou energeticky vyhodné (AG < 0). Korelace mezi manganem a CBN je

taktéz pozitivni, jelikoZ CBN je primarnim produktem degradace THC (Wu et al. 2004).

Negativni korelaci Zeleza (Fe) a chromu (Cr) s CBD lze vysvétlit nasledovng.
Kataldza odpovédna za preménu peroxidu vodiku, pochéazejiciho z reakce CBDA syntazy,
obsahuje hemové Zelezo. Peroxid vodiku je po vstupu do hemové kavity silné€ stericky
branén. V této pozici probiha prvni faze katalyzy. Pfenos protonu z jednoho atomu kysliku
molekuly peroxidu vodiku na druhy atom kysliku prodluzuje a polarizuje vazbu O-O, ktera
se nakonec heterolyticky rozpadd. Prvni atom kysliku molekuly peroxidu vodiku je
koordinovan s hemovym centrem. Pii této koordinaci se uvoliluje voda a vytvofi se
O=Fe(V)—Enzym (+) hemovy radikal. Radikél nasledné rychle zaniké v dal$im elektronovém
prenosu. Molekula se zbavuje radikalového elektronu, a diky tomu tedy zistava porfyrinovy
kruh nezménény. Béhem druhé faze, v obdobné reakci dvou elektronovych prenost, reaguje
O=Fe™)—Enzym (+) s druhou molekulou peroxidu vodiku za vzniku p@ivodni molekuly
Fel"_Enzym, dalsi vody a molu molekularniho kysliku (Boon et al. 2007; Vlasits et al.
2010).

Predpokladany mechanismus reakce:
H202 + Fe"—Enzym « H,0 + O=Fe(")—Enzym (+)
H202 + O=Fe)—Enzym (+) <> H20 + Fe(""—Enzym + O

Fe—Enzym piedstavuje centrum hemového zeleza ptipojeného ke zbytku enzymu
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Tranzitni stav (O=Fe(")—Enzym (+)) je energeticky nestabilni, Ize tedy konstatovat,
Ze tyto reakce jsou nevyhodné (Boon et al. 2007; Vlasits et al. 2010). Pfestoze chrom neni
dualezity pro rust rostlin, jeho negativni korelace s CBD je vysvétlena vzajemné pozitivni
korelaci Fe a Cr, protoze se vyskytuji spolu v piirodé jako komplexni oxid (Radosavljevic-
Stevanovic et al. 2014). Pozitivni korelace Zeleza s AB-THC byly zaznamenany s hypotézou,
Ze tato zivina muze byt kofaktorem v enzymu odpovédném za jeho produkci (Pate 1994;

Radosavljevic-Stevanovic et al. 2014).

Bernstein et al. (2019a) popisuji translokaci jednotlivych makro a mikroelementt ve
vztahu ke stafi jednotlivych rostlinnych ¢asti a také distribuci kanabinoidd v rostlinach
1écebného konopi. Zavér experimentu ohledné rozlozeni kanabinoidi je ve shod¢ s tvrzenim
Hemphill et al. (1980), kteti délali obdobny pokus na technickém konopi, a to ze obsah
kanabinoidi v listech postupné klesd od vrcholu rostliny smérem doll. Jejich nejvyssi
koncentrace lze téZz nalézt v kvétech a kvétovych listech. Koncentrace nalezené ve
ve¢jitovitych listech dosahuji asi 1/10 obsahu kanabinoidd nalezené v kvétech. Distribuce
minerdlnich Zivin mezi rostlinnymi organy vykazuje typicky pifijem a translokaci v rostliné.
Nizsi koncentrace N, P, K a vyssi koncentrace Ca ve véjitfovitych listech ve srovnani s kvéty

podporuji fyziologické zjisténi, ze véjifovité listy jsou starsi.

2.2.1.2.3. Hodnota pH

Doporuceny optimalni rozsah hodnot pH zivného roztoku je mezi 5,5-6,5. Hodnota
pH je diilezit4, protoZe ovliviiuje dostupnost a vstiebavani Zivin potiebnych pro rist rostlin.
V hydroponické kultufe je doporuc¢ené rozmezi pH mezi 5,5-6,0 a maximalni absorpce Zivin
je pii pH 5,8 (Velazquez et al. 2013). Pi péstovani v substratu se doporucuje rozmezi pH
5,8-7,2 a maximalni absorpce zakladnich zivin je obvykle pii pH 6,5. Kdyz pH klesne pod
tento rozsah, velka ¢ast makroZzivin za¢ind byt méné dostupnéd a ¢asem se mohou projevit
jejich nedostatky. Kdyz naopak hodnota pH stoupne nad tento rozsah, ¢asem projevi
nedostatek nékterych mikrozivin (Caplan et al. 2017a). Tito autofi také zminuji potiebu

dal$iho vyzkumu k potvrzeni optimalniho rozmezi pH pro vice konopnych odrad.

2.2.1.2.4. Vliv rostlinnych biostimulantii na tvorbu fytokanabinoida

Rostlinny biostimulant je jakakoli latka, druh mikroorganismu nebo jejich smés

aplikovana na rostliny za ucelem zvySeni tolerance vici abiotickému stresu, nutriéni
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efektivity ¢i kvalitativni charakteristiky plodiny, bez ohledu na obsah Zivin. Bylo navrzeno
sedm hlavnich kategorii biostimulanti: huminové a fulvové kyseliny, proteinové
hydrolyzaty, motské fasy a botanické extrakty, chitosan a biopolymery, prospésné bakterie,

prospésné houby a mineraly (du Jardin 2015).

2.2.1.2.4.1. Vliv huminovych a fulvovych kyselin na tvorbu fytokanabinoidi

Huminov¢ latky jsou pfirozenymi slozkami ptidni organické hmoty. Jednd se o smés
heterogennich sloucenin ptivodné klasifikovanych podle jejich molekulovych hmotnosti a

rozpustnosti na huminy, huminové kyseliny a fulvokyseliny (du Jardin 2015).

Suplementace huminové kyseliny méla na konopi pozitivni vliv v piipadé vysky
rostlin, obsahu chlorofylu a Gcinnosti fotosyntézy, zejména bezprostiedné po obdobi
vodniho stresu (Da Cunha Leme Filho et al. 2020).

Podle soucasné literatury je Gi¢inek na kanabinoidy spiSe negativni. Bernstein et al.
(2019b) uvedli, Ze vyzivové dopliky, jako jsou huminové kyseliny, vyrazné snizuji
prostorovou variabilitu kanabinoidt na pfi¢ celou rostlinou. Tato zvySena uniformita je na
ukor obsahu THC a CBD, ktery byl v nejvyssich ¢astech rostlin snizen o 37, respektive 39
%. Pokles THC je spojen s dal$im trendem zvySovani CBN. To bylo pravdépodobné

zpusobeno zrychlenou degradaci kanabinoidt v ¢astech rostlin s jejich vysokou koncentraci.

2.2.2. Terpenické slouceniny

Terpeny a terpenoidy jsou hlavnimi slozkami rostlinnych pryskyfic a éterickych oleji
mnoha lé€ivych bylin, véetné konopi. Z chemického hlediska se tyto dvé skupiny ale trochu
liSi. Terpeny se skladaji pouze =z uhlovodikd, kdezto u terpenoidd je na daném
uhlovodikovému skeletu navazana jesté funkéni skupina ¢i jiny chemicky prvek. Tyto
terminy se vSak v literatuie Casto zameénuji. Terpenické slouceniny predstavuji jednu
Z nejpocetnéjSich a strukturné nejrozmanitéjSich skupin ptirodnich latek. Lze je rozdélit
podle poctu stavebnich jednotek izoprenu v molekule na monoterpeny, seskviterpeny,
diterpeny, sesterterpeny, triterpeny, tetraterpeny a polyterpeny. Spolu se steroly tvofi

rozsahlou skupinu izoprenoida (Ludwiczuk et al. 2017).

V minulosti byly terpenické slouceniny v knihdch popisovany jako produkty
detoxikace, avSak zacatkem sedmdesatych let bylo n¢kolik terpentt demonstrovano jako

toxiny, repelenty Ci atraktanty. Toto vedlo k z&véru, Zze maji zéasadni funkci v
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antagonistickych a mutualistickych vztazich mezi organismy. V pfirod¢ hraji dilezitou roli
pfi fizeni ridstu, obran¢, komunikaci ¢i vébeni opylovaci mnohych druhti rostlin
(Langenheim 1994). Terpenické slouc¢eniny jsou taktéz zodpovédné za rozdilnou vini u
ruznych genotypti konopi. Pravdépodobné tedy nasledné pfispély k zdmérné selekci
narkotickych genotypt pti domestikaci (Small 2015). Obsah a distribuce terpenickych
sloucenin v rostling se lisi dle procesu ziskavani, podminek prostfedi nebo zralosti rostliny
(Meier & Mediavilla 1998). Mono a seskviterpeny byly detekovany v kvétech, kofenech a
listech konopi, pficemz hlavnim mistem produkce jsou sekre¢ni zlazové chloupky
(trichomy). Monoterpeny obecné dominuji t¢kavému terpenickému profilu (3,1-28,3 mg/g
susiny kvétu) s hlavnimi konkrétnimi zastupci jako jsou D-limonen, f-myrcen, a-pinen, S-
pinen, terpinolen a linalool. Seskviterpeny, zejména pS-karyofylen a a-humulen, se ale
Vv konopi také vyskytuji ve velké mite (0,5-10,1 mg/g suSiny kvétu). Pii péstovani konopi za
standardizovanych podminek byla zjisténa vyznamna pozitivni korelace mezi tirovni terpenti
a kanabinoidt (Fischedick et al. 2010). To lze vysvétlit skute¢nosti, Ze monoterpeny a
seskviterpeny jsou syntetizovany ve stejnych zldzovych trichomech jako kanabinoidy

(Meier & Mediavilla 1998).

2.2.2.1. Biosyntéza

K syntéze rostlinnych terpenti pfispivaji ve svych ranych krocich dvé biosyntetické
dréhy. Prvni, drdha cytosolické mevalonové kyseliny (MVA), ktera je zapojena do
biosyntézy seskviterpenti a triterpent. Druha, plastidové lokalizovana methylerythritol
fosfatova (MEP) draha, icastnici se syntézy monoterpend, diterpentl a tetraterpenti. Tyto
drahy reguluji riizné substraty (Bouvier et al. 2005). Zakladnimi stavebnimi kameny vSech
terpenickych struktur jsou izopentenyldifosfat (IPP) a dimethylallyldifosfat (DMAPP).
Obratlovei a bezobratli Zivoc€ichové syntetizuji tyto prekurzory izoprenoidi z acetyl
koenzymu A (acetyl-CoA) cestou mevalonové kyseliny, coz je téz kriticka draha pro syntézu
cholesterolu a prekurzori farnesylu a geranylgeranylu pro prenylaci proteinti. Tato cesta je
rovnéz dulezitym zdrojem IPP a DMAPP v cytoplazmé rostlinnych bun¢k (McGravey &
Croteau 1995). Zde jsou v prvnim kroku konjugovany 3 jednotky acetyl-CoA za vzniku 3-
hydroxy-3-methylglutaryl koenzymu A (HMG-CoA), a ten je dale pfeménén na
mevalonovou kyselinu pomoci HMG-CoA reduktdzy (Obrazek 11). Statiny, vcetné

mevinolinu, mevistatinu, pravastatinu a simvastatinu, mohou blokovat tento krok limitujici

20



rychlost biosyntézy (Luthra et al. 1999). Piestoze statiny blokuji produkci fytosterolti v
rostlinach, nezabranuji produkci terpent v plastidech (Chang et al. 2013).
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Obrazek 11: Biosyntéza terpenti 1/2. CDP-MEP - 4-difosfocytidyl-2-C-methyl-D-erythritol-
2-fosfat; ATP - adenosintrifosfat; CTP - cytidintrifosfat; HMB-PP - (E)-4-hydroxy-3-
methyl-but-2-enylpyrofosfat; MEcPP - 2-C-methyl-D-erythritol 2,4-cyklodifosfat; MVAPP
- mevalonat-5-pyrofosfat; HMG-CoA - 3-hydroxy-3-methylglutaryl koenzym A; IPP -
izopentenyldifosfat;, DMAPP - dimethylallyldifosfat; G3P - D-glyceraldehyd-3-fosfatu;
DOXP - 1-deoxy-D-xyloza-5-fosfat
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Pocatetnim krokem plastidické methylerythritol fosfatové cesty je konverze
pyrohroznové kyseliny (pyruvatu) a D-glyceraldehyd-3-fosfatu (G3P) na 1-deoxy-D-xyloza-
5-fosfat (DOXP) pomoci DOXP syntazy. DOXP je poté pomoci DOXP reduktoizomerazy
pfeménén na 2-C-methyl-D-erythritol-4-fosfat (MEP). Tento krok je mozné inhibovat
antibiotikem fosmidomycin (Rohmer 1999; Wanke et al. 2001; Dubey et al. 2003).
Koncovym bodem obou zminénych biosyntetickych drah (MVA a MEP cesta) je IPP, ktery
se poté izomerizuje na DMAPP pomoci izomerazy IPP v cytosolu (Obrazek 11). V cytosolu
jsou poté dvé molekuly IPP a jedna molekula DMAPP kondenzovany za vzniku
farnesyldifostatu (FPP), farnesyldifosfat syntazou. FPP slouzi jako prekurzor seskviterpenti.
Dvé molekuly FPP mohou byt dale kondenzovany skvalen syntdzou (SQS) na
endoplazmatickém retikulu za vzniku skvalenu, prekurzoru triterpenii a sterolti. V plastidu
je jedna molekula IPP a jedna molekula DMAPP kondenzovana za vzniku
geranylpyrofosfatu (GPP), GPP syntazou (Obrazek 12) (Kempinski et al. 2015). GPP je
bezprostfednim prekurzorem monoterpentt a také stavebnim kamenem biosyntézy
kanabinoidd (Fellermeier et al. 2001). Tyto linearni izoprenoiddifosforeénany jsou substraty
pro monoterpensyntazy a seskviterpensyntazy, které nasledné diverzifikuji tyto prekurzory
enzymatickymi modifikacemi, jako jsou hydroxylace, dehydrogenace, acylace a glykosylace
(Booth et al. 2017; Nagegowda & Gupta 2020).
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Obrazek 12: Biosyntéza terpend 2/2. IPP - izopentenyldifosfait; DMAPP -
dimethylallyldifosfat; GPP - geranylpyrofosfat; GGPP - geranylgeranylpyrofosfat; FPP -
farnesyldifosfat
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2.2.3. Izolace fytokanabinoidii a terpenickych sloucenin
2.2.3.1. Extrakce fytokanabinoidl

V literatufe Ize rozliSovat dvé kategorie procesu extrakce konopnych kvéti. Za prvé,
konven¢ni metody, zahrnujici maceraci rostlinného materialu v organickém rozpoustédle.
Extrakt se pfi nich koncentruje odstranovanim rozpoustédla. Fytokanabinoidy byvaji pfi
tomto procesu vystaveny kombinovanym ucinkim tepla, svétla, vzduchu a kyselého
prostiedi, a tim padem mohou podléhat chemickym modifikacim a degradaci. Jedna z
nevyhod téchto konvencnich technik souvisi hlavné s termolabilitou extrahovanych slozek.
Efektivitu tohoto typu extrakce 1ze kuptikladu zlepsit procesnim zapojenim ultrazvuku nebo

mikrovinného oSetieni (Fairbairn & Liebmann 1973; Ramirez et al. 2019; Nahar et al. 2021).

Za druhé, inovativni metody, jako je superkriticka fluidni extrakce, coZ je proces
separace jedné slozky od ostatnich pouzitim superkritické latky jako extrakéniho
rozpoustédla. Extrahuje se obvykle z pevné matrice, ale muze to byt i z kapaliny.
Nejpouzivangjsi superkritickou kapalinou je oxid uhli€ity, a to navzdory své neucinnosti pfi
rozpousténi poldrnich sloucenin. Pro zlepSeni rozpustnosti polarnich latek je nékdy
modifikovan pfidavkem malého mnozstvi jiného rozpoustédla (ethanolu ¢i methanolu), které
by mélo byt zcela misitelné se superkritickym CO3z. Extrakéni podminky pro CO2 jsou nad
kritickou teplotu 31,1 °C a nad kriticky tlak 73,8 barti (7,38 MPa). Pfidanim modifikatoru
se mohou tyto hodnoty ale ménit. Tekutina v superkritickém stavu je velmi mobilni.
Rozpustnosti se pfiblizuje kapalnym rozpoustédllim, zatimco penetrace do pevné matrice je
usnadnéna transportnimi vlastnostmi bliZicimi se plynu. Vysoce stlateny plyn pak v
superkritickém stavu vykazuje mimotradné vlastnosti, s rostouci hustotou vrista totiz
schopnost rozpoustét dané latky. Zatimco zvySovani tlaku zvySuje hustotu, zvySovani
teploty hustotu obvykle snizuje. Tyto parametry Ize tedy pro dosaZeni optimalnich vysledkt

rizné kombinovat (Sihvonen et al. 1999; Ramirez et al. 2019; Lancaster 2020).

v

predbézna uprava bylin a povaha rozpoustédla. Extrakcei Ize povazovat za ispésSnou, kdyz je
dosazeno optimalni rozpustnosti aktivnich sloucenin ve vhodném rozpoustédle. Za timto
cilem je nutné rozbit bunééné struktury rostlin natolik, aby ucinné latky byly dobfe piistupné
a mohly tak interagovat s rozpoustédlem (Ramirez et al. 2019). Nasleduje nékolik ptiklada

extrak¢énich metod.
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2.2.3.1.1. Dynamicka macerace

Pted samotnou dynamickou maceraci je navazeno ptesné mnozstvi konopnych kvéta,
a poté je ke vzorku pfidano extrakéni rozpoustédlo. Nasleduje magnetické michani po
urcitou dobu pfi laboratorni teploté. Roztok je potom piefiltrovan pies filtraéni papir. Zbytek
je extrahovan stejnym postupem jest¢ dvakrat, vzdy se shodnym extrakénim pomérem
(hmotnost susiny/objem rozpoustédla). Filtraty ze vSech tii extrakci jsou slity dohromady.
Ptfed nastfikem na kolonu vysokoucinné kapalinové chromatografie (HPLC) jsou jesté
extrakty zfiltrovany pomoci PTFE filtru do HPLC vialek (Brighenti et al. 2017; Pellati et al.
2018; Zampachova et al. 2021).

2.2.3.1.2. Ultrazvukem asistovana extrakce

Na zacéatek je znovu navazeno urCité mnozstvi konopnych kvéth a pfilito dané
mnozstvi extrakéniho rozpoustédla. Vzorek se dale po urcity ¢as nechd v laboratorni
ultrazvukové lazni pii 40 °C. Roztok je poté piefiltrovan pies filtracni papir do odmérné
banky. Postup se opakuje jesté dvakrat. Filtraty ze vSech tii extrakci se poté spoji. Pred
nastfikem do systému HPLC jsou extrakty jesté filtrovany pomoci PTFE filtru do HPLC
vialek (Porto et al. 2014; Brighenti et al. 2017; Agarwal et al. 2018).

2.2.3.1.3. Extrakce mikrovlnnym zafenim

Odvazené mnozstvi vzorku je v prvnim kroku extrahovano rozpoustédlem do
sklenéné nadoby pii 60 °C za nepretrzitého magnetického michéani. Extrakce podporovana
mikrovinnym ohfevem s fokusovanym polem probiha v uzavieném systému nadob. Po
skonceni extrakce je vzorek pfefiltrovan do odmérmné banky. Druhy a treti krok extrakce
probiha obdobné. Filtraty ze tii extrak¢énich krokl jsou nasledné spojeny. Pred samotnou
analytickou koncovkou ve formé HPLC jsou extrakty jesté zfiltrovany pomoci PTFE filtru

do HPLC vialek (Brighenti et al. 2017; De Vita et al. 2020).

2.2.3.1.4. Extrakce fytokanabinoidl superkritickym CO2

Extrakce se provadi superkritickym CO2 s 20% pifidavkem ethanolu jako
spolurozpoustédla. Extrakéni nddoba je naplnéna konopnymi kvéty rozemletymi na prach a
smichanymi se stejnym mnoZstvim matrice. Pritok CO2 se zpravidla udrzuje na primérné

urovni 2,5 1/min a cely proces se provadi pii 100 barech a 35 °C po dobu 5 minut statické
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extrakce. Nasledované 15 minutami dynamické extrakce. Ke sbéru extraktu je pouzit
ethanol. Extrakt se poté vysusi a rozpusti v ethanolu. Pfed néstfikem do systému HPLC je
extrakt zfedén a zfiltrovan pomoci PTFE filtru do HPLC vialek (Omar et al. 2013; Brighenti
etal. 2017).

2.2.3.2. Izolace terpenickych sloucenin

V pribéhu ¢asu bylo vyvinuto nekolik technik izolace terpenti a terpenoidu. Silice
(esencialni ¢i éterické oleje) byvaji tradién€é z trichoml konopi izolovany pomoci
hydrodestilace. Obdobné se ale jiz také vyuZziva konvenc¢ni extrakce rozpousStédlem ¢i metod
inovativnich (Isidore et al. 2021). Je potvrzeno, Ze Uprava biomasy ma vyznamny vliv na
vytézek a slozeni esencialnich oleji. SusSeni a skladovani rostlin vede k vyssi ztraté nejvice
tékavych slozek, monoterpenil. K dal§imu sniZeni vytézku silic dochazi pti zvySeni dané

teploty suSeni (McGraw et al. 1999; Kwasnica et al. 2020; Wanas et al. 2020).

2.2.3.2.1. Destilace vodni parou a hydrodestilace

Parni destilace a hydrodestilace patii mezi nejoblibenéjsi metody pouzivané k izolaci
silic z rostlinnych zdroji. Tyto metody jsou uzivany k oddéleni latek, které tekaji s vodni
parou pii niZsi teploté, nez je jejich bod varu. Vodni para pronik4 biomasou a strhava t€kavé
slouceniny. Rozpoustédlo a rozpusténé latky poté kondenzuji, coz zptisobuje jejich oddélent,
pficemz horni fazi kapaliny jsou éterické oleje. Rozdil v téchto dvou metodach spociva v
tom, Ze pii destilaci vodni parou je para ptimo ptfivadéna do rostlinného materidlu, zatimco
pfi hydrodestilaci je rostlinny material zpo€atku nasdknut vodou, a nasledné zahfivan na
teplotu varu (Chemat & Boutekedjiret 2015). Ukazuje se, Ze typ destilace ovliviiuje
selektivitu vuci uréité skupiné terpenti. Fiorini et al. (2019) porovnavali chemické slozeni
silice ziskané pomoci destilace vodni parou a hydrodestilace a v§imli si, Ze pti parni destilaci
se ziska vétsi obsah monoterpenti (54 %) ve srovnéni se seskviterpeny (44,2 %). Naopak
hydrodestilace vedla k vétsimu zastoupeni seskviterpenti (48,5 %) oproti monoterpeniim
(43,9 %). Karyofylen vSak zlstal nejvice zastoupenym seskviterpenem v silicich bez ohledu
na destilacni typ. Hydrodestilace byla diky vys$Simu procentu extrahovanych bioaktivnich
sloucenin vyhodnocena jako U¢innéjsi. Je to pravdépodobné proto, ze u parni destilace je
vyvinut niz$i tlak a para nepronikd rovnomérné rostlinnym materidlem. Proto je téZ zapotiebi
vice Casu na extrakci slozek s vy$§im bodem varu. Byly rovnéz testovany rtizné teploty u

obou typt destilaci kvéti konopi. Optimalni teploty jsou 110 °C pro hydrodestilaci a 130 °C
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pro destilaci vodni parou. Rozemleti rostlinného materialu vedlo k dal§imu zvySeni obsahu
monoterpend, ale snizovalo seskviterpenovou frakci (Naz et al. 2017; Zheljazkov et al.
2020).

2.2.3.2.2. Konvenc¢ni extrakce rozpoustédlem

Konopi se extrahuje dobfe jak polarnim (Bakro et al. 2020), tak nepolarnim
rozpoustédlem (Krill et al. 2020). Nicmén¢ Namdar et al. (2018) zjistili, Ze smés polarnich
a nepolarnich rozpoustédel, konkrétné hexan/ethanol (7:3), vede k nejacinngjsi extrakci
terpent a soucasné kanabinoidl z kvétenstvi ve srovnani s ¢istym hexanem a ethanolem.

Ptipadné vyuziti polarnich rozpoustédel vede ke zvyseni vytézku kanabinoidu.

Z kotent a stonkové kuiry konopi byly extrahovany triterpeny. Friedelin a epifriedelin
byly izolovany z kofenli konopi po ethanolové extrakci (Slatkin et al. 1971), ale malé
mnozstvi riznych triterpenti bylo téZ identifikovano pfi extrakci na Soxhletové extraktoru

stonkov¢ kiiry acetonem (Gutiérrez et al. 20006).

2.2.3.2.3. Superkriticka fluidni extrakce

Superkriticky CO2 je dobrym rozpoustédlem pro extrakci t€kavych sloucenin, jako
jsou terpeny, z Cannabis sativa L. (Darani & Mozafari 2010). Extrakce superkritickym CO>
byla porovnana s hydrodestilaci a prokazalo se, Ze superkriticka fluidni extrakce dosahuje
lepSich extrakénich vytézkii silic nez hydrodestilace. DalS§imi vyhodami jsou moZzna
frakcionace, ptimé ziskavani silic a niZsi spotfeba energie ve srovnani s hydrodestilaci (Naz
et al. 2017). Da Porto et al. (2014) studovali vliv extrakéniho tlaku na vytézek a slozeni
konopného esencialniho oleje. Pii 40 °C vedlo zvyseni extrakéniho tlaku ze 100 barti na 140
barid ke snizeni vytéZku z 0,67 % hmotnosti suSiny na 0,34 %. Dale bylo téZ zjisténo, ze
terpenové spektrum v extraktech ziskanych pfi tlaku 100 bara je blize ptivodni terpenické

skladb¢ v konopnych kvétech.

2.2.3.2.4. Ultrazvukova extrakce

Bylo prokédzéno, ze ultrazvukovd amplituda a sloZeni rozpoustédla (pomér
cyklohexanu a izopropanolu) ma vyznamny vliv na obsah terpeni, zatimco zvySovani doby
plsobeni nema ve studovaném rozsahu signifikantni vliv. Dale byly navrZzeny optimalni

provozni podminky extrakce kvéth konopi pro tuto metodu, rozpoustédlo
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izopropanol/cyklohexan (1:1), ¢as pisobeni 5 min s 80% amplitudou a v cyklech 3 s
Ultrazvukem asistovana extrakce se také provadi v minutdch ve srovnani s hodinami prace

v piipadé destilace (Omar et al. 2013; Palmieri et al. 2020).

2.2.3.2.5. Mikrovlnna extrakce

Pii extrakci mikrovinnym zédfenim je pozorovan obdobny vytézek silic jako pfi
hydrodestilaci, ale za kratsi ¢as. Tyto dvé metody se vSak 1i$i svym terpenickym profilem,
podil seskviterpenti je v pfipadé mikrovinné extrakce upiednostiiovan pred monoterpeny.
Vysokéd energie doddvand mikrovlnami pravdépodobné zpiisobuje ztratu té€kavéjSich

sloucenin (Fiorini et al. 2020; Gunjevi¢ et al. 2021).

2.2.4. Identifikace a kvantifikace fytokanabinoidii a terpenickych sloucenin
2.2.4.1. Identifikace a kvantifikace fytokanabinoida

Kanabinoidni slou€eniny je v této dobé mozné stanovit riznymi chromatografickymi

technikami s odlisSnymi detekénimi metodami.

2.2.4.1.1. Tenkovrstva chromatografie

Chromatografie na tenké vrstvé (TLC) je vhodnd metoda pro rychly screening
ruznych druhti vzorkl. Lze ji snadno provést pii rutinnich testech a na trhu je jiz k dispozici
nékolik komerénich sad piimo pro testovani kanabinoidi (Ramirez et al. 2019). Fischedick
et al. (2009) vyvinuli jednoduchou a rychlou metodu vysokouc¢inné TLC (HPTLC) pro
kvantifikaci A°-THC a kvalitativni screening hlavnich neutralnich kanabinoidi nalezenych

v kultivarech konopi.

2.2.4.1.2. Plynové chromatografie

Plynovéa chromatografie (GC) je jednou z nejpopuldrnéjSich technik pro analyzu
biologickych matric a rostlinnych extrakti. Tato metoda pracuje na principu, kdy se dany
vzorek davkuje do proudu nosného plynu (mobilni faze) a je dale undsen kolonou. Aby mohl
byt vzorek transportovan, musi se ihned taktéZz preménit na plyn. V koloné se pak latky
separuji na zakladé odli$né schopnosti interagovat se stacionarni fazi (Jennings et al. 1997).
Pouziti vysokych teplot ale vede ke ztrat¢ karboxylové skupiny z kyselych forem

kanabinoidid. Pii této metodé tudiz neni mozné rozliSovat kyselinu od neutrélnich forem,
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pokud neni provedena pfedchozi derivatizace. Je vSak tieba vzit té€z v uvahu, ze vytézky

derivatizace nemusi byt kvantitativni (Hazekamp et al. 2005).

2.2.4.1.3. Vysokoucinna kapalinova chromatografie

V rostlinnych extraktech konopi, které¢ nebyly podrobeny tepelnému oSetieni, byva
vétsSinovy podil kanabinoida ve formé kyselin. Vyhodou technik zaloZzenych na kapalinové
chromatografii (LC) je schopnost analyzovat pti laboratorni teploté, a tim padem zabranit
piipadné tepelné degradaci a dekarboxylaci kanabinoidnich slou¢enin ve vzorku (Hazekamp
et al. 2005). V dnesni dobé je pro tyto analyzy bézné vyuzivana kapalinova chromatografie
s obracenymi (reverznimi) fazemi, tedy s nepolarni (C18) stacionarni fazi a polarni mobilni

fazi (Ramirez et al. 2019).

De Backer et al. (2009) aplikovali HPLC s detektorem s diodovym polem (DAD) za
ucelem identifikace a kvantifikace neutralnich a kyselych forem kanabinoidta z C. sativa.
Byla pouzita nepolarni kolona C18 v kombinaci s gradientovou eluci methanol/voda od
poméru 68:32 do 95:5 s ptidavkem 50 mM mravencanu amonného a pti pH 5,19. Urcili mez
detekce (LOD) a mez stanovitelnosti (LOQ) pro THCA, AS-THC, CBDA, CBD, CBGA,
CBG a CBN. Metoda byla pln¢ validovana dle Mezinarodni organizace pro normalizaci, ISO

17025 (Rodima et al. 2005).

Aizpurua-Olaizola et al. (2014) pouzili HPLC s tandemovou hmotnostni
spektrometrii (HPLC-MS/MS) pro analyzu konopnych extrakti. Kvantifikovali 6
kanabinoidi (THCA, A°>-THC, CBD, THCV, CBG a CBN) a dalsich 7 identifikovali pomoci
kvadrupdlového detektoru doby letu (Q-TOF) a chemické ionizace za atmosférického tlaku

(APCI) pfi pozitivni ionizaci.

Relativné neddvno byly téz testovany kolony naplnéné cCasticemi silikagelu o
praméru pod 2 um. Tato metoda byla nazvana jako ultra vysoce u¢inna (UHPLC) ¢i ultra
ucinna kapalinova chromatografie (UPLC). Heo et al. (2016) ji pifi simultanni analyze
kanabinoidd v doplicich stravy kombinovali s detektorem ultrafialového (UV) zafeni a
detektory MS/MS. Metoda se ukdzala jako citliva a reprodukovatelna. Umoznovala
identifikaci a kvantifikaci rostlinnych a syntetickych kanabinoidl pfitomnych v tabletach,

kapslich, prascich a cukrovinkach s validaci dle mezinarodnich pokynt.
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2.2.4.2. Identifikace a kvantifikace terpenickych sloucenin

Kanabinoidni slouceniny a jejich metabolity 1ze analyzovat jak pomoci kapalinové,
tak 1 plynové chromatografie. Terpeny se ale kviili vysoké volatilit¢ analyzuji hlavné

prostiednictvim plynové chromatografie (GC) (Leghissa et al. 2018).

2.2.4.2.1. Plynova chromatografie

Terpeny jsou snadno ionizovany, ale nejb&znéjsi analytické metody neberou v uvahu
izomerni povahu a rizné aromatické vlastnosti téchto sloucenin, coz vede k méné nez
komplexni charakterizaci (Leghissa et al. 2018). K piekonani tohoto nedostatku by mohly
byt pouzity chirdlni GC kolony (se staciondrni fazi na bazi cyklodextrinu). Dal§im
problémem v analyze terpent jsou strukturni podobnosti téchto slozek, které¢ vedou k

podobnym az identickym fragmentim (Booth et al. 2017).

Primarni volbou kombinace této separacni techniky s detektorem, zaloZenou na
nizkych potizovacich ndkladech a jednoduchosti, je plynova chromatografie s plamenovym
ioniza¢nim detektorem (GC-FID). Vyuziva se k semikvantitativni analyze, ¢imZ se zjisti
relativni zastoupeni danych slozek v aromaprofilu (Leghissa et al. 2018). Hazekamp a
Fischedick (2012) pouzili ke kvantifikaci 20 terpenickych slozek vzorku pouze jeden
terpenovy standard, y-terpinen, kvili velmi malym rozdilim mezi FID faktory odezvy

monoterpentl a seskviterpend.

Kvalitativni povaha terpenit je obvykle zkouména pomoci jednoduchych
kvadrupdélovych MS detektori porovnanim vypocétenych retenénich indexti slozek a
hmotnostnich spekter danych latek s databdzemi. Snadna ionizace umozZnuje detekovat
slouceniny s vysokou spolehlivosti. Strukturdlni podobnosti monoterpenil a seskviterpent
vSak vedou k podobnym a nerozeznatelnym MS spektriim, coz zplisobuje problémy pfi jejich
identifikaci. K pfekonéni téchto nevyhod se pro jednozna¢né ptifazeni velmi doporucuje

kombinovat FID a MS spektra (Micalizzi et al. 2021).

2.2.5. Potencionalni terapeutické vyuziti

Vyzkum konopi se v poslednich letech rozvinul (Grotenhermen & Muller-Vahl 2012;
Felson et al. 2019). Ptijatelnost, vyuziti a nasledné piedepisovani 1é¢ebného konopi se nadale
roz§ifuje, jak ukazuje i rostouci pocet zemi, které umoziuji jeho pouziti pro specifické

terapeutické indikace (Shelef et al. 2011; Troutt & DiDonato 2015; Balneaves & Alraja
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2019). Doposud ale prevlada upfednostinovani konopi S majoritnim zastoupenim
kanabinoidu CBD, tedy rostlin chemického fenotypu III (Marinotti & Sarill 2020). V
soucasnosti je stale tedy bohuzel nedostatek zakladnich vyzkumnych informaci o regulaci
biosyntézy THCA a ostatnich sekundarnich metabolit u chemického fenotypu 1é¢ebného
konopi S majoritnim zastoupenim kanabinoidu THCA, chemotypu I, a jeho farmaceutickém
potencialu. K tomuto také pfispiva pretrvavajici pravni omezeni ve vétsiné zemi (Aguilar et
al. 2018). Pocet zkoumanych fytokanabinoidu se ale stale zvySuje a jejich Géinky na rizné
nemoci, jako je chronicka bolest (Lynch & Campbell 2011; Portenoy et al. 2012), nevolnost
a zvraceni (Duran et al. 2010), spasticita (Pooyania et al. 2010; Corey-Bloom et al. 2012),
psychdzy, motorické a nemotorické symptomy Parkinsonovy choroby (Lotan et al. 2014),
deprese (Selvarajah et al. 2010), tizkost a poruchy spanku (Russo et al. 2007; Bonn-Miller
et al. 2014; Babson et al. 2017), glaukom (Jarvinen et al. 2002), zanétlivé onemocnéni stiev
(Ravikoff Allegretti et al. 2013) a v neposledni fad¢ 1é¢ba riznych druhl rakoviny (Abrams
& Guzman 2015; Heider et al. 2022), jsou studovany.

2.2.5.1. Antikarcinogenni plisobeni

Mnoho védecko-vyzkumnych tyml se Vv soucasnosti snaZi najit nové aktivni
slouceniny s cytostatickymi a cytotoxickymi ucinky. Az donedavna se fytokanabinoidy
pouzivaly prevazné k 1é¢bé nechutenstvi, nevolnosti a zvraceni u pacientii s rakovinou
podstupujicich chemoterapii. V soucasné dobg, ale pribyva experimentalnich dikazt in vitro
a na zvifecich modelech podporujicich protirakovinnou aktivitu jednotlivych kanabinoida
prostiednictvim modulace kli¢ovych bunéfnych signalnich drah zapojenych do kontroly
proliferace a pfeziti rakovinnych bungk, inhibice angiogeneze a redukce metastaz u riznych
typti nadort (Guzman 2003; Velasco et al. 2016). Fytokanabinoidy taktéz vykazuji
specifickou cytotoxicitu vii¢i nddorovym bunikdm a soucasné chrani zdravou tkan pred
apoptozou (Bogdanovi¢ et al. 2017). Nékteré studie jiz tyto pozitivni efekty prokazaly u
ruznych typt rakoviny vcetné rakoviny prsu (Sarnataro et al. 2006), slinivky (Fogli et al.
2006), prostaty (De Petrocellis et al. 2013) a stiev (Javid et al. 2016; Velasco et al. 2016).
Nicméné jejich vyuziti v onkologii je zatim omezené, protoze klinické dikazy stale chybi.
Vyzkum brzdi variabilita a nedostate¢na standardizace designu studii, lékové formy a
farmakodynamiky (Abrams 2019; Turgeman & Bar-Sela 2019). Uspé&ch takové 16¢by bude
taktéz zaviset na davce, jedinci, stadiu nadoru a mnoha dal$ich okolnostech a faktorech

(Urruticoechea et al. 2010; Lafaye et al. 2017).
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3. HYPOTEZY A CiLE PRACE

3.1. Hypotézy prace

Z literatury vyplyva, ze intenzita biosyntézy kanabinoidnich latek se v riznych fazich
vyvoje konopného kvétenstvi diferencuje. Na zakladé dosavadnich informaci Ize
predpokladat, Ze koncentrace a pomér zivin a biostimulanti v Zivném roztoku hraje zasadni
roli a nasledné tedy ovlivni obsah sekundarnich metabolitii, tvorbu kvétenstvi a vynos
nadzemni biomasy rostlin 1écivého konopi. Ptipravené konopné extrakty budou vykazovat

potencionalné vyuzitelné terapeutické ucinky.

3.2. Cile prace

Tato prace si klade za cil vyhodnotit intenzitu biosyntézy kanabinoidnich latek
béhem vyvoje konopného kvétenstvi. Porovnat vliv riznych druhti vyzivy v nezavislych
hydroponickych péstebnich cyklech na tkanovy ionom, tvorbu biomasy, obsah sekundarnich

metabolitd a potencionalni antikarcinogenni G¢inky rostlin konopi.
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4. PUBLIKOVANE PRACE

Doktorska disertacni prace predkladana formou svazanych védeckych ¢lankt vznikla
na zaklad¢ nize uvedenych ¢ty publikovanych praci v Casopisech databaze Web of
Knowledge s Impact Factor indexem a jedné prace, kterd je aktudlné ,,Under Review*.
Ostatni publikace, uvefejnéné mimo rozsah prace, jsou uvedené Vv kapitole 8, Publikované

prace mimo rozsah disertace, na konci této prace.

4.1. The overview of existing knowledge on medical cannabis plants
growing

Autofti: Malik M, Velechovsky J, Tlustos, P
Rok publikace: 2021
Casopis: Plant, Soil and Environment 67: 425-442
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Abstract: The use of cannabis for medicinal purposes dates back well before the era of modern medicine, but in
recent years research into the use of medical cannabis in the medical and pharmaceutical sciences has grown sig-
nificantly. In European countries, most cannabis plants have been and still are grown for industrial purposes. For
this reason, hemp cultivation technology is relatively well researched, while little is known about the key factors
affecting cannabis cultivation for medical purposes. The active substances of cannabis plant targeted by this review
are called phytocannabinoids. The biosynthesis of phytocannabinoids is relatively well understood, but the specific
environmental factors that influence the type and number of phytocannabinoids have been much less studied. Indoor
or greenhouse cultivation, which uses automated lighting, ventilation, irrigation systems and complex plant nutrition
has become much more sophisticated and appears to be the most effective method for producing medical cannabis.
There are many different cultivation systems for cannabis plants, but one of the essential elements of the process is
an optimal plant nutrition and selection of fertilisers to achieve it. This review summarises the existing knowledge
about phytocannabinoid biosynthesis and the conditions suitable for growing plants as sources of medical cannabis.
This review also attempts to delineate how nutrient type and bioavailability influences the synthesis and accumula-

tion of specific phytocannabinoids based on contemporary knowledge of the topic.

Keywords: Cannabis sativa L.; tetrahydrocannabinol; cannabidiol; chemical profile; growing conditions

Cannabis is one of the earliest of domesticated
crops. According to Chinese historical records and
archaeological findings, its cultivation and utilisa-
tion can be traced back to 3 000 to 4 000 years BCE
(Yu 1987, Jiang et al. 2006). The first use of can-
nabis for therapeutic purposes, directly evidenced
by the finding of the stable cannabis compound,
A®-tetrahydrocannabinol (A®-THC), has been dated
to around 400 CE in a carbonised material discovered
in a tomb at Beit Shemesh near Jerusalem (Zlas et al.
1993). Recent years have seen a boom in research on
medical cannabis in the biomedical and pharmaceu-
tical sectors. The applicability and acceptability of
medical cannabis is expanding, as seen by the growing
number of countries that allow its use for specific
therapeutic indications (Shelef et al. 2011, Troutt and

Didonato 2015, Balneaves and Alraja 2019). The num-
ber of active phytocannabinoids under investigation
continues to increase and their effects on a variety of
diseases such as chronic pain (Lynch and Campbell
2011, Portenoy etal. 2012, Wilsey et al. 2013), nausea
and vomiting (Lane et al. 1991, Duran et al. 2010),
spasticity (Pooyania et al. 2010, Corey-Bloom et al.
2012), depression (Wade et al. 2004, Selvarajah et
al. 2010, Portenoy et al. 2012), glaucoma (Jarvinen
et al. 2002), inflammatory bowel disease (Ravikoff
Allegretti et al. 2013), psychosis, motor and non-
motor symptoms of Parkinson disease (Lotan et al.
2014), anxiety and sleep disorder (Russo et al. 2007,
Bonn-Miller et al. 2014, Babson et al. 2017) are be-
ing studied (Doyle and Spence 1995, Jarvinen et al.
2002, Lynch and Campbell 2011, Grotenhermen and
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Muller-Vahl 2012, Ravikoff Allegretti et al. 2013, Lotan
et al. 2014). Nearly 150 different phytocannabinoid
compounds are currently known (Hanus et al. 2016).

TAXONOMY
History

The genetic plasticity of cannabis makes it difficult
to catalog, and there is still a debate about its proper
botanical classification. Linnaeus (1753) described
Cannabis sativa as a single species. Based on com-
parative analyses of the psychoactive effects, leaf size,
shape and structure of Indian and European varieties,
Jean-Baptiste Lamarck (1786) classified the Indian
cultivars as a separate species, Cannabis indica.
At the beginning of the 20'" century, the Russian
botanist Janischevsky (1924) found that the local
Russian plants possessed different characteristics
from both C. sativa and C. indica yet still belonged
to the cannabis taxon. These small, wild-growing,
auto-flowering plants have been classified as a sepa-
rate species named Cannabis ruderalis (Figure 1).

Current nomenclature

Small and Cronquist (1976) utilised a biphasic
approach combining morphological and chemical
characteristics to divide the Cannabis genus into
the following four groups:

S
S "Ly Cannabis sativa

C. indica

C. ruderalis

Figure 1. Species of cannabis (Hartsel et al. 2016)
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1. Cannabis sativa L. subsp. sativa var. sativa,

2. Cannabis sativa L. subsp. sativa var. spontanea
Vavilov,

3. Cannabis sativa L. subsp. indica Small & Cronquist
var. indica (Lam) Wehmer,

4. Cannabis sativa L. subsp. indica Small & Cronquist
var. kafiristanica (Vavilov) Small & Cronquist
(Figure 2).

Hillig (2005) concluded from his genomic study of
the classification of C. sativa that none of the previous
taxonomic concepts sufficiently defined the sativa
and indica genes. He analysed different genotypes
from various geographical origins and was therefore
inclined to a multi-species classification including
C. sativa, C. indica and C. ruderalis. Small (2015) has
recently proposed two possible cannabis taxonomic
classifications. The first is consistent with an earlier
division (Small and Cronquist 1976) and is in accord-
ance with the International Code of Nomenclature
for Algae, Fungi, and Plants (McNeill et al. 2012).
The second, for domesticated cannabis, follows the
guidelines of the International Code of Nomenclature
for Cultivated Plants (Brickell et al. 2009):

Non-narcotic plants, domesticated for stem fib-
er and/or oilseeds in West Asia and Europe. Low
A°-tetrahydrocannabinol (THC) content and high
cannabidiol (CBD) content (Hillig and Mahlberg
(2004) Cannabis sativa "hemp biotype").

Non-narcotic plants, domesticated for stem fiber
and/or oilseeds in East Asia, mainly China. From
low to moderate THC content and high CBD con-
tent (Hillig and Mahlberg (2004) Cannabis indica
"hemp biotype").

Psychoactive plants, domesticated in Southern and
Central Asia. High THC content and low or absent
CBD content (Hillig and Mahlberg (2004) Cannabis
indica "narrow-leaflet drug (NLD) biotype").

Psychoactive plants, domesticated in Southern
Asia (Afghanistan and neighboring countries). From
moderate to high THC and CBD content (Hillig and
Mahlberg (2004) Cannabis indica "wide-leaflet drug
(WLD) biotype").

In addition, two hybrid classes have also been
generated:

5. Non-narcotic plants, hybrid cultivars between two
fiber (hemp) groups (1 and 2).

6. Psychoactive plants, hybrid cultivars between two
narcotic groups (3 and 4).

Hillig and Mahlberg (2004) analysed the content of
cannabinoids in various cannabis plants and based
on geographical origins, morphological features and
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WEAKLY INTOXICANT

A

subsp. sativa

fiber and oil cultivars

DOMESTICATED
(cultivated or

spontaneous)

var. sativa I var. spontaneda
Less than 0.3% THC "WILD"
(sometimes up to 1%) : (naturalised,
More than 0.3% THC weedy-or
indigenous)

(usually over 1%)

subsp. indica

" ] 3
narcotic" cultivars

var. indica

var. kafiristanica

STRONGLY INTOXICANT

Figure 2. Cannabis chemotypes (Small and Cronquist 1976). THC — A°-tetrahydrocannabinol

the supposed purpose of cultivation assigned them
to the intraspecific taxa (biotypes):

Cannabis sativa "hemp biotype" — 62 plants were
analysed, ranges of the dry-weight percentages of
THC were measured 0.1-11.5% and CBD were meas-
ured 0.0-13.6%.

Cannabis indica "hemp biotype" — 45 plants were
analysed, ranges of the dry-weight percentages of
THC were measured 0.1-9.3% and CBD were meas-
ured 0.0-8.5%.

Cannabis indica "narrow-leaflet drug (NLD) bio-
type" — 68 plants were analysed, ranges of the dry-
weight percentages of THC were measured 1.4-12.4%
and CBD were measured 0.0-0.1%.

Cannabis indica "wide-leaflet drug (WLD) biotype" -
40 plants were analysed, ranges of the dry-weight
percentages of THC were measured 0.1-14.7% and
CBD were measured 0.0-11.0%.

All cannabis species successfully cross and pro-
duce fertile hybrids (Beutler and Marderosian 1978).
Indica and sativa plants have also been found to dif-
fer in terpene and cannabinoid profiles. Thus, these
chemotaxonomic markers are a promising tool for
screening hybrids (Hillig 2004, Hillig and Mahlberg
2004, Fischedick et al. 2010, Elzinga et al. 2015).
Zhang et al. (2018) are recommending that Cannabis
should be recognised as a monotypic species typified
by Cannabis sativa L., containing three subspecies:
subsp. sativa, subsp. indica, and subsp. ruderalis.

This proposal is based on their study focused on
DNA sequence variations of cannabis plants. Also,
McPartland (2018) in his work mentions that DNA
barcode analysis supports the separation cannabis at
a subspecies level and recognising the nomenclature
of C. sativa subsp. sativa and C. sativa subsp. indica.

BIOSYNTHESIS OF CANNABINOIDS

History

Actual cannabinoid research is based on a number
of major discoveries made by Professor Raphael
Mechoulam and Professor Yechiel Gaoni. In the
1960’s they identified the psychoactive compo-
nent in Cannabis sativa, Ag—tetrahydrocannabinol,
determined and described its chemical structure
(Gaoni and Mechoulam 1964, Mechoulam and Gaoni
1967) and synthesised it (Mechoulam et al. 1967).
Endogenous cannabinoid receptor ligands, called
endocannabinoids, were identified in mammalian
tissues in the 1990s. The best-known examples are
anandamide (Devane et al. 1992) and 2-arachidonoyl-
glycerol (Mechoulam et al. 1995). Endocannabinoids
are derived from arachidonic acid, and membrane
lipids serve as a potential source of this fatty acid
(Giuffrida et al. 2001). For this reason, cannabinoids
from cannabis are often referred to as phytocannabi-
noids to differentiate them from endocannabinoids.
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Biosynthesis of phytocannabinoids

Phytocannabinoids can be divided into two
groups, neutral cannabinoids and cannabinoid acids.
Diversification is based on how many carboxyl groups the
molecule has, but non-enzymatic decarboxylation can
occur during storage and especially at elevated temper-
atures when cannabis is smoked (Kimura and Okamoto
1970, Shoyama et al. 1970). Phytocannabinoids, pre-
nylated polyketides of mixed biosynthetic origin,
are synthesised from fatty acid precursors and iso-
prenoids. All phytocannabinoid structures contain
amonoterpenic unit attached to the phenolic ring hav-
ing the C3 alkylated carbon (Dewick 2002). The alkyl
side chain can vary in length from one to five carbons
(Figure 3) and n-pentyl is the most abundant (Elsohly
and Slade 2005). Phytocannabinoids containing an
n-propyl side chain are referred to as cannabivarins.
Tetrahydrocannabivarin (THCV), the THC analogue
with an n-propyl side chain, often occurs in C. indica
(Hillig and Mahlberg 2004).

The starting materials for aromatic ring synthesis,
including the alkyl on the third carbon (Hanus et al.
2016), are three molecules of malonyl-CoA and one
molecule of hexanoyl-CoA derived from hexanoic
(caproic) acid (Dewick 2002). The hexanoyl-CoA
acts as a primer for the type III polyketide synthase
enzyme, also known as tetraketide synthase (TKS),
which also requires the olivetolic acid cyclase en-
zyme (OAC) catalysing a C2—-C7 intramolecular
aldol condensation with carboxyl group retention
to produce olivetolic acid (Taura et al. 2009, Gagne
et al. 2012). These transformations can give rise to
by-products such as 4-hydroxy-6-pentylpyran-2-one
(PDAL), 4-hydroxy-6-(2-oxoheptyl)pyran-2-one
(HTAL) and olivetol. Cannabigerolic acid (CBGA) is
further derived from olivetolic acid after alkylation
with a monoterpene unit, geranylpyrophosphate, with
the participation of geranylpyrophosphate:olivetolate
geranyltransferase (GOT) (Figure 4) (Fellermeier and
Zenk 1998). Also, the (Z)-isomer of cannabigerolic
acid, cannabinerolic acid (CBNRA), is synthesised to
a small extent when neryl pyrophosphate is used by

OH O
1

5~ “OH

ffo 3 R

4

Figure 3. Structure of cannabinoids
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the GOT enzyme instead of geranyl pyrophosphate
(Taura et al. 1995a). There are three acids that can
be formed from CBGA and CBNRA.

Tetrahydrocannabinolic acid (THCA) is produced
during the formation of the heterocyclic ring by the
THCA synthase enzyme, which can convert CBGA
or CBNRA to THCA (Figure 5) (Taura et al. 1995b).
However, the low THCA synthase specificity for
CBNRA compared to CBGA suggested that THCA
was predominantly synthesised from CBGA. The
course of this reaction is similar to that of other
reactions catalysed by monoterpenic cyclases. Most
of the cyclases require divalent ions such as Mg>*
or Mn?* for their activity, but this is not the case
with THCA synthase (Taura 2009). The presence of
a carboxyl group in the substrate molecule is essential
for the reaction because THCA synthase does not
recognize neutral phytocannabinoids such as can-
nabigerol (CBG) as substrates (Taura et al. 2007a).

The structure of cannabidiolic acid (CBDA) is
the result of a pericyclic reaction involving loss of
a proton (Figure 6) (Dewick 2002). The modification
is catalysed by the intramolecular oxidoreductase,
CBDA synthase, which selectively favours the forma-
tion of CBDA from CBGA over its (Z)-isomer, CBNRA
(Taura et al. 1996). The effects of various metal ions
(Mg?*, Mn?*, Zn?*, Ca?*, Co** and Cu®*) on its activity
were investigated, but they did not alter the rate of
catalysis. In contrast, the Hg?* ion completely inhib-
ited enzyme activity at a concentration of 2 mmol,
and the chelating agent, ethylenediaminetetraacetic
acid (EDTA), at concentrations up to 5 mmol showed
alow positive effect on enzyme activity. Thus, CBDA
synthase does not appear to require metal ions for
CBGA oxidocyclization (Taura et al. 1996). CBDA
synthase and THCA synthase catalyse the formation
of single optical isomers at a purity of greater than
95% (Taura et al. 2007b).

Cannabichromenic acid (CBCA) is derived from
CBGA by oxidation and cyclisation by cannabichromen-
ic acid synthase (CBCA synthase) (Figure 7). CBCA is
synthesised as a 5:1 enantiomeric mixture, probably
because of the partial release of intermediates from
the CBCA synthase active site prior to completion of
the reaction (Morimoto et al. 1997). Tests of the metal
ions, Mg?*, Zn2*, Ca* and Cu?*, showed that none
of them stimulated enzyme activity. Hg?*, however,
completely inhibited the reaction at a concentration
of 1 mmol. EDTA slightly increased enzyme activity
suggesting that the CBCA synthase reaction does not
require metal ions (Morimoto et al. 1998).
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cannabigerolic acid

Figure 6. Cannabidiolic acid (CBDA) synthesis

Croteau (1987) discovered that all terpene cyclases
require bivalent cations for their function because
these metal ions are able to neutralise the negative
charge on the diphosphate groups on the terpene
molecules and ionise the allyl diphosphate substrate.
Since CBGA does not contain a diphosphate group it
is to be expected that CBCA synthase, CBDA synthase
and THCA synthase have no requirement for bivalent
cations. The most of the cannabinoids present in
C. sativa can be categorised as A’-tetrahydrocannabinol
(A°-THC), CBD, CBC, CBG, cannabinol (CBN), can-
nabicyclol (CBL), cannabielsoin (CBE) and cannabi-
triol (CBT) (Turner et al. 1980, Razdan 1986, Ross
and Elsohly 1995). A°>THCA, CBDA and CBCA are
also sometimes called primary phytocannabinoids
because other phytocannabinoids are generated from
these three precursors predominantly by nonenzy-
matic degradative pathways.

Primary phytocannabinoids can either be decarboxy-
lated to their neutral form (Figure 8) or converted to
CBE, CBN, CBT, A3-tetrahydrocannabinol (A3-THC) or
CBL via exposure to light, heat and oxygen (Figure 9).
CBD can undergo photooxidation or pyrolysis to form
CBE. A’-THC is converted to the thermodynamically
more stable A>-THC when exposed to heat, or it may
be degraded to CBT or CBN in the presence of oxygen
(Elsohly and Slade 2005). The presence of CBT and CBN
together with high levels of decarboxylated phytocan-
nabinoids, are the chemical indicators of lengthy stor-
age under poor conditions (Shoyama et al. 1970). The
degradation rate of primary phytocannabinoids to these

CBCA synthase

HO

cannabidiolic acid

secondary phytocannabinoids increases with higher
temperature, higher initial concentrations of primary
phytocannabinoids, and with an increase in the inflores-
cence surface, and thus greater surface exposure to air
(Milay et al. 2020). CBC in the presence of light converts
to CBL-type phytocannabinoids (Elsohly and Slade
2005). Cannabivarins are generated by the same biosyn-
thetic pathways from cannabigerovarinic acid (CBGVA),
a homologous CBGA precursor (Shoyama et al. 1984).
The cannabinoid profile in Cannabis undergoes rapid
changes in the early stages of growth (Potter 2014). CBDA
and THCA synthases have very similar catalytic rates
(k_,, = 0.19/s and 0.20/s) and affinity (K, = 134 pmol
and 137 pmol) for cannabigerolic acid (Taura et al.
1995b, 1996). The CBCA synthase, however, shows
a lower Michaelis constant (K, = 23 pmol) as well
as a higher catalytic rate (k_,, = 0.04/s). In the early
stages of cultivation, where CBGA is still present at
low concentrations, CBCA synthesis predominates
(Morimoto et al. 1998). However, as the CBGA con-
centration increases over time, the efficacy of THCA
and CBDA biosynthesis increases, and these molecules
soon outweigh the CBCA concentration. At later stages
of growth, CBGA synthesis slows and its relative pro-
portion in the phytocannabinoid profile is gradually
reduced (Potter 2014).

CULTIVATION

In European countries, most cannabis is grown for in-
dustrial purposes (Zuk-Golaszewska and Golaszewski

cannabigerolic acid

Figure 7. Cannabichromenic acid (CBCA) synthesis

430
38

cannabichromenic acid



Plant, Soil and Environment, 67, 2021 (8): 425—-442

Review

https://doi.org/10.17221/96/2021-PSE

heat

decarboxylation

heat

decarboxylation

heat

cannabidiol

OH

cannabichromenic acid

Figure 8. Decarboxylation of primary phytocannabinoids

2018) such as hemp fibers (Pickering et al. 2007), seeds
as a source of oil (Molleken and Theimer 1997, Kriese
et al. 2004) and protein (Patel et al. 1994). For this
reason, the procedures for hemp cultivation are well
known, while the growth factors affecting cannabis
cultivation for medical purposes are poorly understood
(Zuk-Golaszewska and Golaszewski 2018).

Indoor or outdoor medical cannabis cultivation?

The conditions under which cannabis plants are
grown for drug production is subject to more stringent
protocols relating to the content and type of the active
phytocannabinoids. Among the factors influencing the
composition and yield of phytocannabinoids are the
genotype of the plant, the growing conditions, maturity
at harvest time, storage and handling (Potter 2014).

It is much more efficient to grow medical canna-
bis plants in a greenhouse where light, temperature
and humidity can be controlled. Until recently, this
method of cultivation was used mainly by illegal
cannabis growers (Drugs 2009). Outdoor cultivation
is less expensive, but the variability of the environ-
ment makes it almost impossible to obtain a high-

decarboxylation

cannabichromene

potency, homogeneous product. Cannabis that is
grown outdoors is also at greater risk from pests and
plant diseases (Potter 2014). Cannabis entrepreneurs
now use sophisticated indoor cultivation methods
with automated control of lighting and photoperiod,
temperature, ventilation and irrigation, and complex
systems for providing nutrients. However, much of
the information on indoor cannabis production is
still obtained from anecdotal sources (Vanhove et al.
2011). Current data on the influence of photoperiod
and even light spectrum allow indoor growers to
regulate such aspects as leaf and shoot growth and
time of vegetation cycle and thus achieve several
growth cycles per year (Farag and Kayser 2015).
Three to six harvests per year (six harvests per year
is the maximum, and in this case, you have to skip
the vegetative phase) can be attained by applying
modern controlled growing practices (Leggett 2006).

Hydroponics versus soil

Indoor cannabis cultivation can be accomplished
in several ways, but primarily either in soil or in
soilless culture using hydroponic media. Hydroponic
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Figure 9. Biosynthesis of phytocannabinoids 2/2. CBGA — cannabigerolic acid; CBGVA - cannabigerovarinic
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cultivation has become increasingly popular among  conut fibers, perlite or expanded clay are used while
growers. A soilless media such as mineral wool, co- nutrients provided by solutions are applied directly
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to the roots (Vanhove et al. 2011). The conventional
type of cultivation is in soil with fertilisers applied
through irrigation or by mixing with the soil sub-
strates. Potter (2014) found that there was no increase
in phytocannabinoid potency or in biomass under
hydroponic conditions compared to standard soil
cultivation, and the hydroponic system was more
complicated and difficult to operate and maintain.

Vegetation cycle of cannabis

Cannabis is a short-day plant, naturally blooming
in autumn, and the induction of flowering is regu-
lated by specialised photoreceptor proteins called
phytochromes. Therefore, the effect of photoperiod
must be taken into an account in indoor cultivation
(Halliday and Fankhauser 2003). The vegetative phase
lasts from 2—4 weeks after rooting the clones or germi-
nating the seeds (De Backer et al. 2012). The relative
humidity in this phase should be from 70% to 80%
with a temperature from 21 °C to 28 °C (Chandra et
al. 2008). The generative phase is induced by shorten-
ing the photoperiod to 12 h light and 12 h dark. The
first flowers should appear about one week after the
reduction of the light period. The development of stems
and leaves gradually slows down and stops after three
weeks of this photoperiod, while the flowers continue to
develop over the next 8 weeks (De Backer et al. 2012).
The monitoring of 200 high THC cannabis varieties
showed that the average flowering time with 12 h light
period was 57 days, and 88% of the plants flowered
between 7 and 9 weeks (Carpentier et al. 2012). The
recommended temperatures are similar to the previous
phase from 21 °C to 28 °C. However, humidity should
be lowered to 40% over the generative phase to reduce
the risk of fungal diseases (Vanhove et al. 2011, 2012).

Effect of CO2 concentration

In order to prevent mold, a dry environment and
constant air circulation should be ensured in indoor
cannabis growing rooms, either from outdoor ventila-
tion with filters or by indoor fans. It is also recom-
mended to increase the concentration of CO, during
the light phase of the day (cycle) to improve photosyn-
thesis, plant growth and thus increase biomass yield
(Kimball 1983, Wheeler et al. 1996, Chandra et al.
2008, 2011). Elevated CO, concentration can improve
the assimilation of carbon, thereby accelerate plant
growth and potentially improve productivity (Kimball
1983). There is a close correlation between plant yield

and photosynthesis rate because more than 90% of
plant dry matter is derived from photosynthetic CO,
assimilation (Zelitch 1975). However, the improved
level of plant photosynthesis and growth appear to
be species- and variety-specific (Minorsky 2002).

Wang et al. (2008) investigated the effects of stand-
ard (370 ppm) and high (700 ppm) CO, concentra-
tions on photosynthesis tolerance to acute heat stress
(daily growth temperature was increased by 15 °C
every day for 4 h) in cool-season and warm-season
of C3 plants. High CO, concentration increased the
cool-season and warm-season C3 plants tolerance
of photosynthesis to acute heat stress. Hamilton et
al. (2008) further elaborated the previous idea and
concluded that the effects of growth temperature
on photosynthetic thermotolerance between C3 and
C4 plants are different and affected by the state of
acclimatisation of the plants. A high concentration
of CO, (700 ppm) increases the thermotolerance
of C3 plants photosynthesis, except for C3 plants
grown at the supra-optimal (5 °C above optimal)
growth temperature, then increased CO, may pro-
vide no advantage or even reduce photosynthesis.
On the other hand, increased CO, often reduces the
photosynthetic thermotolerance of C4 plants at both
optimal and supra-optimal growth temperatures.

Chandra et al. (2011) performed experiments di-
rectly on cannabis and showed that increasing CO,
concentration from 390 ppm to 700 ppm increased
the rate of photosynthesis in different varieties of
Cannabis sativa by 38—48% and improved efficiency
of water uptake.

Artificial light

To achieve optimal biomass and phytocannabinoid
production, artificial lighting must meet certain pa-
rameters. These include light intensity in lumens per
m? (lux units) and radiation intensity in watts per m?
and the wavelength. Wavelength is particularly im-
portant because plants require different wavelengths
of light during the growth. In the vegetative (roots
and shoots) phase, the light should be 420-460 nm
which corresponds to blue light, which promotes
phototropism and growth hormone production in
the plants. In the flowering phase, a red spectrum
(600-680 nm) that is well absorbed by chlorophyll
is best (Mahlberg and Hemphill 1983). For indoor
cannabis cultivation, fluorescent T-5 lighting, metal-
halide lamps (MH), high-pressure sodium lamps
(HPS) for the growth and light-emitting diodes (LED),
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high-pressure sodium lamps (HPS) for the generative
phase are most commonly used (Sweet 2016). These
lamps differ in the composition of the inside gases,
and they produce the light of different wavelengths.

The optimal intensity of illumination. The ex-
periments of Potter and Duncombe (2012) showed
positive relationship between the intensity of illu-
mination and amount of biomass harvested. They
determined three zones with elevated illumination
energy 270, 400 and 600 W/m?2. Five plants of each
variety were placed in each of the three zones at
a density of 10 plants/m?. In the growth rooms, daily
average temperatures were maintained at 25 + 2 °C.
A constant supply of fresh air kept CO, concentration
in the environment between 350 ppm and 390 ppm.
Irradiance levels at the surface of the plant canopy
were measured using a hand-held light meter deter-
mined the photosynthetically active radiation 80, 120
and 180 W/m?according to variants. Within plants
growth, the lamps were kept at a constant distance
from the cannabis canopy. The greatest harvest was
achieved at 600 W/m? of the illumination intensity.
Furthermore, the THC contents in the leaves and
inflorescences of the mentioned variants were meas-
ured, but no significant increase in the concentra-
tion of THC was recorded with an increase of light
intensity. Toonen et al. (2006) also reported that
plants grown under 600 W lamps achieved higher
yields than plants grown under 400 W lamps.

Decreasing tendency of plants to convert light
energy into biomass with increasing levels of ra-
diation is probably due to the fact, that plants have
a limited ability to use light for photosynthesis. Under
low light conditions, plants normally show an initial
linear increase in the rate of photosynthesis and thus
a tendency to convert light energy into biomass in
response to increasing irradiation. However, un-
der brighter conditions, the growth rate slows as
chloroplasts become more and more saturated with
light (Evans et al. 1993, Ogren and Evans 1993).
This has also been proven on cannabis. The rate
of increase in photosynthetic activity went down
rapidly when irradiation levels rose above 100 W/m?
of photosynthetically active radiation. Since 300 W/m?
of photosynthetically active radiation, almost no in-
crease in photosynthetic activity has been observed
(Lydon et al. 1987).

HPS lamps versus LED. Magagnini et al. (2018)
concluded that HPS-lit plants were higher and had
a larger amount of dry matter than LED-lit plants.
Conversely, plants under LED fixtures contained
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higher levels of CBD and THC than under the HPS.
Namdar et al. (2019) also found out significant increase
in concentration of CBGA in the inflorescences that
flowered under LED illumination, with CBGA:THCA
ratio of 1:2 as opposed to 1:16 when grown under
HPS. Because of the high level of illumination, it was
necessary to install a ventilation fan for cooling to the
optimum temperature for photosynthesis of 25 °C to
30 °C (Bazzaz et al. 1975). A more efficient alterna-
tive is to use banks of LEDs that produce relatively
little heat (Bessho and Shimizu 2012). LEDs do not
consume much energy, do not require ballasts, and
produce only a small amount of heat compared to
high intensity discharge lamps. LEDs are compact,
have long lives, very good wavelength specificity,
relatively cool radiating surfaces, and linear photon
output with electrical input current (Massa et al. 2008).

NUTRITION

In the area of plant nutrition for medical cannabis
production, there is currently a lack of experimental
data in the literature (Caplan et al. 2017a). It is known
that the content of cannabinoids in leaves gradually
decreases from top to bottom of the hemp plant
(Hemphill et al. 1980) and from the literature about
hemp cultivation can be deduced that nutrient appli-
cation can affect the final cannabinoid content of the
plants as well as their total yield. This suggests that
nutrition could play a similar role for medical can-
nabis grown under controlled conditions. However,
cannabis for hemp production has been selectively
bred to produce fiber and is therefore likely to have
slightly different nutrient needs than cannabis grown
for medicinal purposes. The hemp crop is also grown
in the field and not indoors (Hillig and Mahlberg
2004, Van Bakel et al. 2011, Amaducci et al. 2015).

Acceptable forms of individual essential nutrients
are divided by Barker and Pilbeam (2015) into two
groups according to plant needs, namely macronu-
trients: nitrogen (NO, NH;), phosphorus (H,PO,,
HPO:‘), potassium (K*), calcium (Ca?*), sulfur
(SO:’), magnesium (Mg?*), and micronutrients: iron
(Fe%*, Fe3*), chlorine (Cl~), manganese (Mn?*), zinc
(Zn?*), copper (Cu*, Cu®*), boron (H,BO,, H,BO;),
molybdenum (MoO:_) and nickel (Ni2*).

Macronutrients

Nitrogen, phosphorus and potassium (NPK). It is as-
sumed that the nitrogen content in the vegetative parts of
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the hemp plant positively correlates with the THC content
(Haney and Kutscheid 1973). Thus, older leaves contain less
THC than younger leaves because they contain less nitro-
gen. In contrast, high nitrogen levels in applied nitrogen fer-
tilisers reduce the THC content of the hemp leaves (Bécsa
etal. 1997). For example, good hemp production requires
optimum soil nitrogen levels in the range of 50-200 kg/ha
(Vera et al. 2004, Aubin et al. 2015), but these recommenda-
tions are not applicable for hydroponic or soil cultivation
where studies on indoor cannabis cultivation indicated
nitrogen fertilisation should be provided in the range of
190-400 mg N/L. This value has also been reported for
nitrogen supplementation of organic, greenhouse-grown
tomatoes (Zhai et al. 2009, Surrage et al. 2010).

Hemp growth and an increase in THC content were
positively correlated with soil P content (Coffman
and Gentner 1977). A negative relationship has been
reported for CBD content in leaf tissue relative to
available P. Hemp grown on soils depleted of P showed
an increased CBD content (Coffman and Gentner
1975). Conversely, phosphorus enhancement did not
show any positive effect on THC, CBD, CBN or CBG
concentrations in buds from the top of the medical
cannabis plants (Bernstein et al. 2019b).

Saloner et al. (2019) investigated response of medical
cannabis to different potassium supply in vegetative
growing phase. The results show that the response to
nutrition is highly dependent on the genotype. Plants
in this study were exposed to five different levels of
K supply (15-240 ppm). Generally, both cultivars
showed increased K concentration in all plant parts
with increased K supply. Insufficient K dose for opti-
mal growth and function was the lowest tested supply
15 ppm of K. Also, the highest dose proved excessive
and damaging effect to development for one of the two
tested genotypes. Similarities proven at both genotypes
were in trends of accumulation and uptake. Results
demonstrated competition between K and Ca with
Mg uptake and no effect on P and N uptake except
in the K deficiency range. Potassium supply showed
only little effect on micronutrient accumulation in
the plant shoot which was similar for both cultivars.

In contrast, no significant effect on hemp biomass
and THC was observed in relation to different doses
of N and K (Coffman and Gentner 1977). According
to Hanus$ and Dostédlova (1994), various combinations
of selected macroelements (N, P, K) in hemp culture
can significantly affect the type of phytocannabinoids
present and their individual contents. One of a few
available sources of scientific literature dealing directly
with this issue is the article by Caplan et al. (2017a,

b), who reported a concentration of 389 mg N/L as
optimal during the growth phase for maximum yield.
The ratio of the basic macroelements (N, P, and K)
in the vegetative period was 4:1.3:1.7. After making
the calculations for P and K, we obtained values of
126 mg P/L and 165 mg K/L. In the generative phase,
212-261 mg N/L was the optimal amount. A nitrogen
concentration of 283 mg N/L gave the maximum yield
of inflorescence and biomass, but the concentrations
of phytocannabinoids in the dried product was lower.
The ratio of N, P, and K in the generative period was
set at 2:0.87:3.32. Therefore, an initial concentration of
283 mg N/L, would require 123 mg P/L and 470 mg
K/L. The plants tested were propagated from 17 day-old
cuttings, which were fertilised with a solution of the
indicated concentration for the following 21 days of
vegetative growth. Another study has proved sensitivity
of phytocannabinoids metabolism to mineral nutrition.
The results presented by Bernstein et al. (2019b) show
that increased treatment of inorganic NPK increased
levels of CBG in flowers by 71% and decreased levels of
CBN in flowers by 38% compared to a control treatment.
Plants in the control variant were cultivated in potting
mixture with fertigation. Concentration of dissolved
nutrients in the control variant was as follows: 65 ppm
N (1:2 ratio of NH,;/NO;), 17 ppm P (40 ppm P,O,),
90 ppm K (108 ppm K,O). Micronutrients were sup-
plied chelated with EDTA at concentration of 0.4 ppm
Fe, 0.2 ppm Mn, and 0.06 ppm Zn.

The rest of macronutrients. The magnesium cation
content in soils is relatively mobile and its concentra-
tion in plants, especially in leaves, is high because it is
a component of chlorophyll. The negative correlation
between this metal and copper results from the fact
that the radii of their ions are similar and both ions
can compete for the same binding sites. The content
of A°-THC and CBD in hemp leaves decreases with
increasing Mg concentration in the soil. The A°>-THC
content in leaves is positively correlated with the
ratio of accessible Ca/Mg in soil. CBD is negatively
correlated with available Ca/Zn and Mg/Cu ratios.
Positive correlations of magnesium with AS-THC
have been reported with the hypothesis that this
nutrient may be cofactor in the enzyme responsible
for its production (Coffman and Gentner 1975, Pate
1994, Radosavljevic-Stevanovic et al. 2014).

Micronutrients

Similar results have been seen for micronutrient
requirements. Positive correlations of iron with
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A3-THC have been reported with the hypothesis that
this nutrient may be cofactor in the enzyme respon-
sible for its production (Pate 1994, Radosavljevic-
Stevanovic et al. 2014). CBD content in hemp plants
is decreasing with increasing iron concentration
(Radosavljevic-Stevanovic et al. 2014). The negative
correlation of iron (Fe) and chromium (Cr) with CBD
can be explained because the catalase responsible for
the decomposition of hydrogen peroxide from the
CBDA synthase reaction is a member of the class that
contains four heme iron groups. Hydrogen peroxide
is strongly sterically hindered upon entry into the
heme cavity where the first step of catalysis takes
place. Transferring a proton from an oxygen atom to
a hydrogen peroxide molecule, and then to a second
oxygen atom extends and polarises the O-O bond,
which eventually decays heterolytically. The first
oxygen atom of the hydrogen peroxide molecule is
coordinated with a heme center, which releases water
and creates an O=Fe"V)-enzym*) heme radical. The
radical then quickly breaks down by electron transfer,
removing the radical electron from the porphyrin
ring, which remains unchanged. During the second
step, in a similar two-electron transmission reaction,
the O=FeV)-enzym(*) reacts with a second molecule
of hydrogen peroxide to form the parent molecule
Fel — enzym, water, and molecular oxygen (Boon
et al. 2007, Vlasits et al. 2010).
Proposed reaction mechanism:

H,0, + Fe-enzyme < H,0 + O=Fe!'V)-enzyme*)
H,0, + O=Fe)-enzyme) « H,O + Fe)-enzyme + O,

Fe-enzyme represents the center of heme iron at-
tached to the rest of the enzyme.

The transition state, O=Fe(!V)-enzyme(*) is energeti-
cally unstable, so these reactions are disadvantageous
(Boon et al. 2007, Vlasits et al. 2010). Although chro-
mium is not important for plant growth, its negative
correlation with CBD is explained by the fact that Fe
and Cr occur together in nature as a complex oxide
(Radosavljevic-Stevanovic et al. 2014).

The concentration of CBN and A°-THC in hemp
plants can be influenced by the amount of manga-
nese (Radosavljevic-Stevanovic et al. 2014). A posi-
tive correlation of manganese with CBN has been
reported (Pate 1994, Radosavljevic-Stevanovic et al.
2014). THCA synthase, which catalyses the oxida-
tive cyclisation of CBGA to THCA, contains a flavin
adenine dinucleotide (FAD) prosthetic group that
is reduced to FADH,. Molecular oxygen is required
to re-oxidise the FADH, to FAD, with the forma-
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tion of hydrogen peroxide in a 1:1 molar ratio to
the resulting THCA as a by-product of the reaction
(Flores-Sanchez and Verpoorte 2008, Shoyama et
al. 2012). CBDA synthase also contains FAD that
is reduced to FADH, with release of H,O,, but the
reaction differs from THCA synthase in the proton
transfer step (Figure 10) (Taura et al. 2007a). It is
estimated that about 1% of oxygen in plants is used
to form reactive oxygen species in different subcel-
lular locations with hydrogen peroxide being the
most abundant. Hydrogen peroxide causes oxidative
damage to cells that can lead to apoptosis (Quan et
al. 2008), and plants have evolved efficient ways of
eliminating toxic levels of H,O,. Catalase is a per-
oxidase enzyme found in all oxygen-using organisms
that rapidly converts H,O, to water and oxygen.
There are three types of catalase and the non-heme
form utilises manganese (Mn3*) in its catalytic center
that is reduced to Mn?* during the decomposition
of H,O, to water and oxygen. Mn?* can then react
with more peroxide and be converted back to Mn3*
according to the following equations:

2Mn3* + H,0, < 2Mn2* + O, + 2H*
2Mn?* + H,0, + 2H* <> 2H,0 + 2Mn3*,

Both reactions are energetically advantageous
(AG < 0). The correlation between manganese and
CBN is also positive since CBN is the primary THC
degradation product (Wu et al. 2004).

Bernstein et al. (2019a) describes translocation
of individual macro and microelements in relation
to individual plant parts’ age. The work also de-
scribes, inter alia, the distribution of cannabinoids
in the plant. The research shows that the concen-
tration of cannabinoids increases with the height
of the plant and the highest concentration can be
found in flowers and inflorescence leaves. The
concentration found in fan leaves is about 1/10 the
concentration found in flowers. The distribution
of mineral nutrients between plant organs shows
a typical uptake and translocation in the plant.
Lower concentrations of N, P, K, and higher Ca
in fan leaves compared to inflorescence supports
physiological findings that the fan leaves are older
than the inflorescence leaves.

pH value

Suggested optimal pH range of nutrient solution is
between 5.5-6.5. pH is important because it affects
the availability and absorption of nutrients needed
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Figure 10. Reaction mechanism of tetrahydrocannabinolic acid (THCA) synthase and cannabidiolic acid (CBDA)
synthase. CBGA - cannabigerolic acid; FAD - flavin adenine dinucleotide

for plant growth. In hydroponic culture, the recom-
mended pH range is 5.5-6.0 and the maximum absorp-
tion of nutrients is usually at pH 5.8 (Velazquez et al.
2013). In growing substrate, a pH range of 5.8-7.2
is recommended and the maximum absorption of
essential nutrients is typically at pH 6.5. When the
pH falls below this range, many macronutrients are

less available and macronutrient deficiencies can be
developed. When pH values rise above this range,
many micronutrients will not be available for the plant
uptake causing micronutrient deficiencies (Caplan
et al. 2017a). These authors also mention the need
for further research to confirm the optimal range of
pH for multiple cannabis varieties.
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Plant biostimulants

A plant biostimulant is any substance, micro-or-
ganism strain or mixture of both applied to plants
to increase tolerance to abiotic stress, nutritional
efficiency or crop quality characteristics, regardless
of its nutrient content. Seven main biostimulant
categories were proposed: humic and fulvic acids,
protein hydrolysates, seaweed and botanical extracts,
chitosan and biopolymers, beneficial bacteria, ben-
eficial fungi and beneficial minerals (Du Jardin 2015).

Humic and fulvic acids in cannabis nutrition.
Humic substances are natural components of soil
organic matter. It is a mixture of heterogeneous
compounds originally classified according to their
molecular weights and solubility into humins, humic
acids and fulvic acids (Du Jardin 2015).

Humic acid supplementation had a positive effect on
cannabis in the case of the height of cannabis plants,
the chlorophyll content and the efficiency of photo-
synthesis, especially immediately after the period
of water stress (Da Cunha Leme Filho et al. 2020).

According to the current literature, the effect on
phytocannabinoids is rather negative. Bernstein et
al. (2019b) mentioned that nutritional supplements
such as humic acids significantly reduced spatial vari-
ability of cannabinoids throughout the plant parts.
This increased uniformity came at the expenses of
THC and CBD content which was reduced by 37%
and 39% respectively in the top parts of plants. The
decrease of THC has been associated with an addi-
tional trend of CBN increasing. This was probably
due to the accelerated degradation of cannabinoids
in the plant parts with their high concentration.

Other biostimulants in cannabis nutrition. Conant
et al. (2017) demonstrated that microbial biostimulant
Mammoth P™ promoted cannabis growth during the
blooming phase. Lyu et al. (2019) hypothesised that
future research will show that plant growth-promoting
bacteria can affect the accumulation of phytocan-
nabinoids, increase inflorescence yields, protect
against plant pathogens by producing antimicrobial
compounds and reduce the impact of abiotic stresses.

CONCLUSIONS AND FUTURE PERSPECTIVE

Based on the above information, it can be stated
that quality of medical cannabis biomass, spectrum
and concentration of phytocannabinoids can be in-
fluenced by cultivation conditions as well as nutrition
during cultivation.
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For the cultivation of medical cannabis, due to
safety reasons, unpredictable environmental influ-
ences and required homogenity of harvest, indoor
cultivation is definitely a better option because op-
timal growing conditions can be set and cannabis
can be harvested from three to six times per year.
Of the growing conditions, artificial light, the level
of CO, concentration and the humidity of the sur-
rounding environment influence the harvest quantity
and quality the most. It is very important to choose
the right combination of all mentioned conditions
because they affect each other.

There is currently only a few experimental data
on the medical cannabis nutrition, so most of this
information is based on the hemp cultivation, which
was bred for fiber production rather than inflores-
cence. However, it can be concluded from the cur-
rent literature the concentration and spectrum of
individual macronutrients, micronutrients and plant
biostimulants in plant nutrition has a fundamental
impact on biomass formation, spectrum and amount
of medical cannabis cannabinoids.

In the future, the effects of nutrient ratios and
availability can reasonably be expected to be one of
the main factors influencing the content and type of
cannabinoids in medical cannabis plants, separate
from genotype and microclimate. These issues should
be explored through further experiments, which will
certainly be beneficial because of growing interest
in the phytocannabinoids development in public and
commercial spheres. Future technical research in this
area should focus on possible new indoor medical
cannabis cultivation techniques or the automation of
existing cultivation technologies to facilitate work.
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Abstract: In a two-year vegetation field experiment, the fertilizing effects of by-products from the
agricultural biogas plant—a solid phase of digestate (SPD) and a liquid phase of digestate (LPD)—
were studied and compared with mineral fertilization (NPK) on the biomass yield, content and
nutrient uptake by Cannabis sativa L. plants. Furthermore, the agrochemical properties of the soil
were evaluated at the end of the experiment. In all variants of the experiment, a uniform nitrogen
dose of 150 kg/ha was applied. The dose of other nutrients corresponded to the fertilizer used.
The biggest fertilizing effect, and therefore the greatest hemp biomass yield and nutrient uptake,
was demonstrated when combining SPD and LPD fertilization in one treatment. However, the
differences were statically insignificant (p < 0.05). The applied amount appeared to be sufficient
for the nutrition of hemp plants and was comparable to mineral fertilization. The distribution of
nutrients between leaves and stems varied depending on the nutrient monitored. Analyses after the
end of the experiment did not show different contents of accessible nutrients in the soil on the studied
variants. The content of accessible risk elements in the soil was not affected by the application of the
SPD and the LPD. The experiment showed that cannabis plants are able to achieve equivalent biomass
yields (8.68 t/ha) using the combination of LPD and SPD by-products from a biogas plan compared
to commercial mineral fertilizer (7.43 t/ha). Therefore, we can recommend a split application of LPD
and SPD as a suitable alternative to mineral fertilization. Due to prolonged nutrient release from
SPD, we can expect a smaller negative environmental impact than current fertilization practices.

Keywords: Cannabis sativa L.; fertilization; biogas plants; solid phase of digestate; liquid phase
of digestate

1. Introduction

As a result of ever-increasing greenhouse gas emissions from burning fossil fuels, there
has been a great boom in the development and use of biogas in recent years, especially as a
source of environmentally friendly energy in the production of heat and electricity [1-3].
It is estimated that the consumption of biogas in Europe in the coming years will double,
from 14.5 gigawatts in 2012 to 29.5 gigawatts in 2022 [4]. From the perspective of farmers,
agricultural biogas plants also offer the possibility of stable extra income [5].

Biogas is produced by the anaerobic microbiological degradation of organic com-
pounds, and it usually contains two major components: methane and carbon dioxide; it can
also include other gases such as hydrogen sulfide and nitrogen (N7) [6]. The positive aspect
of anaerobic digestion is the fact that it reduces pathogens, kills viruses, fungi, bacteria of
the genus Listeria, Salmonella and Escherichia coli and inactivates plant seeds [7-11]. The
secondary product of this wet fermentation is digestate [12]. Hemp appears to be a suitable
alternative crop for biogas production due to high biomass yields. It also has low adverse
environmental impacts compared to other crops commonly used in Europe for biogas pro-
duction (corn, sugar and beet) [13-15]. Considering soil ecology and sustainable soil use
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in the Czech Republic, Cannabis sativa L. could work as a plant that alternates commonly
grown plants used for biogas production. The aim is to reach a closed feedstock circle in
which Cannabis sativa L. is grown due to using biogas station outputs as a fertilizer. In
addition, soil conditions are improved by Cannabis sativa L. growth, and the consequently
gained biomass might be used for further biogas production.

1.1. Composition of Digestate

Digestate is a heterogeneous liquid formed as a by-product of biogas production
from organic matter with a significant proportion of undecomposed solid organic fraction
(60-80% in dry matter). The dry matter of digestate is in the range of 7-12% and is
comparable to slurry. It has a similar nitrogen content in fresh matter as manure (0.2-1%)
but a higher pH value ranging from 7-8 [16-18]. The nutrient content in the dry mass (DM)
of digestate is reported by Méller and Miiller as follows: total N: 3.1-14%, P: 0.6-1.7% and
K: 1.9-4.3% [19]. The application of digestate as an organic fertilizer to agricultural land
is already considered as a standard method of its use [20,21]. The use of biogas residue
as a substitute for mineral fertilizers has also been mentioned by other authors. Studies
show that the use of digestate from agricultural biogas plants reduces the environmental
risks that are generally associated with the use of mineral fertilizers and, at the same time,
achieves comparable yield parameters for agricultural crops such as Medicago sativa L. and
Triticum aestivum L. At the same time, the availability of nutrients depends on the input
of raw materials, and it is not possible to say that, in general, we achieve better field crop
yields by using by-products of anaerobic digestion [19,22-24].

The solid phase (SPD) and the liquid phase of digestate (LPD) are formed by the
mechanical separation of the digestate in order to obtain two homogeneous materials.
The composition of the SPD and the content of macronutrients and micronutrients is
influenced by the composition of the input raw materials into the fermentation process and
the retention time of the raw materials in the fermenter [25,26]. Slurry, silage corn, grass
silage, cereals, sorghum and sugar beet pulp are produced as input materials [27]. The
dry matter content in the SPD is in the range of 21-30% [16]. Méller and Miiller present a
content of nitrogen in the range of 2.2-3%, a content of phosphorus of 1.9% and a potassium
content of 3.6% in the dry matter (DM) of the solid part of the digestate [19]. Due to the
chemical composition and physical features, the applied SPD can positively affect biomass
yield and soil structure [28,29].

Kolét et al. [26] refer to the LPD as a dilute solution containing a wide range of
nutrients in a form acceptable to plants. The values given for the liquid part of the digestate
(DM) are 7.7-9.2% for nitrogen, 0.4-0.7% for phosphorus and 3.9% for potassium [19]. The
LPD appears to be a suitable raw material for application to arable land during vegetation,
and its fertilizing and irrigation effects can be used [16,26]. Schievano et al. [30] characterize
the LPD as an organic fertilizer that contains mineral nutrients along with organic matter.
The dry matter of the LPD is in the range of 0.8-4%. Nitrogen is mainly present in mineral
form, which means that it is easily accessible to plants. Its concentration is in the range of
0.15-0.30%, which is comparable to the potassium content. A study presented by Coelho
et al. showed concentrations of plant essential nutrients as follows: N (6.6-24.1%, average
11.7%), P (0.81-3.28 % DW, average 1.74%) and K (0.81-17.35 % DW, average 6.15%).
Because the proportions of N-P-K are variable in each digestate, it is necessary to provide
an analysis of the specific digestates before actual application on the field [31]. Other
nutrients are present in significantly lower concentrations [32].

1.2. Hemp (Cannabis sativa L.) Plants

Hemp (Cannabis sativa L.) comes from western Asia and is one of the earliest do-
mesticated agricultural crops. According to Chinese historical records and archaeological
findings, its cultivation for fiber and seeds dates back to the period of approximately 3000
4000 years BCE [33,34]. Over the centuries, hemp fibers have been used to manufacture
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fabrics, sails, ropes and paper, while hemp seeds have been used as protein-rich food and
feed [35].

According to European regulations, industrial hemp may contain no more than 0.3%
of tetrahydrocannabinol (THC). In several European countries (e.g., the Netherlands and
Belgium), a maximum THC content of 0.2% is allowed. In the European Union, only hemp
cultivars approved by the European Commission—i.e., industrial hemp cultivars with a
THC content below 0.2%—are permitted for industrial hemp cultivation [36-38].

Hemp biomass has been used for energy purposes for centuries. However, the ener-
getic use of hemp has traditionally been limited to the use of oil pressed from hemp seeds;
e.g., for lighting purposes. To date, the commercial use of industrial hemp biomass for
energy purposes has been proposed in many countries. Hemp can be used to produce
heat and energy by directly burning biomass from whole plants, or it can be converted to
biomass-bound energy into liquid or gaseous transport biofuels such as bioethanol and
biogas [39—41].

According to van der Werf et al. [42], the maximum yield of industrial hemp stems in
field cultivation can be reached at a plant density of 90 plants/m?. Amaducci et al. [43]
reached an average yield of 14 tons/ha in a three-year field hemp cultivation experiment.
The fertilization of hemp plants with nitrogen at a rate of 150 kg N/ha ensures optimal
plant height, higher seed yield, higher stem strength [44] and overall high biomass pro-
duction [44-47]. Nitrogen uptake is, according to Landi [48], greatest in the early stages of
growth. An adequate nitrogen supply is ensured if the nitrogen content of the plant in dry
matter is in the range of 5-6% [49]. The need for nitrogen by plants depends on the variety,
as stated by Finnan and Burke [46]. Alaru et al. [50] compared the use of nitrogen by plants
in variants where ammonium nitrate, waste sludge and beef manure were applied. The
nitrogen dose for all variants was chosen identically, at 100 kg N /ha. Their results showed
the suitability of using sludge as an organic fertilizer in the cultivation of cannabis for
energy purposes. On the contrary, the application of beef manure failed to ensure the maxi-
mum yield of biomass. Malceva et al. [51] demonstrated the negative effects of increasing
the nitrogen dose on the fiber content of the hemp stem. During a growing season with a
higher level of precipitation, an application of 60 kg N/ha is recommended. According to
the authors, this dose can be considered optimal. Regarding nitrogen cannabis nutrition,
application rates vary from country to country. In Canada, a rate of 60-90 kg N/ha is used,
while in EU countries, higher rates are used, ranging from 80-160 kg/ha and depending
on soil properties and climatic conditions.

Phosphorus from the soil is taken up evenly by the plant, and its consumption is
increased during the flowering and ripening period of the seeds [44]. Phosphorus uptake
by cannabis plants ranges from 25-38 kg/ha, depending on the yield [45]. Ivanyi [49]
states that a sufficient supply of phosphorus is at a content of 0.5-0.6% P in young fully
developed leaves. The required amount of phosphorus to form one ton of dry plant matter
is 1.7 kg. If the soil is rich in phosphorus, fertilization with this nutrient can be omitted [52].

Potassium is an important nutrient for the formation of cannabis stems and fibers.
Interactions between nitrogen and phosphorus increase the quality of the fiber and the
yield of hemp stalks. Potassium is mostly absorbed by cannabis plants during periods of
intensive growth [48]. According to Barron et al. [47], potassium requirements for cannabis
plants are high. They range from 75 to 100 K kg/ha, and in extreme cases up to 300 kg/ha.
However, hemp is able to use potassium from the deeper layers of the soil profile. Cannabis
concentrates most of the potassium in the stem, at up to 70-75% [46]. Ivanyi and Izsaki [53]
state that the optimal potassium content in the plant is 2.7-3.0%.

According to Johnson [44] and Landi [48], calcium is also necessary for soils with
a neutral pH due to its high consumption in the growth of the root system, stems and
seeds. Landi [48] states that the need for calcium, together with nitrogen and potassium,
is dominant for cannabis in terms of macronutrients. Depending on the yield, calcium
intake is in the range of 151-227 kg/ha at yields of 8-10 tons/ha. In soils with a deficiency,
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compensatory fertilization is necessary. Cannabis plants absorb calcium mainly at the end
of the growing season.

Magnesium is involved in ensuring the good health of the plant [44]. Landi [48]
indicates a magnesium uptake by cannabis plants in the range of 36-54 kg/ha, depending
on the yield.

From micronutrients, hemp initially accumulates zinc and copper into the vegetative
organs of the plant; later, it transports them to the generative organs, while iron, boron and
manganese accumulate mainly in the vegetative organs.

For the field study of hemp growth, we hypothesized that the application of byprod-
ucts from a biogas station can sufficiently saturate plants with nutrients to achieve a
comparable yield to hemp fertilized by mineral NPK fertilizers. The goal of our experiment
was to verify our formulated hypotheses.

2. Materials and Methods
2.1. Vegetation Experiment Establishment

Cannabis plants were grown in a precise two-year vegetation field experiment. The
experiment occurred on a demonstration and experimental site of the Faculty of Agrobiol-
ogy, Food and Natural Resources of the Czech University of Life Sciences in Prague (GPS
50°7'40” N and 14°22'33” E). The land is located at an altitude of 286 m above sea level,
with an average annual temperature of 9.1 °C and an average total annual precipitation
of 495 mm [54]. The soil type is a partly degraded Chernozem—slightly agglomerated on
loess and loess clays.

2.2. Description of the Used Hemp Variety

Cannabis sativa L. variety “Tiborszallasi”, native to Hungary, was used in a precise
field experiment. It is a dioecious variety with a proportion of sex individuals in the stand
of approximately 1:1. In the case of cultivation, in order to achieve the maximum biomass
yield, the growing season is in the range of 105-110 days; in our case, the plants were
harvested after 101 days for both years of the experiment. This variety is specific for its
early ripening and provides a high yield of stems as well as green biomass. The THC
content is declared to be below 0.2% [36].

2.3. Origin of the Digestate and Its Separation into Liquid and Solid Parts

Within the experiment, a digestate originated from the agricultural biogas station
Krasna Hora nad Vltavou with an energy output of 526 kWh. Corn silage, grass silage and
livestock manure from local stables were used as energy sources. On average, over 20 tons
of silage and 44 tons of cattle manure served as daily input. The solid and liquid phases
were obtained by the mechanical separation of the digestate on the principle of a centrifuge
and a press. All used raw materials were taken in the required amount before starting the
experiment directly from the mentioned biogas plant. Some of the raw materials, which
were applied only during the experiment, were stored in closed containers in a cooling box
at a constant temperature of 4 °C.

2.4. Layout of Individual Plots and Sowing of Plants

The area in which the experiment took place was divided into 12 separate sub-plots
measuring 2.5 m x 5 m. Eighty-five grams of seed were sown on each plot, up to 12.5 cm
distance per row at a depth of 3 cm. Thus, a total of 1050 g of seed was sown for the
entire area of the experiment. The seed rate was calculated from the seeding amount value
(70 kg seed /ha).

In the experiment, four variants were established. Each variant was realized in three
repetitions arranged such that two identical fertilization variants were not adjacent.
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2.5. Amount of Applied Fertilizers in Individual Variants

In the first (NPK) variant, a mineral fertilizer was used in which nitrogen, phosphorus
and potassium were added to the soil. Nitrogen was supplied in the form of ammonium
nitrate with limestone containing 27% nitrogen (50% NH4*, 50% NO3z ). The amount
of nitrogen determined for the field experiment was 150 kg/ha. The dose was chosen
depending on the intention to use the cannabis (biomass yield), according to the authors
Sausserde and Adamoviés [55], Vera, Malhi, Phelps, May and Johnson [45] and Finnan
and Burke [46]. Phosphorus was supplied at a rate of 20 kg/ha in the form of triple
superphosphate with a phosphorus content of 21% (48% P,Os). Potassium was supplied at
a rate of 150 kg/ha in the form of a potassium salt (60% K,O).

The second variant included a corresponding dose of the SPD converted to a nitrogen
content corresponding to 150 kg N /ha, with respect to the first control variant. The analysis
of the SPD itself revealed a dry matter of 21.71% and a nitrogen content of 2.49% in the dry
matter. For the delivery of 150 kg N/ha, it was necessary to deliver 34.80 kg of SPD on a
partial plot with an area of 12.5 m?. The application of the SPD took place 14 days before
sowing, with simultaneous incorporation to a depth of about § cm.

The third variant was fertilized with a divided dose of SPD and LPD in a ratio of
N (1:1), such that the total dose corresponded to 150 kg N/ha. A corresponding dose of
17.4 kg/12.5 m? was separated into the soil two weeks before sowing. The LPD fertiliza-
tion took place three times during the vegetation, at two-week intervals, with the first
application taking place 32 days after sowing. Later application was impossible in practice
due to the involvement of cannabis. The LPD at 6% dry mass contained 5.78% N in dry
matter. For the purposes of the experiment, it was necessary to supply 27.01 kg of the
LPD divided into three equal batches, weighing 9 kg per sub-plot. For each of the three
applications, the LPD was applied using a can.

The fourth variant was fertilized only with the LPD, divided into four doses. In the
fourth variant, it was necessary to supply a quantity of 54 kg of the LPD per sub-plot. The
application was identical to the previous variant. The amount of nitrogen supplied in
individual variants during the vegetation is shown in Table 1.

Table 1. The amount of nitrogen supplied in individual variants during vegetation.

The Amount of N Supplied (kg/ha)

§ . o % 1. 2. 3.

Naviant Basic Fertilization 4 4.iional Fertilization Additional Fertilization Additional Fertilization  1Ct2\
NPK 150 0 0 0 150
SPD 150 0 0 0 150

SPD + LPD 75 25 25 25 150
LPD 75 25 25 25 150

LPD fertilization in the third and fourth variants was performed using a watering can
3 times in an interval of 14 days during the phase of intensive cannabis growth. Prior to
the actual application, a groove was formed, into which the LPD was applied and then
covered with soil to prevent volatilization of the ammonium. The purpose of this method
of application was to simulate a hose applicator commonly used in agricultural practice.
During the vegetation, the plants were not treated against diseases or pests. The inter-row
treatment against weeds was performed using a hand hoe as needed. The amount of indi-
vidual biogas by-product for the delivery of 150 kg N/ha was as follows: SPD—27.8 t/ha,
LPD—43.2 t/ha, combined dose of SPD + LPD—13.9 + 21.6 t/ha, respectively.

2.6. Harvesting and Plants Sampling, Soil Sampling

Cannabis plants were harvested by hand by plucking, including the root, from an
area of 1 m?, separately from each plot of all variants. After washing and drying the roots,
the whole biomass from 1 m? was weighed, and the yield was subsequently evaluated.
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Individual plant parts (root, stem and leaf) were separated from the harvested plant
sample. These samples for analysis were then dried and homogenized. After the plants
were harvested, soil samples were taken from individual plots. Samples were taken with
a soil probe (20 punctures) to a soil profile depth of 20 cm. The samples were used to
determine agrochemical properties. Analyses of all samples took place at the Department
of Agroenvironmental Chemistry and Plant Nutrition, Czech University of Life Sciences
Prague. All plant samples, samples of the SPD and the LPD, were dried at 35 °C and then
homogenized in a 1 mm sieve grinder.

2.7. Determination of pH Value and Content of Soluble Salts in Soil Samples

From the chemical features, the pH value and the content of soluble salts in the
aqueous extract of the sample and demineralized water were determined in a ratio of 1:10
(volume:weight). A 10 g sample of dried soil was weighed at 25 °C into plastic PE bottles
with lids and poured into 100 mL of distilled water. The samples were shaken for 5 min
and then stood still for 5 min. The measurement was performed with a calibrated pH meter
and a calibrated conductometer marked HI 991,300 Hanna Instruments.

2.8. Determination of Individual Nitrogen Forms in Soil Samples

For the purpose of the analysis, 10 g of fresh homogenized soil (sieved through a mesh
size of 5 mm) was weighed into 250 mL polyethylene bottles and filled with 100 mL of a
0.01 mol/L CaCl; solution. The solution was then shaken for two hours. The samples were
then removed and filtered. The total contents of mineral nitrogen, ammonium and nitrate
form were determined in fresh soil by the colorimetric method on the SKALAR SANFLUS
SYSTEM analyzer (Breda, The Netherlands).

2.9. Determination of Acceptable Nutrients from Soil Samples According to Mehlich 3

The soil samples were dried at 35 °C and then sieved through a sieve with a mesh
diameter of 2 mm. A 10 g sample soil was weighed into plastic PE bottles, which was
extracted with 100 mL of Mehlich 3 reagent [56]. Shaking was performed for 10 min, and
then the obtained solution was filtered. Individual extracts were analyzed for phosphate
content by the colorimetric method with ICP OES. The extracts were also measured for
potassium, magnesium and calcium using an atomic absorption spectrometer (ASS), type
Varian Vista Pro (Mulgrave, Australia).

2.10. Determination of Nitrogen Content in Samples of Plant Material

The Kjeldahl method was used to determine the total nitrogen content of the plant
material. Total nitrogen includes both organic and ammoniacal nitrogen. For the determi-
nation, 0.50 g of a dry homogenized sample of plant material was weighed and mineralized.
Mineralization took place in glass cuvettes. To the sample in the cuvette, 2 g of catalyst
(mixture of 100 g K;SOy, 1 g CuSQOy, 0.1 g Se) and 10 mL of concentrated sulfuric acid
(H2SO4) were added. Decomposition was performed for 90 min at 420 °C. After miner-
alization, the samples were prepared for distillation by adding 20 mL of distilled water
to the cuvette, which was placed in the Gerhardt Vapodest 30s (Kénigswinter, Germany).
Then, distillation into H3BOj3 took place, and the total nitrogen content in the sample was
determined.

2.11. Determination of Macronutrients, Micronutrients and Hazardous Substances Using an
Absorption Spectrometer

The decomposition of the samples was carried out in a microwave system in cuvettes,
into which 0.5 g of dry plant material, SPD and LPD, ground to a fraction size of 1 mm,
was weighed. Then, 8 mL of HNOj3; (65% p.a.) and 2 mL of H,O, (30% H,0O p.a.) were
added to the sample. The resulting mineralizate was evaporated after 20 min. Internal
reference material (IRM) analysis was performed on each series of samples. The contents
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of macroelements, microelements and hazardous elements were determined by ICP-OES
(Varian Vista Pro, Mulgrave, Australia).

2.12. Statistical Evaluation

As part of the statistical evaluation, the average yields of fresh and dry biomass,
nutrient content and nutrient intake of individual cannabis variants were statistically
evaluated by the Statistica 12 program (Statsoft) by a test of homogeneity of variance and
then by an analysis of variance (p < 0.05). More detailed differences between individual
averages were evaluated by Tukey’s HSD test (p < 0.05).

3. Results and Discussion

The SPD and the LPD used for fertilization were characterized by a pH value ranging
from 8.3-8.6, which matches the approach of Makadi, Tomocsik and Orosz [16]. The LPD
obtained on the pressure production separator contained, on average, 6.04% of dry matter,
which was significantly more than stated by Kol4f et al. [26]. This was probably due to the
meshes in the sieve, which, due to their size, allowed the passage of small solid particles
into the LPD. Tables 2 and 3 show the different contents of soluble salts. In the SPD, the
content of dry matter was more than twice as much as in the LPD, which coincides with
the approach of Makadi et al. [16].

Table 2. Specifications of applied SPD in dry mass.

Dry Matter pH EC Total N P K Ca Mg S
(%) (H,0) (mS/cm) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
21.71 + 0.261 8.6 + 0.141 2.749 +0.072 24,900 + 452 3127 + 129 29,419 + 632 40,358 + 772 4364 + 518 2793 + 516
Fe Zn Cu B Mn Pb Cd Cr As
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
296 +23.3 90 +9.33 5.65 + 0.919 70.1 £19.5 144 +10.8 0.065 £ 0.001 0.085£0.002 1.425+0.13 0.07 £ 0.001
Table 3. Specifications of the LPD applied in dry mass.
Dry Matter pH EC Total N r K Ca Mg S
(%) (H0) (mS/cm) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
6.04 £0.127 8.35 £ 0.353 >4000 £ 0 57,800 + 1265 12,912 + 562 42,988 + 1214 39,996 + 2586 4268 + 272 3228 + 342
Fe Zn Cu B Mn Pb Cd Cr As
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
267 + 96 251 + 68 6.1+ 052 76,5 £ 12.5 189 £+ 15.7 0.9 £ 0.02 0.09 £ 0.001 1.01 £ 0.02 3.79+012

Furthermore, the LPD was characterized by an approximately twice greater content
of total N compared to the SPD, even when taking into account errors according to the
standard deviation. The total contents of other macronutrients were similar for both applied
raw materials. Of the macronutrients, the greatest content was found for calcium in the
applied SPD. The contents of macroelements and microelements in the SPD and the LPD
coincide with the approaches of Makadi et al. [16], Kolaf et al. [26] and Dubsky et al. [29].
Analyses of the SPD and LPD confirmed the findings of Makadi et al. [28], in which these
raw materials possess features suitable for plant nutrition. Of the micronutrients, the
greatest content was found for iron and zinc. The lowest content in both materials analyzed
found was for copper. Both components, SPD and the LPD, were characterized by a low
content of hazardous substances. Therefore, neither the SPD nor the LPD posed a risk of
soil contamination and transport of these substances to the plant parts of cannabis.

Tables 4 and 5 show the individual nutritional variants of the experiment, recalculated
for the application of kg of a nutrient per hectare.
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Table 4. Specifications of applied NPK in relation to the application of nutrients per hectare of soil.

Total N P K
(kg/ha) (kg/ha) (kg/ha)
150.0 20.0 150.0

Table 5. Specifications of the applied SPD, SPD + LPD and LPD in relation to the application of
nutrients per hectare of soil.

SPD SPD + LPD LPD
(kg/ha)
Total N 150.50 150.70 150.8
P 18.90 26.30 33.7
K 177.80 145.00 112.2
Ca 243.90 174.20 104.4
Mg 26.40 18.80 11.1
S 16.90 12.70 8.4
Fe 1.80 1.20 0.7
B 0.40 0.30 0.2
Mn 0.90 0.70 0.5

Table 6 presents the analysis of soils before sowing cannabis seeds according to
nutritional variants, two weeks after fertilizer application.

Table 6. Soils before sowing.

Variant Nitrate N Ammonia N Carbon Total N P K Ca Mg S
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (mg/kg)
NPK 21.25 29.96 287.79 57.50 534.56 502.78 8170.00 221.89 24.44
SPD 17.18 25.62 291.63 50.35 542.89 545.56 8233.33 234.44 25.56
SPD + LPD 9.31 17.83 303.57 39.62 548.89 543.33 8190.00 246.89 26.26
LPD 8.97 15.35 29441 33.24 530.50 523.63 8443.75 234.75 25.23

The average dry mass yield of cannabis plants is shown in Figure 1. There were no
significant differences between variants caused by the high non-uniformity of harvested
plants in the field experiment. Similar results were reported by Tsachidou et al., who claim
that applications of anaerobic digestion residues as a nitrogen source have shown the
ability to maintain forage yields at a similar level as when using mineral NPK fertilizer.
At the same time, the environmental risk associated with nitrogen leaching is reduced
in this practice [23]. In both years, the average biomass yield was greatest in the variant
fertilized by a divided dose of SPD and LPD (8.68 tons/ha), while the lowest dry mass yield
was found in the variant where NPK was applied (7.45 tons/ha). The yield differences
between the variants were statistically insignificant. The greatest yield in the variant
with pre-sown-applied SPD and with fertilization with LPD was probably caused by the
sufficient development of the root system in soil fertilized with a lower dose of SPD and
regular fertilization with LPD during vegetation, which coincides with the findings of
Alaru et al. [50] and Landi [48].
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Figure 1. Average dry biomass yield of cannabis with individual variants.

a
i a
SPD+LPD LPD

The divided application of the LPD in the phase of intensive cannabis growth ensured
a sufficient increase in biomass, which was reflected in the second greatest yield in the
experiment. The results agree with the statements of Landi [48] and Barron et al. [47],
who both state that the greatest nitrogen intake by cannabis plants is in the phase of their
intensive growth. Nitrogen is also a key factor that influences the quantity and quality of
cannabis production [57].

The contents of macronutrients, micronutrients and hazardous substances in dry
matter in individual parts of cannabis plants are shown in Tables 7 and 8. The differences
between the individual variants were not statistically significant for any of the analyzed
plant parts. Overall, the greatest N content was found in cannabis leaves and decreased in
the order of stem and root.

In the SPD + LPD variant, the greatest content of N (3.5%) was found in the leaves and
stems (2.15%) of cannabis. The value found is slightly lower than that indicated by Ivanyi
and Izsaki [53]. In contrast, the lowest nitrogen concentration in the leaves was found after
the application of a divided dose of the LPD (3.2%) in the stems (1.95%) and roots (0.57%)
of the NPK variant. The nitrogen concentration in the stems of all variants was lower than
indicated by Hakala et al. [58], except for in the roots, in which it was relatively similar
(0.61%).

Similar to N, other macronutrients were found in higher amounts in the leaves and in
significantly lower amounts in the stems and roots, where they did not differ statistically.
The greatest content in the leaves was found for calcium in the variant fertilized with
NPK, which could have been caused by the release of a significant amount of calcium after
a single application of water-soluble fertilizers. Our assumptions are also confirmed by
the fact that the lowest calcium content was measured in cannabis leaves in the variant
fertilized SPD, where, on the contrary, the share of available nutrients was clearly the lowest.
In the case of other evaluated macronutrients, their content in leaves or in other parts of
the plant did not significantly statistically differ between individual variants. Phosphorus
and potassium contents in cannabis leaves were, on average, lower than 0.5-0.6% P and
2.7-3% K, which Ivanyi [49] had stated regarding young leaves.

This was probably due to the fact that, in our case, the leaves of the whole plant were
analyzed, including old and dried leaves, which both contain significantly fewer nutrients.

When evaluating the content of micronutrients, the trend of their accumulation in
individual parts of plants was far from unambiguous, as in the case of macronutrients
(Table 8). Again, most of the elements accumulated in the highest concentrations in the
leaves; only iron was found in the greatest concentrations in the roots, thus confirming its

60



Agriculture 2021, 11, 1137

10 of 16

limited mobility [59]. Despite its high accumulation in the roots, its content in the leaves
was also the greatest of all monitored microelements. Lower contents were determined
for boron and manganese and the lowest were found for zinc and copper. Overall, the
contents of micronutrients in cannabis plants corresponded to the values reported by
Ivanyi [49]. Differences in the contents of microelements in individual parts of plants
were not statistically affected by the fertilizer used. The contents of molybdenum and risk
elements were low in all plant parts, specifically below the detection limit of the analytical
technique used.

Table 7. Macronutrient contents in individual parts of cannabis in dry biomass.

Root Stem Leaf
Variant
Calcium (%)
NPK 0592 0.894 34049
SPD 0.60° 0.802 2,074
SPD + LPD 0.612 0474 2812
LPD 0.579 0.682 2.852
Variant Magnesium (%)
NPK 0.0794 0.1004@ 0322
SPD 0.076 2 0.089 2 0302
SPD + LPD 0.130° 0.060 2 0234
LPD 0.083 @ 0.0934 0244
Variant Sulfur (%)
NPK 0.047 @ 0.0364 0.142
SPD 0.034 4 0.034 4 0.122
SPD + LPD 0.0554 0.0304 0.102
LPD 0.049 @ 0.0324 0.122
Root Stem Leaf
Variant
Nitrogen (%)
NPK 0.579 1954 3362
SPD 0.732 1.984 3302
SPD + LPD 0732 2152 3534
LPD 0.752 2012 3224
Variant Phosphorus (%)
NPK 0119 0112 0244
SPD 0.096 @ 0.122 0252
SPD + LPD 0.14° 0.089 2 0212
LPD 0112 0119 0212
Variant Potassium (%)
NPK 1.31¢@ 1.274 1982
SPD 1.102 1.182 1954
SPD + LPD 1.20° 1.372 1.752
LPD 1.28° 1.21@ 1922

Different superscript letters indicate statistical significance.

Figure 2 shows the average macronutrient total uptake of cannabis plants in kg /ha.
Consumption by plants was calculated on the basis of the yield of individual parts of
dry biomass on the plot and the content of individual nutrients in these parts of cannabis
plants. The calculated samples confirmed that cannabis plants have a high uptake capacity
and that nutrient samples exceeded their application rates in all cases. For this ability,
cannabis is also commonly used in soil phytoremediation [60,61]. Overall, the greatest
average consumption, at a level of about 300 kg/ha, was determined to be for nitrogen,
only slightly lower for potassium, and at a level of 200 kg/ha for calcium. LPD and SPD
fertilization led to higher N and K uptake on all variants in comparison with the variant
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fertilized with NPK. The greatest nitrogen uptake was found in plants in the variant with
a divided dose of SPD and LPD. The high nitrogen uptake was probably caused by a
sufficient supply of accessible nitrogen during the growing season. This effect can only
be expected with the direct application of digestates immediately incorporated into the
soil to minimize losses of ammonia N present in high portions in both components of the
digestate [19]. Nitrogen uptake in the mentioned variants exceeds the values presented
by Ivanyi and Izsaki [52], who both reported an average sampling over a four-year trial
of 213 kg N/ha. On the contrary, the plants in the variant with the application of NPK
achieved the lowest nitrogen uptake. In addition, the results of Sogn et al. showed that
digestates are a promising alternative to NPK mineral fertilizers, although the levels of K
and P in particular may fluctuate in these raw materials. When evaluating wheat yields
using anaerobic digestion residues, comparable yields were achieved when using NPK
fertilizer as a control [24].The greatest potassium uptake was again determined in the
variant with the divided dose of SPD and LPD (345 kg/ha) and the lowest was in the
variant with NPK (179 kg/ha). The observed values of potassium uptake by cannabis
plants in the experiment are higher than indicated in Barron, Coutinho, English, Gergely,
Lidouren and Haugaard-Nielsen [47]. The authors stated the range of potassium intake to
be in the range of 75-300 kg/ha.

Table 8. Contents of micronutrients (mg/kg) in individual parts of cannabis in dry mass.

v Root Stem Leaf
ariant
Iron (ppm)
NPK 1822 28.84 2 94.612
SPD 2802 50.724 77.382
SPD + LPD 2367 339049 67.52 2
LPD 12512 49,074 73.012
Variant Manganese (ppm)
NPK 21.2942 26.534 54.14°
SPD 20962 23.112 36.27 @
SPD + LPD 22.762 14312 26.202
LPD 17512 25.302 37.932
Variant Boron (ppm)
NPK 11.392 12502 45,734
SPD 12.792 15652 41.822
SPD + LPD 24502 8.362 35.77 @
LPD 14.54 2 122742 35.04°
e Root Stem Leaf
arian
Zinc (ppm)
NPK 7372 6.49 2 19.242
SPD 7.182 6.072 13.62°
SPD + LPD 11452 5032 8912
LPD 6.54 2 6.342 15.712
Variant Copper (ppm)
NPK 2,682 2314 4724
SPD 2,677 2682 4622
SPD + LPD 325P 2282 3.802
LPD 2642 2642 4454

Different superscript letters indicate statistical significance.
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Figure 2. The average total uptake of cannabis macronutrients of individual experimental variants.

Calcium uptake by cannabis was high, not significantly affected by the fertilizer used
and averaged at 191-207 kg/ha. These values correspond to the calcium samples given by
Landi [48], at 150-227 kg Ca/ha.

The average phosphorus uptake ranged from 19-26 kg/ha and was higher for the
variants fertilized with SPD and LPD than for the variant fertilized with NPK. These values
match those of Landi [48], who reported P withdrawals by cannabis plants from 12 to
35 kg/ha. In addition, they are in line with the values stated by Ivanyi and Izsaki [52].

The average intakes of magnesium and sulfur were similar in all variants. The
consumption of magnesium ranged from 18-20 kg/ha and that of sulfur ranged from
10-12 kg/ha.

Micronutrient uptake by plants was significantly reduced (Figure 3). The greatest
consumption was found for iron; the consumption was lower for manganese and boron
and lowest for zinc and copper. In the case of iron and boron, fertilization by SPD and
LPD had a favorable effect. Especially in the variant with a divided dose of SPD and the
LPD, cannabis plants took up most of these microelements. The lowest consumption by
plants was for manganese and boron in the variant fertilized with LPD and NPK. For other
nutrients, no significant differences were found between the individual variants. A higher
uptake of iron and boron by plants on variants with SPD and LPD was probably due to
their higher content in these materials and easier accessibility (Tables 2 and 3).

2
E
2
1
Fe Mn B Zn Cu

ENPK ®ESPD GOSPD+LPD OLPD

Figure 3. The average intakes of cannabis micronutrients of individual experimental variants (kg/ha).
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After each harvest, the basic agrochemical features were determined (Table 9). The
obtained values confirmed that the experiment was based on fertile soil; therefore, the
application of NPK, SPD and LPD did not have a statistically significant effect on the
evaluated parameters. The pH value determined in the aqueous extract was similar for
all variants and corresponded to a pH of 8.7. The content of dissolved salts in the soil
was the same in all variants. Slight differences were found in the content of individual
forms of mineral nitrogen. The nitrogen supplied by the LD oxidized more rapidly, and
the ammonium N content was the lowest for these variants. The improvement of the soil
structure led to the greatest overall consumption of N on the SPD + LPD variant, which
was reflected in the lowest content of nitrate N after the cannabis harvest on this variant.

Table 9. Dry matter content, pH value, soluble salt value and mineral nitrogen content in soil samples
after plant harvest.

N (mg/kg)
Variant Dry Matter (%) pH (H:0) EC (mS/cm)
NO;~ NH4*
NPK 90.8 + 0.07 8.71 + 0.00 0.114 + 0.008 21.55 + 0.49 18.35 + 6.33
SPD 90.3 + 0.14 8.74 + 0.04 0.105 + 0.001 21.12 +5.53 2113+ 6.32
SPD + LPD 89.7 £ 0.07 8.76 £ 0.08 0.110 £0.013 18.23 £2.60 1554 +3.34
LPD 90.3 + 0.02 8.73 +£0.02 0.108 + 0.003 23.09 +£2.06 11.84 + 5.04

The contents of accessible nutrients and risk elements in the soil after the cannabis
harvest confirmed that the application of LPD and SPD did not significantly affect their
accumulation in the topsoil layer (Table 10). The high pH value was confirmed by the
high content of accessible calcium, which did not differ between the individual variants
of the experiment. The contents of other cations were also high. The K content was not
affected by the applied fertilizer, and the Mg content was slightly increased on the variants
fertilized with the LPD and SPD, which could be caused by its supply in organic fertilizers.
This trend was reflected on a smaller scale in the case of the evaluation of the available
sulfur content in the soil.

Table 10. Macronutrient content in soil samples after harvest of plants in dry matter.

Variant P (mg/kg) K (mg/kg) Ca (mg/kg) Mg (mg/kg) S (mg/kg)
NPK 614 + 113 460 + 59 7328 + 1190 240 + 27.6 29.0+7.1
SPD 628 + 122 468 + 108 7637 + 843 252 4+ 26.2 305+7.8

SPD + LPD 629 + 114 479 4+ 90 7367 1 1163 253 = 10.6 325+92
LPD 613 =117 476 + 66 7374 + 1512 259 & 35.4 345+ 134

Similar to the contents of the macroelements, the accessible content of microelements
depended mainly on their amount in the soil and was only slightly affected by the applied
SPD and LPD (Table 11). Only in the case of Cu can we assume that its high affinity for
organic matter meant a slight decrease in its accessible forms in the soil. In the case of
the micronutrients, their content depended on the habitat when assessing the accessible
proportion of risk elements, and the applied fertilization did not lead to any significant
changes in their content.

Table 11. Microelements content in soil samples after harvest of plants in dry matter.

Zn Cu Mn Mo

Sample Fe (mg/kg) (mg/kg) (mg/kg) B (mg/kg) (mg/kg) (mg/kg)

NPK 62.6 +19.1 164+£31 987159 219+545 291 £ 78 <0.005
SPD 639 +16.1 169+32 868040 20.6+3.33 302 £ 83 <0.005
SPD+LPD 645+151 172+£24 882+031 21.544.60 299 + 74 <0.005
LPD 64.0+219 170£36 859027 2144481 290 £ 77 <0.005
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In conclusion, the data obtained from this experiment suggest that the by-products
from anaerobic digestion can be used as an alternative to mineral NPK fertilizers. Compa-
rable yield parameters were achieved by cannabis plants and were supported by a greater
degree of nutrient accumulation in individual plant tissues. However, these materials are
variable both in the composition of specific nutrients and in their accessibility to plants.
This variability is due to differences of the input raw materials into the anaerobic digestion
process, and this factor must be taken into account.
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There is growing evidence to support the involvement of nutrients and biostimulants in
plant secondary metabolism. Therefore, this study evaluated the potential of amino acid-
based supplements that can influence different hydroponic nutrient cycles (systems) to
enhance the cannabinoid and terpene profiles of medical cannabis plants. The results
demonstrate that amino acid biostimulation significantly affected ion levels in different
plant tissues (the “ionome”), increasing nitrogen and sulfur content but reducing calcium
and iron content in both nutrient cycles. A significantly higher accumulation of nitrogen
and sulfur was observed during the recirculation cycle, but the calcium level was lower
in the whole plant. Medical cannabis plants in the drain-to-waste cycle matured 4 weeks
earlier, but at the expense of a 196% lower maximum tetrahydrocannabinolic acid yield
from flowers and a significantly lower concentration of monoterpene compounds than in
the recirculation cycle. The amino acid treatments reduced the cannabinolic acid content
in flowers by 44% compared to control in both nutritional cycles and increased the
monoterpene content (imonene) up to 81% in the recirculation cycle and up to 123% in
the drain-to-waste cycle; p-myrcene content was increased up to 139% in the recirculation
cycle and up to 167% in the drain-to-waste cycle. Our results suggest that amino acid
biostimulant supplements may help standardize the content of secondary metabolites in
medical cannabis. Further experiments are needed to identify the optimal nutrient dosage
and method of administration for various cannabis chemotypes grown in different media.

Keywords: medical cannabis, phytocannabinoids, amino acids, Cannabis sativa L., terpenoids, biostimulant,
hydroponics

INTRODUCTION

Medical cannabis research has developed dramatically in recent years (Grotenhermen and Muller-
Vahl, 2012). The use of these plants in healthcare and pharmaceutics places rigorous demands
on the growing environment for optimal production of the desired active compounds (Potter,
2014). For these reasons, and because it is now legal, many growers have opted to use indoor
facilities as a more efficient way to grow medical cannabis, a method used mainly by illegal
growers until recently (Drugs and Crime, 2009). Consequently, indoor cultivation has become
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more sophisticated with automated lighting, ventilation, and
irrigation systems being commonly in use. It can be implemented
in several ways, but always comes down to two basic methods—
cultivation in soil substrates or hydroponically. The nutrients
are dissolved in the irrigation water, or already fertilized soil
substrates can be used. Hydroponics is currently one of the
fastest developing methods in the horticultural industry (Vanhove
et al, 2011) and cannabis growers have already started to use
it extensively. In hydroponic cultivation the nutrients are supplied
in the form of an aqueous solution directly in contact with the
plants root system. Thanks to the possibility of year-round
growth in a controlled environment, this method has the potential
to produce high yields of homogeneous plant material of excellent
quality (Bouchard and Dion, 2009).

At present, basic research information about regulating the
biosynthesis of secondary metabolites of medical cannabis is
lacking because of legal restrictions in most countries (Aguilar
et al,, 2018). With respect to the internal and external factors
influencing the secondary metabolite content and spectrum of
cannabinoids, the main determining internal factor is the genetics
of Cannabis sativa L. subsp. sativa and subsp. indica (Janatova
etal, 2018; Mcpartland, 2018). This directly impacts the chemotype,
habitus, cannabinoid, and terpene profile of the cultivated cannabis
plant (Aizpurua-Olaizola et al, 2016). However, the genetics
and the plant phenotypes are strongly influenced by external
factors, with growing conditions playing a crucial role in
productivity and quality. The main external parameters include
light (Danziger and Bernstein, 2021), irrigation (Caplan et al.,
2019), carbon dioxide concentration (Chandra et al., 2011), and
nutrition (Malik et al, 2021). Nutrients play a central role in
many aspects of plant metabolism. There is a wealth of experimental
evidence to support the effects of nutrients, especially nitrogen
(Saloner and Bernstein, 2021), phosphorus (Shiponi and Bernstein,
2021a), and potassium (Yep et al., 2021), on secondary metabolites
of medical cannabis plants. The cannabinoid and terpene profile
of medical cannabis can be influenced by the concentration
and ratio of these major nutrients (Caplan et al., 2017a; Bernstein
et al, 2019). Although emphasis is placed on the availability
of sufficient amounts of these major plant nutrients, the potential
effects of micronutrients and plant biostimulants must also
be considered (Bernstein et al., 2019).

Several studies have used protein hydrolysates and amino
acids (AAs) as plant biostimulants. The mechanism of their
action on plants is thought to involve modulating nitrogen
absorption and assimilation by regulating the enzymes and
structural proteins involved in these processes. AA biostimulants
also affect nitrogen uptake by the roots through modulation
of specific signaling pathways. By controlling the enzymes of
the Krebs (citric acid) cycle, they contribute to crosstalk between
carbon and nitrogen metabolites (Colla et al., 2014; Du Jardin,
2015). The beneficial effect of chelation by some AAs has also
been reported. In this way, certain AAs can protect plants
from heavy metals, but they also contribute to the mobility
and acquisition of micronutrients by the roots. AAs can also
reduce environmental stress by scavenging free oxygen radicals,
thereby contributing to antioxidant activity (Calvo et al,, 2014).
The stem and leaves of cannabis, like other plants, contain
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various concentrations of incorporated AAs (Audu et al., 2014).
Plants can absorb and incorporate nitrogen in the form of
intact AAs (Persson and Nasholm, 2001; Sauheitl et al., 2009),
and thus, solutions of protein hydrolysates and AAs can increase
plant growth (El-Ghamry et al, 2009; Talukder et al., 2018)
and the nitrogen content of above-ground biomass (Matsumoto
etal,, 1999). Supplementing plants with environmentally friendly
AA biostimulants can reduce the use of inorganic fertilizers
(Ugolini et al,, 2015).

Several commercial products derived from protein hydrolysates
of plant and animal origin have already been marketed. Various
results have been reported for agricultural and horticultural
crops, but their application has led to significant improvements
in yield and quality parameters (Calvo et al, 2014). So far,
however, there have been no publications about their effects
on plant secondary metabolism. Therefore, in this study,
we focused on the physiological and chemical responses of
medical cannabis plants to supplementation with a spectrum
of AAs in a nutrient solution and subsequently compare the
outcomes with two different hydroponic nutritional cycles.
We proposed the following hypotheses: (1) the nutritional AA
supplement causes a change in the amount of above-ground
biomass and affects the inflorescence yield of medical cannabis
plants; (2) the nutritional AA supplement causes a change in
the medical cannabis plants cannabinoid and terpene profile;
(3) the induced changes will be correlated with the contents
of macro- and micro-elements in plant organs (leaves, stems,
flowers); and (4) the induced changes will differ in each nutrition
systems (recirculation vs. drain-to-waste). To test the hypotheses,
we monitored the effects of AA supplementation in the nutrient
solution of both systems on the amount of above-ground
biomass and growth of leaves, stems, and flowers, the
concentration of cannabinoids and terpenes, and the tissue
ionome of the medical cannabis plant.

MATERIALS AND METHODS

Basic Parameters of the Growing Space

Cannabis plants were grown on tables in a room with controlled
conditions. Each 2 m? (1x2m) table supported a separate
experiment with an independent 1001 tank for the nutrient
solution. The container was made of inert plastic certified for
food industry use. Each table held a maximum of 55 black conical
square pots made of polypropylene (PP), each with a volume
of 3.451 with dimensions: TOP - 15cm x 15c¢m, BASE - 11.5cm
x 11.5cm, HEIGHT —20cm. Irrigation was provided by capillaries,
which were placed in each pot to reach every plant separately
using a needle applicator. The pump’s timer was set for nine
irrigation cycles, each lasting 60s. During one cycle, 94ml of
nutrient solution was supplied to each plant (846ml per plant
per day). The growing tables allowed us to choose the irrigation
method--either recirculation of the nutrient solution or drain-
to-waste system, where the spent solution went to a separate
waste tank and was no longer mixed with the original solution.
Microclimatic parameters were provided by an air ventilation
unit that maintained and recorded the set parameters (relative
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humidity, temperature, CO, level). Enrichment of the atmosphere
of the growing space with CO, was made possible by a generator
that burned methane. Six double-ended high-pressure sodium
lamps provided a suitable spectrum of light at a power of
1,000 W. Based on the photosynthetic photon flux density (PPFD),
the lamps provided 1,029 pmol/m* s at a power of 6,000W. The
light mode was also recorded every minute using a data logger.

Plants and Growing Conditions

The plants used in the experiments came from the mother
plants of the medical cannabis genotype with the working name
“McLove” Plants are classified as chemotype I - high A°’-
tetrahydrocannabinolic acid/cannabidiolic acid (THCA/CBDA)
ratio (>>1.0). Appropriate mother plants were kept in a separate
growing room with controlled conditions. A total of 220 cuttings
were made (110 cuttings per cycle) and cultivated for 21days
in a rock-wool cube (4x4cm). Rooted clones were moved to
a growing room, where they were placed in 3.45-liter pots filled
with three liters of Euro Pebbles (expanded clay) growing medium.
The light mode was set to 18h of light and 6h of darkness,
temperature in the light phase was 25°C, the relative humidity
was 60%, and the CO, concentration was 550ppm (1,065mg/
m?). The dark phase temperature was reduced to 22°C with
the same humidity. The vegetative phase lasted 7 days, after which
the cultivation regime was adjusted to the generative phase.
The light period was set at 12h light and 12h dark, the temperature
and CO, concentration was left the same as the vegetative phase,
and the relative humidity was reduced to 40%. From the 10"
week, plants were irrigated with demineralized water (DMW).
Plant density was 27.5 plants per m?* (55 plants/table/treatment).

Treatments

Compared to the controls (CN), the experimental plants (ET)
were exposed to one enhanced nutrition treatment with two separate
nutritional cycles. The first cycle (1C) was performed with recirculated
nutrient solution, and the second cycle (2C) used the drain-to-
waste system. The enhanced treatments were set up for both
nutritional cycles and received the AA biostimulant (Table 1)
added from the 2nd week for the last 24h at a volume 2ml/l
before changing the nutrient solution. The new nutrient solution
was prepared from reverse osmosis water every 7days from the
first day of the experiment. The pH of the nutrient solution was
adjusted to 5.9 (Velazquez et al,, 2013). In the recirculation system
the nutrient solution was adjusted to this value every day. The
pH and electrical conductivity (EC) were recorded when mixing
the new solution and on the last day before changing it. After
preparing the fresh nutrient solution, a sample was taken from
each treatment for analysis. The measured composition of the
control treatment (CN) nutrient solution is shown in Table 2,
and the composition of the enhanced treatment (ET) nutrient
solution with the addition of AAs is shown in Table 3.

Sampling Plant Material

Three plants were harvested from each treatment, one plant
randomly selected from each highlighted sector 1-3 (Figure 1),
every 7days during the entire vegetation cycle. Subsequently,

Frontiers in Plant Science | www.frontiersin.org

Amino Acids in Cannabis Nutrition

TABLE 1 | Amino acid content in biostimulant.

AA mg/L
Lys 0.071
His 0.00483
Arg 0.04615
Asp 0.0327
Thr 0.00954
Ser 0.0175
Glu 0.062
Pro 0.0828
Gly 0.1449
Ala 0.05569
Cys 0.036
Val 0.01401
Met 0.0039
lle 0.00966
Leu 0.01836
Tyr 0.0016
Phe 0.01305

a random plant from the edge (outside the sectors) was
transferred to an empty space in each sector. Plants were
uprooted, weighed whole fresh, and divided into leaves, stems,
and flowers, which were weighed fresh separately for all plants.
The materials were then dried at 25°C to constant moisture
(8-10%) and re-weighed. To determine the dry matter, a
reference amount of each part of the plant was dried at 105°C
to constant weight. The plant parts were homogenized just
before analysis. The flowers (including the leaves until the 4th
week) were frozen in liquid nitrogen and then ground in a
mortar and pestle. The dried leaves (from the 5th week) and
stems were ground in a grinder.

Dry Decomposition and Elemental Analysis
To determine the content of macroelements (except nitrogen),
microelements, and trace elements in the plant, the leaves,
stems, and flowers were analyzed separately. Weighed and
homogenized plant biomass in a beaker was covered with a
watch glass, placed on a hotplate 160°C, and the temperature
was raised to 350°C over 4h during which the samples gradually
decomposed. The samples were next transferred to a muffle
furnace, where they remained at 450-500°C for 12h (Miholova
et al,, 1993). One ml of 65% HNO,; was then added to the
cooled beakers, which were placed on a 120°C hot plate for
60min. The samples were then annealed for 90min in an
oven at 500°C and suspended in 1.5% HNO; with stirring in
an ultrasonic bath. Elemental analysis of the samples was
performed by flame atomic absorption spectrometry (FAAS)
on a Varian 280FS with inductively coupled plasma optical
emission spectrometry (ICP-OES) by Varian Vista-PRO
instrument (Varian, Mulgrave, Australia; Hoenig, 2003).

Determination of Nitrogen in Plant Material
by the Kjeldahl Method

For nitrogen determination, 0.5g of plant material was weighed
and put into a distillation tube. The samples were then mineralized
by boiling with 95% H,SO,. After alkalization with sodium

March 2022 | Volume 13 | Article 868350

71



Malik et al.

TABLE 2 | Composition of control treatment (CN) nutrient solution (mg/L).

Amino Acids in Cannabis Nutrition

Weeks

Elements

1 2 3,5 4,6-9 10-13
N 100.85 + 1.64 116.00 + 1.85 130.00 + 1.75 150.00 + 1.92 DMWe
P 32.01 +£0.75 39.40 + 0.82 43.88 + 0.59 561.73+0.79 DMW=
K 124.93 + 1.85 151.00 + 1.38 173.11 £ 1.92 193.25 + 1.58 DMW=
Ca 98.53 + 1.32 119.00 + 1.35 132.38 + 1.42 146.00 + 1.28 DMW=
Mg 2517 +0.38 30.50 + 0.42 34.94 +0.48 39.13 +0.45 DMwW=
S 21.75+0.25 26.72 + 0.29 31.34 +0.34 34.53 + 0.38 DMW=
Fe 0.91 +0.09 1.11 £ 0.09 1.21 +0.11 1.44 +0.08 DMWe=
Mn 0.66 + 0.07 0.74 £ 0.05 0.83 +0.08 0.99 + 0.07 DMW=
Zn 0.21 +0.03 0.27 + 0.03 0.28 + 0.04 0.33 + 0.03 DMW=
Cu 0.07 + 0.01 0.09 + 0.01 0.11 +0.01 0.13 +0.02 DMW=
B 0.14 + 0.02 0.19 + 0.01 0.22 +0.02 0.25 + 0.02 DMWe
Mo 0.01 +0.00 0.02 + 0.00 0.02 + 0.00 0.02 + 0.00 DMW=
EC 0.97 +0.01 1.19 + 0.01 1.46 + 0.01 1.74 + 0.01 DMW=
2demineralized water.
TABLE 3 | Composition of enhanced treatment (ET) nutrient solution with the addition of AAs (mg/L).

Weeks

Elements

1 2 3,5 4,6-9 10-13
N 100.00 + 1.59 300.00 + 2.94 331.00 + 3.01 358.00 + 3.52 DMW=
P 32.20 + 0.49 40.17 +0.52 4418 + 0.92 52.09 + 0.57 DMWe
K 125.00 + 1.56 161.51 +1.27 17417 +1.38 194.26 + 1.95 DMwW
Ca 98.50 + 1.32 120.58 + 1.24 133.15 + 1.49 146.83 + 1.56 DMW=
Mg 25.30 + 0.34 31.00 +0.38 34.06 + 0.43 40.03 + 0.37 DMW=
S 2149 +0.31 51.80 + 0.52 56.27 + 0.61 61.84 + 0.85 DMWe=
Fe 0.93 + 0.08 1.14 £ 0.07 1.19 + 0.09 1.47 + 0.07 DMW=
Mn 0.64 + 0.06 0.75+0.03 0.81 +0.04 1.01 +0.07 DMwW=
Zn 0.22 + 0.04 0.27 +0.01 0.29 + 0.02 0.36 + 0.03 DMWe
Cu 0.07 + 0.01 0.09 + 0.02 0.11 £ 0.02 0.13 + 0.01 DMwW=
B 0.15+0.01 0.20 + 0.02 0.22 +£0.02 0.26 + 0.01 DMW=
Mo 0.01 +0.00 0.02 + 0.00 0.02 + 0.00 0.08 + 0.00 DMWe
EC 0.97 + 0.01 1.38 + 0.01 1.71 £ 0.01 214 +0.01 DMW=

“demineralized water.

hydroxide, the free ammonia was distilled with water steam
into H;BOs. Its content was determined by titration with HCl
(0.5mol/l) and then measured by Gerhardt Vapodest 30s
(Konigswinter, Germany; Baker and Thompson, 1992;
Velechovsky et al., 2021).

Phytocannabinoid Extraction,
Identification, and Quantification
Phytocannabinoids from ground homogenized flowers
(including the leaves until the 4th week) were extracted
by the optimized method of dynamic maceration (Brighenti
et al., 2017). Samples (0.30 g) from each experiment group
were mixed with 10 ml of 96% ethanol and macerated for
60 min with constant stirring at 300rpm. Mixtures were
then filtered under vacuum using a Morton filter device
(porosity S4/P16), and the filtrate was collected. The flowers
were removed from the filter and mixed with another 10 ml
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of solvent. This step was repeated twice, and the filtrates
were pooled. Aliquots of 0.5 ml of each sample were diluted
to 10 ml with 96% ethanol and filtered once more through
nylon syringe filters (0.22pm) into vials. Samples of the
extracts were injected into high-performance liquid
chromatography system equipped with diode array detection
(HPLC-DAD; Agilent 1,260, Agilent Technologies Inc.,
United States) and a Luna® CI18 column (2) 250 x 3 mm,
particle size 3 pm (Phenomenex, United States). The isocratic
mobile phase consisted of acetonitrile/H,O (31:9, v/v) with
0.1% HCOOH (v/v) and 0.1 mol/l NH,COOH (without pH
adjustment), flow rate was 0.55ml/min, temperature 37°C,
sample injection volume 8 pl, and UV detection at 275nm
(Krizman, 2020). The instrument was externally calibrated
using cannabinolic acid (CBNA) in the range of 0.3-10 mg/I
and THCA, 0.3-100 mg/l, (Sigma-Aldrich, Czech Republic)
as standards. Data were analyzed using OpenLAB CDS
software, ChemStation Edition, Rev. C.01.5.
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FIGURE 1 | Plant sampling method.

Terpene Extraction, Identification, and
Quantification

Terpenes from ground and homogenized mature flowers (week
8-10, vegetation) were extracted with hexane. Plant samples
(0.1g) were mixed with 1ml of hexane and pentadecane was
added to a final concentration of 1mg/ml as an internal
standard. The samples were vortexed and placed in an ultrasonic
bath for 30 min. Subsequently, the samples were centrifuged
and filtered through polytetrafluoroethylene (PTFE) syringe
filters (0.22pm) into vials. Filtered samples (1.5pl) were first
injected into a gas chromatograph with a flame-ionization
detector (GC-FID; Agilent Technologies 7890A, Palo Alto,
CA). The GC-FID conditions were: column DB5
30mx0.25mmx0.25pum film thickness, inlet temperature
230°C, detector temperature 300°C, and nitrogen flow rate
of 1ml/min. The initial temperature was 60°C, which was
increased at the rate of 3.5°C/min until a temperature of
150°C was reached, and then at a rate of 30°C/min until a
final temperature of 300°C was reached. Samples were also
injected into a gas chromatograph connected to a mass
spectrometer (GC-MS; Agilent Technologies 5975C, Palo Alto,
CA). The GC-MS conditions were: column HP-5MS
30mx0.25mmx0.25pm film thickness, inlet temperature
230°C, detector temperature 300°C, and helium flow rate of
1 ml/min. The initial temperature was 60°C, which was increased
at the rate of 3.5°C/min until a temperature of 150°C was
reached, and then at a rate of 30°C/min until a final temperature
of 300°C was reached. Compounds detected by GC-MS were
identified by comparing the mass spectrum and relative retention
index with the published values of the National Institute of
Standards and Technology (NIST) database, and the values
for the standards, p-myrcene and limonene (Sigma-Aldrich,
Czech Republic). The GC-FID data revealed the relative
concentration of the identified substances, based on the peak
area of the monitored substance relative to the total area of
all detected substances.

Statistical Analyses

Data were subjected to ANOVA followed by Tukey’s HSD test.
The analysis was performed using IBM SPSS Statistics software
(version 25, 2017, Chicago, Illinois, United States).

RESULTS

The AA nutritional supplement and the variable nutritional
cycles (1C and 2C) induced changes in the tissue ionome of
medical cannabis plants. The content of nitrogenous compounds
was lowest in the stems and highest in the flowers (Figure 2).
The concentrations of N in the leaves and flowers of control
(CN) and enhanced treatment (ET) plants with AA supplement
in the recirculation (1C) cycle began to differ significantly
from the 5th week. The most significant differences in N
concentrations between control and AA treatment were 34%
for flowers at week 6 (CN, 44.26mg/g; ET, 59.19mg/g;
Figure 2A). In contrast to 1C, the concentration of N in the
stems and leaves of CN and ET began to differ significantly
from week 2 to 4 in the drain-to-waste (2C) nutritional cycle;
but, from week 5 to 13, fewer significant differences were
observed with 2C than 1C. The most significant differences
in N concentrations between nutritional treatments were 7%
for flowers at week 7 (CN, 43.02mg/g; ET, 45.85 mg/g; Figure 2B).
The N concentration also differed between 1C and 2C of ETs
with AA supplement, and the differences were evident beginning
at week 2. The most significant differences in N concentrations
in ETs between nutritional cycles were 31% (6% between CNs)
for flowers at week 5 (1C, 61.63 mg/g; 2C, 47.18 mg/g; Figure 2C).

The calcium content was lowest in the stems and highest
in the leaves, and showed a cumulative trend over time
(Figure 3). The Ca concentration in the leaves of CN and ET
in 1C began to differ significantly from the third week. The
most significant differences in Ca concentration between
nutritional treatments were 60% for leaves at week 11 (CN,
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FIGURE 2 | Distribution of nitrogen among the organs of medical cannabis plants as affected by amino acid (AA) supplementation and nutrient cycle. N
concentration of control (CN) and enhanced treatment (ET) with AAs nutritional supplement in recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing
cycle (B), ETs in 1C and 2C (C) in stems, leaves, and flowers. Data are means + SE (n=3). The different small letters inside the bars represent significant differences
within the plant organs (stems, leaves, and flowers) between the variants in a particular week according to Tukey's HSD test at a=0.05.

85.17mg/g; ET, 53.13mg/g; Figure 3A). In contrast to 1C, the
Ca concentration in the CN and ET leaves differed significantly
as early as week 2 in 2C. The most significant differences in
Ca concentrations between CN and ET were 32% for leaves
at week 7 (CN, 79.60mg/g; ET, 60.13mg/g; Figure 3B). The
Ca concentration in ET also varied between 1C and 2C,
beginning at week 1. The most significant differences in Ca
concentrations in ETs between 1C and 2C in the last weeks
of vegetation growth were 67% (11% between CNs) for leaves
at week 11 (1C, 53.13mg/g; 2C, 88.87mg/g; Figure 3C).
The content of sulfur compounds was the lowest in the
stems and the highest in the leaves (Figure 4). The
concentration of S in the stems and leaves for CN and ET
with 1C began to differ significantly from the third week.

The most significant differences in S between CN and ET
were 28% for leaves in week 8 (CN, 2375 mg/kg; ET, 3029 mg/
kg; Figure 4A). In contrast to 1C, the concentration of S
in the stems and leaves of CN and ET began to differ
significantly from the second week for 2C; however, fewer
significant differences than in 1C were observed. The most
significant differences in S concentrations between nutritional
treatments were 23% for leaves at week 5 (CN, 1834 mg/
kg; ET - 2,260 mg/kg; Figure 4B). The S concentration also
varied between 1C and 2C of ETs but was almost identical
till the 3" week. The most significant differences in S
concentrations in ETs between 1C and 2C were 46% (27%
between CNs) for leaves at week 8 (1C, 3,029 mg/kg; 2C,
2068 mg/kg; Figure 4C).

Frontiers in Plant Science | www.frontiersin.org

74

March 2022 | Volume 13 | Article 868350



Malik et al.

Amino Acids in Cannabis Nutrition

A
140 O flowers
120 | Oleaves
100 | @stems
'% 80 |
g
= 60 |
Q
40 +
-
20 -
0
CN ET CN CN ET CN ET CN ET CN ET CN ET CN ET CN ET
B
140
120
100
w 80 |
< 60
S
w0l ;
I»‘
0
CN ET CN ET CN ET CN ET CN ET CN ET CN ET CN ET CN ET CN ET CN ET CN ET
C
140
120
100 +
g 80
g 60 | 4]
40 + :
20 . ":
0
1Cc|2Cc|1C(2C|IC|2C|1C|2C|1C|2C|1C|2C|1C|2C|1C|2C|1C|2C|1C(2C|1C|2C|1C|2C|1C|2C
1 2 3 4 5 6 7 8 9 10 11 12 13
Week
FIGURE 3 | Distribution of calcium among the organs of medical cannabis plants as affected by amino acid (AA) supplementation and nutrient cycle. Ca
concentration in control (CN) and enhanced treatment (ET) plants with AAs nutritional supplement in recirculation (1C) growing cycle (A), in drain-to-waste (2C)
growing cycle (B), ETs in 1C and 2C (C) in stems, leaves, and flowers. Data are means + SE (n=3). The different small letters inside the bars represent significant
differences within the plant organs (stems, leaves, and flowers) between the variants in a particular week according to Tukey’s HSD test at a=0.05.

The iron content was the lowest in leaves and highest in
stems and showed a cumulative trend over time (Figure 5).
The concentration of Fe in the stems for CN and ET in 1C
began to differ significantly from week 6 to 13. The most
significant differences in Fe between CN and ET were 79%
for stems at week 8 (CN, 609.5mg/kg; ET, 340.6 mg/kg;
Figure 5A). In contrast to 1C, the concentration of Fe in the
stems of the CN and ET began to differ significantly from
week 3 to 13 in 2C. The most significant difference in Fe
concentrations between CN and ET was 139% for stems at
week 8 (CN, 666.4mg/kg; ET, 279.3mg/kg; Figure 5B). The
Fe concentration also varied between 1C and 2C of ETs by
the first week. The most significant difference in Fe concentrations
in ETs between 1C and 2C in the last weeks of vegetation

growth was 45% (40% between CNs) for stems at week 13
(1C, 844.2mg/kg; 2C, 584.4mg/kg; Figure 5C).

Nutritional supplementation with AAs in the two different
nutritional cycles caused some change in growth of medical
cannabis plants. Up to week 5, the increase in biomass was
relatively slow, but was sharply increased from week 6. The
largest weekly dry weight gain was recorded for flowers
(Figure 6). The increase in biomass of stems, leaves, and
flowers for CNs and ETs in 1C was almost identical until
week 7. From week 8 to 12, leaf and flower biomass differed
somewhat (Figure 6A). In contrast to 1C, stems, leaves,
and flowers of CN and ET plants in 2C increased significantly
from week 9. ET reached maximum dry plant biomass at
week 11, and CN by week 12 (Figure 6B). Biomass also
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FIGURE 4 | Distribution of sulfur among the organs of medical cannabis plants as affected by amino acid (AA) supplementation and nutrient cycle. S concentration
in control (CN) and enhanced treatment (ET) plants with AAs nutritional supplement in recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing cycle (B),
ETs in 1C and 2C (C) in stems, leaves, and flowers. Data are means + SE (n=3). The different small letters inside the bars represent significant differences within the

medical cannabis plant organs (stems, leaves, and flowers) between the variants in a particular week according to Tukey's HSD test at a=0.05.

varied between 1C and 2C of ETs, but from week 7
(Figure 6C).

AA supplementation and nutritional cycle changed the
concentration of THCA and CBNA in the flowers of cannabis
plants, but concentration curves of both cannabinoid acids
were similar for the same nutritional cycle and treatment
(Figure 7). THCA in leaves and flowers slowly increased in
both treatments until week 4, but from week 5, the concentration
of THCA began to differ significantly because only flowers
were analyzed (Figures 7A-C). The CN and ET concentrations
of THCA began to differ significantly from week 5 to 13 in
1C, and CN (18.2%) and ET (16.0%) reached maximum at
week 11 (Figure 7A). In contrast to 1C, the concentration of
THCA in CN and ET (2C) differed significantly by the third

week, but the differences were smaller. THCA peaked at week
9 for CN (15.4%) and week 7 for ET (15.4%; Figure 7B).
The THCA levels in 1C and 2C of ETs differed significantly
from week 5-13 (Figure 7C). The CBNA concentration in
CN and ET in 1C began to vary significantly between week
5 and 13. CBNA peaked at week 11 in both treatments and
differed significantly by 44% (Figure 7D). In contrast to 1C,
the CBNA concentration in CN and ET did not differ significantly
in 2C until weeks 5 and 10. CBNA in CN reached two maxima
in 2C: at week 9, where it differed significantly by 41%, and
at week 11 where it differed significantly by 44%. The CBNA
for ET also reached two maxima in 2C: at week 7 where it
differed significantly by 17%, and at week 11, the same as
CN (Figure 7E). CBNA concentrations between 1C and 2C
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of ETs were almost identical until weeks 5 and 9. As stated
above, the CBNA concentration of ET reached maximum at
week 11 in 1C, when it differed significantly by 33% (also
33% for CNs) and at week 7 in 2C, when it differed significantly
by 83% (7% for CNs; Figure 7F).

THCA is the most concentrated cannabinoid in our medical
cannabis plant chemotype. The THCA yield per plant from
dried flowers over time and the effect of the AA supplement
and variable nutritional cycle was measured (Figure 8). THCA
yields were almost identical for CN and ET with 1C until
week 6 but differed significantly from week 7-13. The largest
significant difference (46%) between the nutritional treatments
was achieved at week 11, but the highest yield for both treatments
was at week 13 (Figure 8A). The THCA yield for CN with
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FIGURE 5 | Distribution of iron among the organs of medical cannabis plants as affected by amino acid (AA) supplementation and nutrient cycle. Fe concentration
in control (CN) and enhanced treatment (ET) plants with AAs nutritional supplements in recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing cycle (B),
ETs in 1C and 2C (C) in stems, leaves, and flowers. Data are means + SE (n=3). The different small letters inside the bars represent significant differences within the
medical cannabis plant organs (stems, leaves, and flowers) between the variants in a particular week according to Tukey's HSD test at @=0.05.

2C compared to 1C reached its maximum at week 12 (significant
difference, 34%) and for ET at week 11 (significant difference,
10%; Figure 8B). As stated above, the THCA yield for ET
with 1C reached a maximum at week 13 (significant difference
between ETs, 279%) and at week 11 for ET with 2C (difference
between ETs, 28%; Figure 8C).

The concentrations of limonene and B-myrcene in the flowers
were also affected by AA supplementation and nutrient cycle
(Figure 9). Limonene peaked at week 9 for CN (1.33mg/g)
and at week 10 for ET (2.12mg/g). The most significant
difference in limonene concentration between these two
treatments was 81% reached at week 8 in 1C (Figure 9A).
As in 1C, limonene concentration peaked at week 9 for CN
(0.94mg/g) but at week 8 for ET (1.58 mg/g) in 2C. The largest
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significant difference in limonene concentration between these
two treatments was 123% reached at week 10 (Figure 9B).
Comparing limonene concentrations of ETs for 1C and 2C,
the largest significant difference between these two cycles was
37% at week 10 (Figure 9C). f-myrcene levels peaked at week
9 for CN (0.89mg/g) and at week 10 for ET (1.46mg/g). The
largest significant difference in f-myrcene concentration between
these two treatments was 139% at week 8 in 1C (Figure 9D).
As in 1C, p-myrcene peaked at week 9 for CN (0.61mg/g),
but at week 8 for ET (1.38mg/g) in 2C. The largest significant
difference in P-myrcene concentration between these two
treatments was 167% at week 8 (Figure 9E). Comparing
B-myrcene concentration in ETs for 1C and 2C, the most
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FIGURE 6 | The effect of amino acid supplementation (AAs) and growing nutritional cycle on medical cannabis plant biomass. Dry biomasses of stems, leaves, and
flowers in control (CN) and enhanced treatment (ET) plants with AAs nutritional supplements in recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing
cycle (B), ETs in 1C and 2C (C). Data are means + SE (n=3). The different small letters inside the bars and small bold letters above the bars represent significant
differences within the medical cannabis plant organs (leaves and flowers) and the whole plant biomass between the variants in a particular week according to
Tukey's HSD test at @=0.05.

significant difference between these two cycles was 28% reached
at week 10 (Figure 9F).

DISCUSSION

Nutrition is undoubtedly an important factor in the development,
function, and metabolism of all plant organs and tissues. Data
are already known regarding the optimal levels of individual
macronutrients, such as N, P, and K, for normal function and
development of the root system and above-ground biomass
(Saloner et al., 2019; Saloner and Bernstein, 2020; Shiponi
and Bernstein, 2021b) and formation of the desirable secondary

Frontiers in Plant Science | www.frontiersin.org

78

10 March 2022 | Volume 13 | Article 868350



Malik et al.

Amino Acids in Cannabis Nutrition

THCA (%)
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variants in a particular week according to Tukey's HSD test at a=0.05.

metabolites of medical cannabis plants (Caplan et al.,, 2017a;
Bernstein et al., 2019; Saloner and Bernstein, 2021; Yep et al,,
2021; Shiponi and Bernstein, 2021a). However, there is still
emphasis on the availability of sufficient quantities of these
major plant macronutrients in an optimal ratio. The effects of
micronutrients (Yep et al, 2021) and plant biostimulants
(Bernstein et al., 2019) must also be considered.

Nutritional treatment with AA supplements in different
nutrient cycles clearly affected the concentrations of macro-
and micro-elements in cannabis plants. Antagonistic and
synergistic interactions between nutrient anions and cations
during root cell membrane transport have been relatively
well reported. However, the timing of replenishment of AAs
and variations in pH, as in the case of the recirculation
cycle, 1C, could affect their accessibility from the nutrient
solution and thus the subsequent physiological and metabolic

Frontiers in Plant Science | www.frontiersin.org

1

CBNA (%)
e
-

FIGURE 7 | Concentrations of tetrahydrocannabinolic acid (THCA) and cannabinolic acid (CBNA) in the flowers of medical cannabis plants as affected by amino
acid (AA) supplementation and nutrient cycle. THCA concentration in control (CN) and enhanced treatment (ET) plants with AAs nutritional supplements in
recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing cycle (B), ETs in 1C and 2C (C). CBNA concentration of control (CN) and enhanced treatment
(ET) with AAs nutritional supplements in recirculation (1C) growing cycle (D), in drain-to-waste (2C) growing cycle (E), ETs in 1C and 2C (F). The whole inflorescence
of the plant was analyzed. Data are means + SE (n=3). Different bold small letters represent significant differences in cannabinoid concentration between the

response of plants. The enhanced treatment (ET) with AA
supplementation resulted in significantly greater nitrogen
accumulation (Figures 2A,B) in all three plant organs, but
mostly in flowers and leaves. This finding is consistent with
claims that plants can absorb and incorporate intact amino
acids directly (Matsumoto et al., 1999; Persson and Nasholm,
2001; Jamtgard et al, 2008). AAs can also modulate the
assimilation and absorption of N in plants by regulating the
enzymes and structural proteins involved in these processes.
AAs also affect N uptake signaling pathways in roots and
promote transfer between nitrogen and carbon metabolites
by controlling enzymes of the tricarboxylic acid cycle (Colla
et al, 2014; Du Jardin, 2015). When comparing nutritional
cycles (Figure 2C), higher N concentrations were observed
in the above-ground organs of plants, especially in leaves
and flowers from ET plants in 1C. This was probably due
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FIGURE 8 | Tetrahydrocannabinolic acid (THCA) yield per plant as affected
by amino acid (AA) supplementation and nutrient cycle. THCA yield per plant
in control (CN) and enhanced treatment (ET) with AAs nutritional supplements
in recirculation (1C) nutrient cycle (A), in drain-to-waste (2C) nutrient cycle (B),
ETs in 1C and 2C (C). The whole inflorescence of the plant was analyzed.
Data are means + SE (n=3). Different bold small letters represent significant
differences in cannabinoid concentration between the variants in a particular
week according to Tukey's HSD test at @=0.05.

to fluctuations in the pH of the 1C nutrient solution from
addition of AAs, which increased the pH to 8.05 after 24h.
The initial pH of the nutrient solution, 5.9 (the constant pH
of the 2C nutrient solution), was close to the isoelectric
point of most AAs (Pogliani, 1992), but recirculation may
have resulted in the formation of a partial charge on some
AA molecules. At pH 5.9, most AAs were in the neutral
zwitterionic form, making them less able to enter plant cells
because of lipophilic interactions during membrane transport
(Trapp, 2004). Sulfur showed an accumulation trend similar
to N, but at a lower concentration (Figure 4), because of
the sulfur-containing AAs, cysteine and methionine (Table 1).
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In 2C (Figure 4B), the S concentrations were almost identical
in both treatments, probably because of lower solubility of
the sulfur AAs at pH 5.9 and reduced absorption.

Calcium accumulation followed an opposite trend (Figure 3).
In the ET group, the AA supplementation significantly lowered
calcium accumulation (Figures 3A,B) in all three plant organs,
but mostly in leaves and flowers. The same trend was observed
for magnesium accumulation (data not shown), but with minor
differences because of lower concentration. This was probably
due to the coordination of calcium with the carboxyl, hydroxyl,
thiol, and amino groups of the AAs to form complexes with
limited accessibility (Maeda et al, 1990). When comparing
nutritional cycles (Figure 3C), higher calcium concentrations
were observed in above-ground parts, especially leaves and
flowers, from ET plants in 2C. This was probably due to the
stable 5.9 pH of the 2C nutrient solution, in which the AAs
were in the form of zwitterions that did not complex with
Ca. The increased formation of root exudates containing
negatively charged or free electron pair groups capable of
coordinating and binding Ca from the nutrient solution might
also have contributed to this process. It is probable that more
exudates were excreted in 1C because of the pH change in
the cytosol and also from the increase in TCA cycle function
after uptake of negatively charged AAs (Ryan et al., 2001). In
the case of 2C, replenishment with fresh nutrient solution also
contributed to increased calcium ions. Iron showed an
accumulation trend similar to calcium, only at lower
concentrations, where it occurred mainly in the stem due to
low mobility (Figure 5). However, when comparing nutritional
cycles (Figure 5C), a higher Fe concentration was observed
at some weeks in above-ground organs, especially leaves and
stems, of ET plants in 1C. This may have resulted from the
Fe levels of ET plants in 2C reaching a maximum at week
11 compared to week 13 in 1C, and also, from the chelating
effects of some AAs, which could contribute to mobility and
micronutrient acquisition by roots (Calvo et al., 2014). The
levels of phosphorus and potassium (data not shown) did not
differ in nutrient solutions, nor did they show many significant
differences in accumulation in the above-ground organs of
both treatments, so they were not discussed.

The changed accessibility and supply of individual nutrients
within CN and ET plants during different nutritional cycles
also affected the yield of dry biomass of stems, leaves, and
flowers (Figure 6). In CN with 1C, only a slight increase
in the weight of above-ground biomass was observed from
week 11 to 13, whereas in ET we saw a sharp increase in
total dry matter, especially in flowers, in the last weeks
(Figure 6A). This was probably caused by an increased supply
of nitrogenous and possibly other compounds in the root
cells of ET plants and their subsequent transport to flowers
during the so-called rinsing period (watering only with DMW;
Table 3) from week 10-13 (Pratelli and Pilot, 2014; Yao
et al., 2020). In CN plants with 2C, the maximum increase
in biomass was reached at week 12, and in ET a week
earlier (Figure 6B). This probably resulted from earlier
maturation of the plants with 2C compared to 1C. The
differences in dry biomass in the CN and ET groups in
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Tukey's HSD test at a=0.05.

both cycles were mainly due to the different N doses from
AAs delivered to ET plants from the second (first blooming)
week (Tables 2 and 3). According to Saloner and Bernstein
(2021), the optimal dose of mineral N for medical cannabis
in bloom is 160mg/l. In our experiments, the amount of
mineral N in the nutrient solution was gradually increased
from 116 mg/l (week 2) to 150mg/l (weeks 4 and 6-9) in
both CN and ET. Caplan et al. (2017a) stated that the optimal
dose of N in organic fertilizers for maximum biomass of
medical cannabis plants in bloom was 283mg/l. In our
experiments, the amount of organic N in the nutrient solution
for ET plants was gradually increased from 184mg/l (week
2) to 203mg/l (weeks 4 and 6-9). However, the amount of
total N supplied in the nutrient solution for ET ranged from
300mg/l (week 2) to 353 mg/l (weeks 4 and 6-9; Table 3).
Therefore, this amount of total nitrogen in the nutrient

FIGURE 9 | Concentration of limonene and p-myrcene in flowers of medical cannabis plants as affected by amino acid (AA) supplementation and nutrient cycle.
Limonene concentration in control (CN) and enhanced treatment (ET) plants with AAs nutritional supplements in recirculation (1C) nutrient cycle (A), in drain-to-
waste (2C) nutrient cycle (B), ETs in 1C and 2C (C), the p-myrcene concentration of control (CN) and enhanced treatment (ET) with AAs nutritional supplements in
recirculation (1C) growing cycle (D), in drain-to-waste (2C) growing cycle (E), ETs in 1C and 2C (F). The whole inflorescence of the plant was analyzed. Data are
means + SE (n=23). Different bold small letters represent significant differences in cannabinoid concentration between the variants in a particular week according to

solution may already have exceeded the optimal dosage for
medical cannabis plants, especially with 2C (Albornoz, 2016).

This hypothesis was partially supported by the premature
ripening of plants based on the concentration of THCA in ET
in 2C (Figure 7B), but this could also be caused by increased
abiotic stress from high N doses (Gepstein and Glick, 2013).
Conversely, the higher dose of nutrients in 2C compared to 1C
ensured optimal fertigation, which can shorten the ripening time
of cannabis (Caplan et al,, 2017b). This hypothesis was supported
by the nearly identical trend of increasing THCA concentration
with 2C in both treatments, although ET peaked at week 7
compared to CN at week 9 (Figure 7B). When comparing ET
results at 1C and 2C, the difference was 4weeks because the ET
plants with 1C did not reach their maximum THCA concentrations
until the 11th week (Figure 7C). Differences in THCA concentrations
in both treatments and cycles, but especially in 1C, could
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be explained by the previously discovered positive correlation of
calcium with A’-tetrahydrocannabinol (A’-THC), which is a
decarboxylation product of THCA (Figures 3, 7; Pate, 1994). Its
oxidation product, CBNA, had a similar course and maxima as
THCA, but reversed (Figures 7D-F), probably because of the
antioxidant activity of AAs, which reduced environmental stress
by scavenging free oxygen radicals (Calvo et al., 2014).

The combination of the dry weight of flowers and the
concentration of THCA was reflected in the yield of THCA. In
1C, an almost linear dependence of THCA yield on time could
be seen for both treatments (Figure 8A) because of the lower
amount of total nutrients supplied in 1C compared to 2C,
and thus the delay in ripening time. However, when comparing
ETs from both cycles at the weeks of their maximum THCA
yield (week 13 for 1C and week 11for 2C), the THCA yield
with 1C was more than twice as high (Figure 8C). This may
have been a result of the increased production of abscisic acid
(ABA) in response to stress, which slows plant growth and
increases THCA production (Mansouri et al., 2009). It was
also likely to cause oxidative stress (Jiang and Zhang, 2001),
thus indirectly increasing CBNA production (Figure 7F).

The final concentration of monoterpenes showed the same trend
in the respective weeks in both cycles and treatments as the
concentration of THCA (Figure 9). This was consistent with
Aizpurua-Olaizola et al. (2016) who claimed that this could
be explained by the fact that monoterpenes were synthesized in
the same glandular trichomes as cannabinoids (Meier and Mediavilla,
1998). Similar to Saloner and Bernstein (2021), our results showed
that the increased N in the nutrient solution decreased THCA
concentration proportionally. But conversely when exceeding a
specific limit of nitrogen fertilization, as 160mgN/L in the case
of Saloner and Bernstein (2021), a reversible increase in limonene
and myrcene concentration was observed. This was in agreement
with studies showing a positive dependence of isoprene unit
formation on N fertilization (Mccullough and Kulman, 1991; Close
etal,, 2004). High N concentrations in leaves promoted photosynthetic
activity, which increased the availability of assimilated carbon used
to generate metabolites via the methylerythritol pyrophosphate
(MEP) pathway (Ormeno and Fernandez, 2012). Two biosynthetic
pathways contributed to the early steps in the production of plant
terpenes. The first is the cytosolic mevalonic acid (MVA) pathway,
which is involved in the biosynthesis of sesquiterpenes and triterpenes.
The second, plastid-localized methylerythritol phosphate (MEP)
pathway, is involved in the biosynthesis of monoterpenes, diterpenes,
and tetraterpenes (Bouvier et al, 2005). Phytocannabinoids are
synthesized from isoprenoid precursors combined with fatty acids
(Dewick, 2002). However, the geranyl pyrophosphate necessary
for the production of the terpenoid part of cannabinoids is
predominantly (>98%) synthesized by the MEP pathway in plastids
(Fellermeier et al, 2001). Because limonene, p-myrcene, and the
terpenoid part of THCA are synthesized via the same MEP pathway
and exhibit a concentration response in medical cannabis flowers
opposite to that from addition of AAs to the nutrient solution,
which increases N levels, it can be concluded that the biosynthesis
of the ketide (fatty acid) part of the THCA molecule may be affected
(Tedesco and Duerr, 1989). However, further research will be needed
to draw relevant conclusions.
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CONCLUSION

This study investigated the effects of amino acid supplementation
and two different nutritional cycles (systems) on medical
cannabis growth. The exact relationship between the content
of secondary metabolites and the nutritional supplements
remains unclear. This connection is complex and involves
several parameters, including nutrient availability, biosynthetic
conditions, and physiological signals. The amino acid-based
nutritional supplement significantly increased the nitrogen
and sulfur content and reduced the accumulation of calcium
and iron in both cycles throughout the plant. It caused earlier
maturation in plants as reflected in the THCA concentration
in the drain-to-waste cycle and reduced the CBNA content
in flowers. Furthermore, in both nutritional cycles, it
significantly increased the content of monoterpenes, limonene
and B-myrcene. When comparing the nutritional cycles of
treatments with the amino acid supplement, it can be seen
that a significantly higher content of nitrogen and sulfur was
achieved in the recirculation cycle, but a lower content of
calcium in the whole plant. In the drain-to-waste cycle, medical
cannabis plants matured about a month earlier, based on
THCA concentration, but at the expense of half-maximal
THCA yield in flowers and significantly lower concentrations
of limonene and B-myrcene than with the recirculation cycle.
This study clearly shows the advantages and disadvantages
of the amino acid-based biostimulant and of the different
nutritional cycles. In the recirculation cycle, higher yields of
secondary metabolites were achieved with much lower total
nutrient consumption, but over a more extended time. On
the contrary, the drain-to-waste cycle allowed better control
of the nutrient solution, stable supply of accurate nutrient
concentration, and accelerated plant ripening, but with higher
fertilizer consumption and lower overall yield of secondary
metabolites. This study examined a high-yield THCA variety
classified as chemotype I grown hydroponically in Euro Pebbles
(expanded clay) medium. Therefore, it would be interesting
to carry out these studies on cannabis varieties of
different chemotypes.
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Abstract

Soon, rising temperatures, higher water consumption for irrigation, and the discharge of
agricultural wastewater may adversely impact water resources and, thus, the entire
environment. Agriculture is one of the sectors that consume an enormous amount of water.
Therefore, there is growing evidence to explore the possible recirculation and reuse of
nutrient solutions to reduce the associated environmental and economic costs in hydroponics,
which is currently one of the fastest-growing techniques in horticulture. This study focused on
the comparison of two different nutrient hydroponic cultivation systems, a recirculation (RS)
and a drain-to-waste system (DS), and the effect on the ionome, growth, and concentration of
secondary metabolites in medical cannabis (Cannabis sativa L.) plants. Elemental analysis of
plant organs was performed using the dry decomposition method with flame atomic
absorption spectroscopy (FAAS) and inductively coupled plasma optical emission
spectroscopy (ICP-OES). Nitrogen content was measured using the Kjeldahl method. The
phytocannabinoid profile was analyzed by high-performance liquid chromatography equipped
with a diode array detector (HPLC-DAD) in ethanolic flower extracts. The content of terpenic
compounds in hexane extracts was analyzed using gas chromatography with flame ionization
detection (GC-FID) and gas chromatography with mass spectrometry (GC-MS). During the
cultivation of plants in the RS, a significantly higher accumulation of nitrogen and
phosphorus was observed in the stems. Conversely, calcium and magnesium contents were
lower in whole above-ground biomass. Among the micronutrients, more manganese, copper,
and molybdenum were also accumulated there, but less zinc and boron. Medical cannabis
plants grown in the DS matured two weeks earlier but at the expense of an 87 % lower
maximum yield of tetrahydrocannabinolic acid (THCA) in the flowers and a significantly
lower concentration of monoterpene compounds than in the RS. Overall, much less nutrients
were consumed, but increased plant stress and extended growing time were observed in the

RS.

Keywords: Fertigation; Hydroponics; Cannabis sativa L.; Plant nutrition;

Phytocannabinoids; Expanded clay
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1. Introduction

Agriculture, including horticulture, is one of the industries that consume the largest amounts
of water. In the near future, rising temperatures, a higher need of water for irrigation, and the
discharge of agricultural wastewater may have an adverse impact on water resources and the
whole environment. Therefore, there is a growing need to explore the possible recirculation
and reuse of nutrient solutions to reduce ecological and economic costs (Atzori et al., 2019;
Hogeboom, 2020). Hydroponics is an alternative to conventional plant management and is
currently one of the fastest-growing methods in the horticultural industry. Nutrients are
supplied directly to a plant’s root system as an aqueous solution. Due to the possibility of
year-round plant growth in a controlled growth chamber, this method has the potential to
produce high-quality, homogeneous plant material. Growers have already begun to widely use
hydroponics not only for growing tomatoes and cucumbers but also for cannabis (Cannabis
sativa L.). In many aspects, techniques required for cannabis growth are similar to those used

for other plant species (Bouchard and Dion, 2009; Vanhove et al., 2011).

However, one of the weakest points in hydroponics is the lack of information about nutrient
solution management. Many growers and researchers still drain nutrient solutions and refill
them several times weekly for more precise control of nutrient delivery. However, the rapid
depletion and addition of some nutrients to nutrient solutions can cause the amounts of
supplied and subsequently received nutrients to be toxic to plants (Bugbee, 2004). Nutrients
play a central role in many aspects of plant metabolism. There is already experimental
evidence on the beneficial effects of an optimal level of supplied nutrients, especially for the
group of plant macronutrients such as nitrogen (Saloner and Bernstein, 2020, 2021, 2022b),
phosphorus (Shiponi and Bernstein, 2021a; Shiponi and Bernstein, 2021b), and potassium
(Saloner and Bernstein, 2022a; Saloner et al., 2019; Yep and Zheng, 2021) on the secondary
metabolites of medical cannabis plants. The cannabinoid and terpene profiles of medical
cannabis can be influenced by the concentration and relative ratio of nutrients in the nutrient
solutions (Bernstein et al., 2019; Bevan et al., 2021; Caplan et al., 2017a, b; Malik et al.,
2021).

However, there is still a lack of information in the scientific literature concerning the
management of nutrient solutions in the soilless cultivation of medical cannabis. Therefore,
this study focused on supplying nutrients using two different hydroponic systems,
recirculation and drain-to-waste. The study aimed to verify the amount and potential effects of
supplemented nutrients on the growth and subsequent physiological and chemical reactions of

medical cannabis plants in both nutrient hydroponic systems. The experiments were based on
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the following hypotheses: (1) the amount of supplied nutrients will cause a change in the
growth of the above-ground biomass and will affect the flower yield; (2) the amount of
supplied nutrients will cause a change in the cannabinoid and terpenic profile of medical
cannabis plants; (3) changes induced will be in accordance with the macro and micronutrient
contents in above-ground plant organs (stems, leaves, and flowers); and (4) induced changes
will be different in individual hydroponic nutrient systems. To verify the hypotheses were
monitored the effects of nutrient supplementation in the nutrient solutions of each of the two
hydroponic systems on (1) the amount of total above-ground biomass and individual plant
organs (stems, leaves, and flowers); (2) type and concentration of cannabinoid and terpenic
compounds; and (3) the amount of nutrients utilized and the medical cannabis plant tissue

ionome.

2. Material and methods
2.1 Parameters of the cultivation area

Soilless cultivation of cannabis plants in pots filled with expanded clay (Euro Pebbles)
growing medium placed on tables took place in a controlled condition room. Each cultivation
table measured 2 m? (1 x 2 m) and introduced a different hydroponic system with an
independent nutrient solution tank with a volume of 100 L. Each table could hold up to 55
polypropylene (PP) conical, square 3.45-liter pots with dimensions: base 11.5 cm x 11.5 cm,
top 15 cm x 15 cm, and height 20 cm. Capillaries provided drip irrigation. The timer of the
water pump was set for 9 irrigation cycles, each lasting 60 s and all occurring during the
daylight phase. During one irrigation cycle, a volume of 94 mL of the nutrient solution was
supplied to each plant for a total of 846 mL per plant per day. Microclimatic parameters were
maintained using an air conditioning unit that maintained and recorded the set parameters
every minute using a data logger. A constant carbon dioxide (CO2) concentration was
maintained using a methane-burning generator. Six high-pressure sodium lamps, each rated at
1000 W provided a suitable light spectrum. According to photosynthetic photon flux density,
lamps provided 1029 umol/m?*/s at 6000 W.

2.2 Chemical phenotype and cultivation conditions of plants

In the experiment, clones (cuttings) were used, obtained from mother plants by vegetative
propagation. The medical cannabis genotype had a chemical phenotype classified as
chemotype I, meaning a high tetrahydrocannabinolic acid/cannabidiolic acid (THCA/CBDA)

ratio (> 1.0). The cuttings were cultivated for about three weeks in Rockwool cubes (4 x 4 cm)
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under light-emitting diodes. Rooted clones were then transferred to PP pots with a volume of
3.45 L filled with 3 liters of expanded clay. The density of plants was 27.5 plants per m? (55
plants/table/hydroponic system). The light regimen was set to 18 h of light and 6 h of darkness
for the first week during the vegetative (growth) phase. The light phase temperature was kept
at 25°C and was reduced to 22°C during the dark phase. Relative air humidity was maintained
at 60%, and CO> concentration at 1065 mg/m? (1.065 mg/L). From the second week, the
cultivation regimen was adjusted to the generative (flowering) phase. The photoperiod was set
to 12 h of light and 12 h of darkness. The CO; concentration and temperature were kept the

same as in the vegetative phase but with a reduced 40% relative humidity due to mold risk.

2.3 Nutrient hydroponic systems and treatment

Plants were exposed to one treatment with two different nutrient hydroponic systems. The
first was a system with a recirculated (RS) nutrient solution, and the second was a drain-to-
waste system (DS) where the applied solution was used only once, then went into a separate
waste tank, and was no longer mixed with the fresh solution. A new nutrient solution was
prepared from demineralized water (DMW) with reverse osmosis every seven days starting
from the 1st day of the experiment. The nutrient content was increased according to the
growing age of the plants. From the 10th week, the plants were irrigated only with DMW.
The pH of a nutrient solution was adjusted to a value of 5.9 (Velazquez et al., 2013), and the
recirculation system solution was checked and adjusted daily. The electrical conductivity
(EC) was recorded while mixing the new solution. After preparing the new nutrient solution, a
sample was collected for analysis every week. The measured nutrient composition of the fresh

solution is shown in Table 1 (Malik et al., 2022).
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Table 1. Nutrient composition of fresh solution (mg/L).

Weeks
Nutrients
2 3,5 4,6-9 10-13

N 100.85+1.64 116.00+1.85 130.00=1.75 150.00+1.92 DMW?
32.01+£0.75 39.40+0.82 43.88+0.59 51.73+£0.79 DMW?

K 12493 +1.85 151.00+1.38 173.11+£1.92 193.25+1.58 DMW?
Ca 98.53+1.32 119.00+1.35 13238+1.42 146.00+1.28 DMW*
Mg 25.17+0.38 30.50+0.42 3494+048 39.13+£045 DMW?
S 21.75+£025 26.72+0.29 31.34+0.34 3453+038 DMW?
Fe 0.91+0.09 1.11+£0.09 1.21+0.11 1.44 +0.08 DMW?
Mn 0.66 +0.07 0.74 £ 0.05 0.83+£0.08 0.99 £0.07 DMW?
Zn 0.21+0.03 0.27 +0.03 0.28 £0.04 0.33+0.03 DMW?
B 0.14 +£0.02 0.19+0.01 0.22+0.02 0.25+0.02 DMW?
Cu 0.07+0.01 0.09+£0.01 0.11+0.01 0.13+£0.02 DMW?
Mo 0.01+0.00 0.02 +£0.00 0.02 +0.00 0.02 £ 0.00 DMW?
ECP 0.97+0.01 1.19+0.01 1.46+£0.01 1.74+£0.01 DMW?

144  “demineralized water
145  ’electrical conductivity (mS/cm)
146

147 2.4 Plant sampling and drying

148  The plants were harvested weekly in 3 replicants from each nutrient hydroponic system

149  throughout the vegetative cycle. Plants were selected randomly from each highlighted sector
150  1-3 (Figure 1). Subsequently, a random plant outside the sectors was moved to the resulting
151  space to minimize the possible edge effect (Antolinos et al., 2020; Malik et al., 2022). The
152 above-ground biomass of plants was clipped, weighed whole fresh, and then divided into

153  stems, leaves, and flowers which were again weighed fresh separately for each plant. Above-
154  ground plant organs were dried to constant moisture (8-10%) at 25°C and reweighed dry. The
155  reference amount of each plant part was then dried at 105°C to a constant weight to determine
156  the dry matter. Specific plant parts were always homogenized just before the analysis. Dried
157  flowers (including leaves up to the 4th week) were frozen in liquid nitrogen and ground in the
158  mortar and pestle. Dried stems and leaves (from the 5th week) were ground separately in an

159  automatic grinder.
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Fig. 1. Plant harvesting sectors.

2.5 Elemental analysis using the dry decomposition (ashing) method

Homogenized weighed plant organs (0.5 g) in beakers were covered with a watch glass and
placed on a hot plate at 160°C where the temperature was gradually increased every hour,
over 4 h, to 350°C. The samples were then transferred to a muffle furnace, where remained at
a temperature of 450-500°C for 12 h. Subsequently, 1 mL of 65% nitric acid (HNO3) was
added to the cooled beakers were placed on a hob at 120°C for 60 min. After evaporation, the
samples were annealed in an oven at 500°C for 90 min and finally suspended in a 1.5% HNO3
solution with stirring in an ultrasonic bath. The measurement of the concentration of the
monitored elements was carried out using flame atomic absorption spectroscopy (FAAS) on a
Varian 280FS and inductively coupled plasma optical emission spectroscopy (ICP-OES) on a
Varian Vista-PRO device (Varian, Mulgrave, Australia). This method was used to determine
the content of macroelements (except nitrogen), microelements, and trace elements (Hoenig,

2003; Miholova et al., 1993).

2.6 Determination of nitrogen content using the Kjeldahl method

Weighed plant material (0.5 g) was inserted into the distillation tube. Subsequently, 2 g of
catalyst (a mixture of 100 g K2SO4, 1 g CuSOs4, and 0.1 g Selenium powder) were added, and
the samples were mineralized by boiling for 90 min at 420°C with 95% sulfuric acid (H2SOs).
After alkalization with sodium hydroxide (NaOH), free ammonia was steam distilled to
orthoboric acid (H3BOs3). Its content was determined by hydrochloric acid (HCI) titration

(0.5 M) and then measured on a Gerhardt Vapodest 30s device (Konigswinter, Germany)
(Baker and Thompson, 1992).
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2.7  Extraction and measurement of phytocannabinoids

Cannabinoids from the ground homogenized flowers (including leaves up to the 4th week)
were extracted by an optimized dynamic maceration method (Brighenti et al., 2017). Weighed
samples (0.3 g) were mixed with 10 mL of 96% ethanol and macerated for 1 h at room
temperature under constant magnetic stirring at 300 rpm. Subsequently, the mixtures were
filtered under a vacuum, and the filtrates were collected. The flowers were removed from the
filter and then mixed with another 10 mL of solvent. This step was two times repeated, and
the filtrates were combined. Aliquots of 0.5 mL of each sample were diluted with 96%
ethanol to the volume of 10 mL and once more filtered through the nylon syringe filters

(0.22 pm) into the vials. Extracted samples were injected into a high-performance liquid
chromatography system equipped with a diode array detector (HPLC-DAD; Agilent 1260,
Agilent Technologies Inc., USA) and a Luna® C18 column (2) 250 x 3 mm, the particle size
of 3 um (Phenomenex, USA). The isocratic mobile phase consisted of acetonitrile/water
(31:9, v/v) with 0.1% formic acid (v/v) and 0.1 M ammonium formate (without pH
adjustment). The flow rate was 0.55 mL/min, and the temperature was 37°C. The sample
injection volume was 8 pL, and UV detection was performed at 275 nm (Krizman, 2019). The
instrument was externally calibrated using THCA, 0.3-100 mg/L, and other
phytocannabinoids, 0.3-10 mg/L (Sigma-Aldrich, Czech Republic) as the standards. Data
were analyzed with OpenLAB CDS, ChemStation Edition, Rev. C.01.5.

2.8 Extraction and measurement of terpenic compounds

Terpenic compounds from homogenized ripe flowers (7th-11th week of vegetation growth)
were extracted with hexane, and 1 mL was added to each sample (0.1 g). Pentadecane was
used as an internal standard to the final concentration of 1 mg/mL. The samples were vortexed
and then placed for 30 min into an ultrasonic bath. After that, samples were centrifuged and
filtered via polytetrafluoroethylene syringe filters (0.22 um) into vials. Filtered samples

(1.5 pL) were injected into a gas chromatography system equipped with a flame ionization
detection (GC-FID; Agilent Technologies 7890A, Palo Alto, USA) and a DBS column,

30 m % 0.25 mm x 0.25 um film thickness. The inlet temperature was 230°C, the detector
temperature was 300°C, and the nitrogen flow rate was 1 mL/min. The initial temperature of
60°C was increased at a rate of 3.5°C/min till the temperature of 150°C was reached and
subsequently at a rate of 30°C/min till the final temperature of 300°C was reached. The
samples were further injected into the gas chromatography system equipped with mass
spectrometry (GC-MS; Agilent Technologies 5975C, Palo Alto, USA) and an HP-5MS

column, 30 m x 0.25 mm % 0.25 um film thickness. The inlet temperature was 230°C, the
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detector temperature was 300°C, and the helium flow rate was 1 mL/min. The initial
temperature of 60°C was increased at a rate of 3.5°C/min till the temperature of 150°C was
reached and subsequently at a rate of 30°C/min till the final temperature of 300°C was
reached. Compounds detected by GC-MS were identified by mass spectrum and relative
retention index comparing with published values of the National Institute of Standards and
Technology database and values for standards, limonene, B-myrcene, and -caryophyllene
(Sigma-Aldrich, Czech Republic). Data from GC-FID revealed a relative concentration of
identified compounds according to the peak area of the monitored compound relative to the

total area of all detected compounds.

2.9 Statistical analysis

Data were subjected to one-way ANOVA with post-hoc Tukey's HSD test. Analysis was
performed using SPSS Statistics (version 25, 2017, IBM, Armonk, NY, USA).

3. Results and discussion
3.1 Nutrient consumption from nutrient solutions

Due to the reduction of ecological and economic costs concerning water management, the
need for recirculation and reuse of nutrient solutions is increasing. However, many cannabis
growers using hydroponics still drain once-used nutrient solutions into the waste and refill
them at almost daily intervals. Based on the lack of practical information in the scientific
literature regarding the management of nutrient solutions in the soilless cultivation of medical
cannabis, this experiment with different hydroponic systems was proposed. It aims to verify
whether it is possible to recirculate nutrient solutions without potential loss of yield of the

main secondary metabolites.

Variable nutrient hydroponic systems (RS and DS) resulted in different nutrient utilization
from nutrient solutions and induced changes in the medical cannabis plant tissue ionome.
Table 2 shows the measured composition of the remaining nutrient solution after recirculation
at the end of each week. Approximately 80 liters of the fresh nutrient solution was always
mixed at the beginning of each week in the RS. Table 3 describes the composition of the
waste solution from the hydroponic drain-to-waste system. Approximately 100 liters of the
fresh nutrient solution was always mixed at the beginning of each week in the DS. This fresh
nutrient solution was mixed within this volume 2-3 times a week according to the number of
cultivated plants. When comparing Tables 2 and 3, it can be seen that this is not necessary.

According to the composition of the nutrient solution remaining in the tank after recirculation
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251 at the end of each week in Table 2, there were still enough nutrients left in the RS.

252 Maintaining high nutrient concentrations in a solution can cause excessive intake leading to

253  nutrient imbalance. The plants thus quickly take the daily dose of some nutrients while other

254  nutrients accumulate in the solution. Rapid depletion of some nutrients often causes toxic

255  amounts of these nutrients to be subsequently added to the solution (Bugbee, 2004; Ho and

256  Adams, 1995; Sambo et al., 2019).

257

258  Table 2. Nutrient composition of recirculation system remaining solution (mg/L).

Weeks
Nutrients
1 2 3 4 5 6 7 8 9 10-13

N 12525172 138504206 13050 =121 12375£129 18652+1.56 19525+ 1.83 22334224 24551+262 24825+193 WW?
P 26704056  26.10£0.71  47.90+1.01 5280057 6640+105 6237+126 7T132+1.13 68764085 6534+043 WW*
K 167.29+1.42 20208+ 1.02 209.61 =3.56 31024302 32695+328 36836+2.15 371.81=246 427.07+3.15 435.12+303 WW*
Ca 133.02£223 15612+ 1.53 13632+246 189.15+1.85 164694251 16727244 19614219 19924+ 194 20145+223 WW*
Mg 34304068 39.60+0.68 40.60+0.69 5225=059 57.25+087 5491+059 67.92+075 70.72+072 T351+067 WW*
S 20824035 3621051  39.63=028 55.15£0.72  5731£053 52.54+048 69.76+057 6746047 6555052 WW*
Fe 082002 1124002 1324003 1584003  1.80:004 179003 2064004  209+005 212004  WW*
Mn 043001 059=001 0722002 057001  058+002  077£002 067002 065003 0632003  WW*
Zn 025001  030£000 034£000 043+£000 0432001 041000 043+002  041+£002 042001  WW*
B 001000 0034000 0044000 0044000  004+000  003£000 0044001 0044001 004000  WW*
Cu 001000  002+£000 002£000  003+£000 0032000 003=000 004000 004£000 004000 WW*
Mo 001000 001000  001£000 0014000  001+000  001£000 001000 001+000  001£000  WW"
volume®  52.82 53.13 47.22 40.49 35.55 34.76 30.81 28.98 23.80 wwe
pH 630 6.63 6.08 6.08 6.05 5.95 5.96 5.96 6.36 wwe

259  “waste water (demineralized water with leached nutrients from expanded clay)

260  ?volume of solution (L)

261  “pH value weekly averaged

262
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263  Table 3. Nutrient composition of drain-to-waste system waste solution (mg/L).
Weeks
Nutrients
| 2 3 4 5 6 7 8 9 10-13
N 10425+ 1.85 120074222 132.58+051 14454053 13827204 152164395 16609212 16600216 15930+2.86 WW"
2988+098 37.10+£0.80 41.85+005 4750080 4070+220 49.00+140 49104040 49.15+0.15 50004020 WW*
K 13128228 16026+ 1.11 18294 +4.14 21284413 19261 £3.08 215314001 22506+3.18 22683+4.50 22988+2.63 WW"
Ca 10296 £2.56 127.19+£0.61 138524243 16160122 14216486 149.64+3.04 15492061 157354182 15978061 WW*
Mg 2550052 3105074 3416+0.16 3880047 3353£079 37114053 3968011 3974+£037 40324032 WWe
S 2255039 27.90£0.60 33.15£005 3570=070 3325£025 36754005 3890+0.10 3830+£040 38.65+025 WW*
Fe 078003  100+003 1174002 1364002  123+004 140004  137+001  137+£002 141002 WW*
Mn 058002  063+002  074+001  084+001 0724003  082+£002 077000  081+001  083+001  WWe
Zn 021001  028+000  030+000 034+000 030+001  033£000 033000 033+000 034£000 WW:
B 011000 0154000  020+000 0214000 0214001  023£000 023001 0214001  021+000  WW®
Cu 006000  007+000 008000  012+000  009+000  012£000 013000 013000  013£000  WW"
Mo 001000 0014000  001+000 0014000  001+000  001£000 001000  001+000  001+000  WW®
volume®  90.12+2.66 8938+313 8688=3.013 85.63+2.13 8438288 8538+338 81I13£213  79.63+3.13 T77.25+325 WW'
264  “waste water (demineralized water with leached nutrients from expanded clay)
265  ’volume of solution (L)
266
267 3.2 Plant tissue ionomes
268  Different hydroponic cultivation systems affected the concentrations of macro- and
269  microelements in the tissues of medical cannabis plants. Interactions between cations and
270  anions of nutrients during root cell membrane transport have been relatively well described.
271 However, fluctuations in the pH of the nutrient solution, as in the case of the RS, and the
272 larger amount of nutrients offered in the DS, could affect the accessibility of some nutrients
273  and the subsequent physiological and metabolic responses of the plants.
274  3.2.1 Macroelement content in above-ground plant organs
275  Macroelement content was generally low in stems and high in leaves and flowers (Figure 2).
276  The concentration of nitrogenous compounds (N) was lowest in stems and highest in flowers.
277  When comparing the macroelement ionome of medical cannabis grown in two different
278  hydroponic systems, RS and DS, significantly higher concentrations of N were observed in
279  several cases in above-ground organs. However, RS and DS most often differed significantly
280  in stem N concentrations at six weeks, specifically in the Sth, 7th, 8th, 9th, 11th, and 12th
281 weeks. In flowers, the variations in N concentration differed only in the last (13th) week. In
282  both cases, the RS variant reached higher N concentrations (Figure 2A). This was probably
283  due to pH fluctuation in the nutrient solution due to recirculation which, on average, increased
284 to pH 6.36 after 24 hours without adjustment. The increase in nutrient solution pH to a value

96



285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313

of 6.5 leads to higher absorption of the ammonium form of nitrogen (Dyhr-Jensen and Brix,
1996), which is also taken up faster by plants in hydroponics than the nitrate form, but is less
mobile. Therefore, nitrogen was only increased in the stems and probably also in the roots,
but these were not analyzed (Boschiero et al., 2018). The phosphorus compound content (P)
was highest in flowers and lower in leaves and stems. Most often, RS and DS differed
significantly in stem P concentrations from the 7th to the 13th week. The P content began to
be significantly higher in RS compared with DS from the 8th week, especially in stems and
leaves. In contrast, the flowers had lower P concentrations in RS compared with DS at three
weeks, in the 6th, 7th, and 9th weeks (Figure 2B). The higher concentration of P in RS was
also probably caused by the increased pH, as in the experiment of Kerwin et al. (2017).
Conversely, a higher pH of the nutrient solution can also cause the precipitation of phosphates
with calcium (Ca®*) and magnesium (Mg?’*) into insoluble and unavailable salts in
hydroponics (Lee et al., 2017), which is shown by the overall lower contents in RS compared
with DS. Calcium (Ca) content was the lowest in the stems and the highest in the leaves, and
showed a cumulative trend depending on time. Most often, RS and DS differed significantly
in leaf Ca concentrations at eight weeks, specifically from the 2nd to the 5th and from the 7th
to the 10th weeks. In all these cases, the DS variant achieved higher Ca concentrations
(Figure 2D). A similar cumulative trend was also shown for the magnesium (Mg) content,
which was also highest in the leaves. Hydroponic systems most often differed significantly in
stem and leaf Mg concentrations in both cases at five different weeks (Figure 2E). The
potassium (K) content was highest in leaves and lower in flowers and stems. Hydroponic
systems most often differed significantly in K concentrations of the leaves, at five weeks,
specifically in the 5th, 7th, 8th, 9th, and 11th weeks (Figure 2C). The concentration of sulfur
compounds (S) was high in leaves and flowers. Most often, RS and DS differed significantly
in flower S content in the last three weeks. From the 11th to the 13th week, the DS achieved
higher S concentrations (Figure 2F). The concentrations of K and S were similar in both
hydroponic systems. This can be due to the ion-pairing nature of the counterions in the
solution. An anion that is taken up relatively slowly can reduce the rate of uptake of its

counterion, as observed for the effect of SO4> on K* absorption (Marschner, 2012).
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Fig. 2. Macroelement distribution among above-ground organs of medical cannabis plants
affected by a nutrient hydroponic system. Concentrations of N (A), P (B), K (C), Ca (D), Mg
(E), and S (F) for recirculation (RS) and drain-to-waste (DS) hydroponic systems throughout
the plant vegetation cycle in stems, leaves, and flowers. Data are means + SE (n = 3).
Different lowercase letters inside bars represent significant differences within plant organs

between variants in a particular week by Tukey's HSD test at o = 0.05.

3.2.2 Microelement content in above-ground plant organs

The microelement content was plant tissue-specific (Figure 3). The iron (Fe) content was the
highest in the stems, where it showed a cumulative trend depending on time. Fe showed an
accumulation trend similar to Ca and Mg only at lower concentrations, mainly in stems, due
to low plant mobility. The Fe contents were identical in both hydroponic systems, except for
the last (13th) week, when a significant decrease in the concentration in DS was recorded,
probably because the concentration reached a maximum from the earlier plant maturation
(Figure 3A). Manganese (Mn) concentration was lowest in flowers and high in leaves and
stems. Most often, RS and DS significantly differed in leaf Mn concentrations at five weeks,
specifically in the 6th, 8th, 9th, 10th, and 13th weeks. In all cases, the RS variant achieved
higher Mn concentrations (Figure 3B). The zinc (Zn) content was lowest in stems, and higher
in flowers and leaves. Most often, RS and DS differed significantly in leaf Zn concentrations
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334  at five weeks, specifically in the 3rd, Sth, 7th, 10th, and 13th weeks. Except for the last week,
335  ahigher concentration was achieved in DS (Figure 3C). According to Gillespie et al. (2020),
336  Mn and Zn content in hydroponically grown plants increased proportionally with increasing
337  pH. In dicotyledonous plants, the plasma membrane protein iron-regulated transporter 1

338  (IRT1) can, in addition to Fe (II), absorb and transport other bivalent cations, such as Mn?*.
339  However, the transport of Mn>* can be inhibited by Zn** since these two elements can

340  compete in this case (Korshunova et al., 1999). The boron (B) content was the highest in the
341 leaves, where it also showed a cumulative trend depending on time. Hydroponic systems

342  differed significantly in B concentrations in leaves at nine weeks, namely in the 2nd week,
343  from the 4th to the 9th week, and in the 11th and 12th weeks. In all these cases, the DS

344  variant achieved higher concentrations of B (Figure 3D). The absorption of boron is

345  relatively passive in plants and depends on the amount of dissolved boron ions (Dannel et al.,
346  2002). In DS, where the nutrient solution was replenished several times a week, the B supply
347  was much higher than in RS. The concentration of copper (Cu) was highest in flowers, but in
348  all plant organs from the 6th week, it showed a dilution effect depending on time. Most often,
349 RS and DS significantly differed in stem Cu concentrations at nine weeks, specifically from
350 the 4th to the 9th week and from the 11th to the 13th week. In all cases, the RS variant

351  achieved higher Cu concentrations (Figure 3E). This was due to the mutual competition of
352  Cu/Zn and similar uptake mechanisms (Stuckey et al., 2021). Molybdenum (Mo) content was
353  lowest in stems and highest in leaves. Hydroponic systems most often differed significantly in
354  leaf Mo concentrations at seven weeks, specifically from the 5th to the 11th week. In all these
355  cases, the RS variant achieved higher Mo concentrations (Figure 3F). This was due to the
356  fluctuation and increase of pH in RS compared with the stable pH in DS. At higher pH,

357  molybdenum becomes more soluble and is accessible to plants mainly in its anionic form as
358  MoO4>. At pH< 5 it occurs mainly as HMoOx4™, which is less accessible (Kaiser et al., 2005;
359 Lawson-Wood et al., 2021; Smedley and Kinniburgh, 2017).
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360
361  Fig. 3. Microelement distribution in above-ground organs of medical cannabis plants affected
362 by a nutrient hydroponic system. Concentrations of Fe (A), Mn (B), Zn (C), B (D), Cu (E),
363  and Mo (F) for recirculation (RS) and drain-to-waste (DS) hydroponic systems throughout the
364  plant vegetation cycle in stems, leaves, and flowers. Data are means + SE (n = 3). Different
365 lowercase letters inside bars represent significant differences within plant organs between
366  variants in a particular week by Tukey's HSD test at a = 0.05.
367
368 3.3 Dry above-ground biomass yields
369  The different nutrient hydroponic systems (RS and DS) caused a change in the growth of
370  medical cannabis plants. Until the 5th week, the increase in biomass was relatively slow; but
371  from the 6th week, it increased sharply. The most significant weekly increase was recorded in
372 dry weight of flowers. The increase in biomass of stems, leaves, and flowers was almost
373  identical in both hydroponic systems until the 10th week. In the last three weeks, specifically
374  from the 11th to the 13th week, the biomass, especially of the flowers, began to differ
375  significantly. This was probably caused by increased mobilization and translocation of
376  substances to leaves and flowers from roots (Ludewig and Frommer, 2002), where were
377  previously accumulated due to nutrient supply (Figure 2, 3). The maximum yield of dry
378
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Fig. 4. The effect of nutritional hydroponic systems on medical cannabis plant above-ground
biomass. Dry biomass of stems, leaves, and flowers in recirculation (RS) and drain-to-waste
(DS) hydroponic systems. Data are means £ SE (n = 3). The different small letters inside the
bars and small bold letters above the bars represent significant differences within the medical
cannabis plant organs (leaves and flowers) and the whole plant biomass between the variants

in a particular week by Tukey's HSD test at a =0.05.

3.4 Cannabinoid concentration in flowers

Different nutrient hydroponic growing systems affected the development and subsequent
concentration of THCA, cannabinolic acid (CBNA), and cannabichromenic acid (CBCA) in
cannabis plant flowers (Figure 5). The concentration of THCA in leaves and flowers
increased slowly in both variants (RS and DS) up to the 4th week. From the 5th week, it
started to increase sharply because only the flowers were analyzed. In RS and DS, THCA
concentrations began to differ significantly from the 9th to the 13th week. In DS, it reached its
maximum (15.4 %) in the 9th week, but in RS, it reached its maximum (18.2 %) in the 11th
week (Figure SA). After taking into account the volume of the nutrient solution and the fact
that the fresh nutrient solution was mixed 2-3 times a week in the DS. This could be due
either to increased abiotic stress from high doses of nutrients in the DS (Gepstein and Glick,
2013; Gong et al., 2020) or, on the contrary, a higher supply of nutrients in the DS that
ensured optimal fertilization, which can shorten the maturation time of cannabis (Caplan et
al., 2017b). This second hypothesis was partially supported by the lower concentration of
CBNA, which is the oxidation product of THCA, in DS compared with RS. The mutual ratio
of Cu to Zn probably also influenced the increased oxidative stress in RS. A high copper

concentration causes abiotic stress in plants, but a high zinc concentration can reverse this
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404  effect. A higher Cu content was recorded in plants grown in RS and, conversely, a higher Zn
405  content in plants in DS (Thounaojam et al., 2014; Upadhyay and Panda, 2010). In RS and DS,
406  CBNA concentrations began to differ significantly from the 10th to the 13th week. In the 11th
407  week, CBNA peaked for both variants, but the concentrations significantly differed with RS
408 by 33% compared with DS (Figure 5B). The CBCA concentration showed the opposite time-
409  dependent trend to the THCA and CBNA concentrations. The CBCA concentrations were
410  similar in RS and DS treatments and began to differ significantly in the 8th, 9th, and from the
411 11th to 13th weeks (Figure 5C). The CBCA concentration decreased with time in both

412 hydroponic systems, which is a common phenomenon since the content of this cannabinoid
413  decreases with plant age (Morimoto et al., 1997).

A

THCA (%)
s

CBNA (%)

CBCA (%)

414
415  Fig. 5. Concentrations of tetrahydrocannabinolic acid (THCA), cannabinolic acid (CBNA),

416  and cannabichromenic acid (CBCA) in the flowers of medical cannabis plants grown with
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417  different nutritional hydroponic systems. THCA concentration (A), CBNA concentration (B),
418 and CBCA concentration (C) of cannabis flowers cultivated in recirculation (RS) and drain-
419  to-waste (DS) hydroponic systems. The whole flowers of the plant were analyzed. Data are
420  means + SE (n = 3). Different bold small letters represent significant differences in

421  cannabinoid concentration between the variants in a particular week by Tukey's HSD test at
422 a=0.05.

423

424 3.5 Tetrahydrocannabinolic acid (THCA) yields

425  The most concentrated cannabinoid in this medical cannabis chemical phenotype I was

426  THCA. The combination of THCA concentration and flower dry weight was reflected in

427  THCA yield. In dried flowers, THCA yield per plant was measured weekly in both nutrient
428  hydroponic systems. An almost linear dependence of THCA yield on time was seen in RS.
429  For both RS and DS, THCA yields were almost identical up to the 9th week. But began to
430  differ significantly in the last vegetation weeks, specifically from the 10th to the 13th week.
431 The yield of THCA in DS reached its maximum in the 12th week, but in RS in the 13th week.
432 When comparing both hydroponic cultivation systems in the weeks of maximum THCA yield
433 (13th week for RS and 12th week for DS), the THCA yield was almost twice as high in RS.
434  This could be due to increased abscisic acid (ABA) production in response to stress, which
435  slows plant growth and increases THCA production, concentration, and yield (Caplan et al.,
436  2019; Mansouri et al., 2009). The enormous significant difference (129 %) between both

437  hydroponic systems was achieved in the last (13th) week with the RS (Figure 6).

2.5

THCA yield (g/plant)

14

Week

438
439  Fig. 6. Tetrahydrocannabinolic acid (THCA) yield per plant affected by nutritional

440  hydroponic systems. The whole flowers of the plant were analyzed. Data are means + SE
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(n=3). Different bold small letters represent significant differences in THCA yield per plant
between the variants in a particular week by Tukey's HSD test at o = 0.05.

3.6 Terpenic compound concentration in flowers

Hydroponic cultivation systems also affected the concentration of limonene, B-myrcene, and
B-caryophyllene in flowers (Figure 7). Limonene concentration in RS gradually increased
with time and peaked in the 11th week (1.50 mg/g). In DS, it peaked in the 9th week (0.94
mg/g). The most significant difference in limonene concentration between the two variants
was 103 % achieved in the 11th week (Figure 7A). B-myrcene levels had a similar time-
dependent trend as limonene concentrations in both variants. In DS, it peaked in the 9th week
(0.61 mg/g), and in RS, it peaked in the 11th week (1.14 mg/g). The most significant
difference in B-myrcene concentration between the two variants was 130 %, achieved in the
11th week (Figure 7B). The content of the monoterpenes, limonene, and B-myrcene, showed
the same trend in the measured weeks, specifically from the 7th week to the 11th week in both
hydroponic cultivation systems as THCA concentration (Figure 7A, B, and 5A). This was
consistent with the finding of Aizpurua-Olaizola et al. (2016) for cannabis chemical
phenotype I. The reason may be that monoterpenes are biosynthesized in the same glandular
trichomes and partly by a similar biochemical pathway as cannabinoids, consisting of
alkylresorcinol and monoterpene groups (Booth et al., 2017; Livingston et al., 2020;
Sirikantaramas et al., 2007). On the contrary, the sesquiterpene, -caryophyllene, showed a
higher and constant content in DS in almost all measured weeks (Figure 7C). 3-
caryophyllene concentration in DS peaked in the 8th week (0.93 mg/g), and in RS, it peaked
in the 11th week (0.80 mg/g). The most significant difference in B-caryophyllene
concentration between the two variants was 72 % achieved in the 7th week (Figure 7C). This
difference between the content of monoterpenes and sesquiterpenes may be because the two
biosynthetic pathways contribute to the synthesis of plant terpenes in early steps. First, the
cytosolic mevalonic acid (MVA) pathway is involved in the biosynthesis of sesquiterpenes
and triterpenes. The second, plastid-localized methylerythritol phosphate (MEP) pathway is
involved in synthesizing monoterpenes, diterpenes, and tetraterpenes. These pathways are
regulated by different substrates (Bouvier et al., 2005; Eisenreich et al., 1998). This was
probably also influenced by ABA, the concentration of which, as already indicated, could be
increased in RS and which reduces the content of sesquiterpenes in cannabis plants (Mansouri

and Asrar, 2012).
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Fig. 7. Concentration of terpenic compounds in flowers of medical cannabis plants affected
by nutritional hydroponic systems. Limonene concentration (A), B-myrcene concentration
(B), and B-caryophyllene concentration (C) of cannabis flowers cultivated in recirculation
(RS) and drain-to-waste (DS) hydroponic systems. The whole flowers of the plant were
analyzed. Data are means = SE (n = 3). Different bold small letters represent significant
differences in terpenic compound concentration between the variants in a particular week by

Tukey's HSD test at o = 0.05.

4. Conclusions

In this study, were compared two different nutrient hydroponic systems, a recirculation (RS)
and a drain-to-waste system (DS), and individual effects on the ionome, growth, and content

of natural compounds from chemotype I medical cannabis plants. Plants grown in DS
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accumulated more calcium and magnesium in leaves and flowers and also more zinc and
boron in leaves. With regard to THCA concentration, these plants matured two weeks earlier
than the plants grown in RS, which was reflected in above-ground biomass, especially in
flowers, and subsequently also in the yield of THCA from the plants. The content of
monoterpenes, specifically limonene and B-myrcene, was also lower, but a significantly
higher concentration of the sesquiterpene, f3-caryophyllene, was achieved with the DS system.
Plants cultivated with the RS system accumulated more nitrogen and phosphorus in the stems
and more manganese, copper, and molybdenum in the leaves. Due to later ripening, a higher
concentration of THCA and above-ground biomass was achieved, which significantly affected
the subsequent yield of THCA. The content of monoterpenes was also higher in the flowers of
these plants. This study clearly shows the advantages and disadvantages of different
nutritional hydroponic cultivation systems in growing medical cannabis. In RS, higher yields
of the main cannabinoid of medical cannabis chemotype I, THCA, were achieved with much
lower total water and nutrient consumption, and with the longer cultivation period, a higher
concentration of CBNA, and a lower concentration of the sesquiterpene, B-caryophyllene. On
the contrary, DS enabled better control over the nutrient solution with a stable delivery of the
exact concentration of nutrients and probably accelerated plant maturation, but at the cost of
higher water and fertilizer consumption and a significantly lower total yield of monoterpenes
and THCA. From an economic point of view, it would be interesting for the horticultural
industry to carry out similar studies with the continuous replenishment of limiting nutrients

and balancing the pH of the nutrient solution until it is eventually consumed.
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Abstract

Introduction: The use of Cannabis sativa L. in health care requires stringent care for the optimal production of
the bioactive compounds. However, plant phenotypes and the content of secondary metabolites, such as phy-
tocannabinoids, are strongly influenced by external factors, such as nutrient availability. It has been shown that
phytocannabinoids can exhibit selective cytotoxicity against various cancer cell lines while protecting healthy
tissue from apoptosis.

Research Aim: This study aimed to clarify the cytotoxic effect of cannabis extracts on colorectal cell lines by
identifying the main active compounds and determining their abundance and activity across all developmental
stages of medical cannabis plants cultivated under hydroponic conditions.

Materials and Methods: Dimethyl sulfoxide extracts of medical cannabis plants bearing the genotype classified
as chemotype | were analyzed by high-performance liquid chromatography, and their cytotoxic activity was de-
termined by measuring cell viability by methylthiazolyldiphenyl-tetrazolium bromide assay on the human colon
cancer cell lines, Caco-2 and HT-29, and the normal human epithelial cell line, CCD 841 CoN.

Results: The most abundant phytocannabinoid in cannabis extracts was tetrahydrocannabinolic acid (THCA). Its
maximum concentrations were reached from the 7th to the 13th plant vegetation week, depending on the nu-
tritional cycle and treatment. Almost all extracts were cytotoxic to the human colorectal cancer (CRC) cell line HT-
29 at lower concentrations than the other cell lines. The phytocannabinoids that most affected the cytotoxicity of
individual extracts on HT-29 were cannabigerol, A*-tetrahydrocannabinol, cannabidiol, cannabigerolic acid, and
THCA. The tested model showed almost 70% influence of these cannabinoids. However, THCA alone influenced
the cytotoxicity of individual extracts by nearly 65%.

Conclusions: Phytocannabinoid extracts from plants of the THCA-dominant chemotype interacted synergisti-
cally and showed selective cytotoxicity against the CRC cell line, HT-29. This positive extract response indicates
possible therapeutic value.

Keywords: Cannabis sativa L.; cytotoxic activity; hydroponics; phytocannabinoids; plant nutrition; medical
cannabis
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Introduction

Colorectal cancer (CRC) is one of the most common
cancers worldwide. Despite the fact that health systems
have been improved and screening programs have been
implemented recently, every year, one to two million
new cases are diagnosed, making CRC the third most
common cancer diagnosis and the fourth most com-
mon cause of cancer-related deaths." Thus, many sci-
entific teams are trying to find new active compounds
with cytostatic and cytotoxic effects.

Studies have already shown that phytocannabinoids
and prenylated polyketides of mixed biosynthetic ori-
gin® can prevent proliferation, angiogenesis, and me-
tastasis, and induce apoptosis in various types of
human cancers, including breast,” pancreatic,* pros-
tate,” and intestinal.®” Acting through cannabinoid
receptor and nonreceptor signaling pathways, phyto-
cannabinoids exhibit specific cytotoxicity against
tumor cells and simultaneously protect healthy tissue
from apoptosis.® Until recently, phytocannabinoids
had been predominantly used to treat nausea and vom-
iting in cancer patients undergoing chemotherapy.
There is growing experimental evidence in vitro and
in animal models supporting the anticancer activity
of individual cannabinoids through modulation of
key cell signaling pathways involved in the control of
cancer cell proliferation and survival, inhibition of an-
giogenesis, and reduction of metastasis in various types
of tumors.”"*

Nevertheless, their utilization in oncology is likely to
be limited, for now, because clinical evidence is still
lacking. Research is hampered by variability and insuf-
ficient standardization in trial design, drug formula-
tion, and pharmacodynamics.'""'? The success of such
treatments will depend on the dose, the individual,
the tumor stage, and many other circumstances.'*'*

The use of cannabis in health care and pharmacy
puts strict demands on growers raising plants with op-
timal production of the required compounds.'” Culti-
vation can be done either by growing in soil or
hydroponically.'® In hydroponic cultivation, nutrients
are supplied in an aqueous solution directly to the
plant’s roots fixed in an inert growing medium.'” At
present, basic research information on regulation of
the biosynthesis of secondary metabolites of Cannabis
sativa L. is lacking due to legal restrictions in most
countries.'® Concerning internal and external factors
influencing the phytocannabinoid spectrum, the main
determining internal factors are the plant’s genotype
and vegetation or harvest phase.'” However, plant phe-
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notypes are also strongly influenced by external factors
such as light,”® carbon dioxide level,” irrigation,”* and
nutrition.*

In this study, we focused on the cytotoxicity of ex-
tracts of hydroponically grown medical cannabis of
chemotype I, which had a A’-tetrahydrocannabinolic ac-
id/cannabidiolic acid (THCA/CBDA) ratio (> >1.0), at
different stages of plant maturity collected throughout
the vegetative cycle.

The following hypotheses were proposed: (1) the
spectrum and concentration of individual phytocannabi-
noids in extracts will change during the vegetation cycle
of plants cultivated under hydroponic conditions; (2) can-
nabis extracts will exhibit selective cytotoxicity on specific
human intestinal cell lines; and (3) the cytotoxicity of in-
dividual extracts will vary during the plant’s vegetation
cycle cultivated under hydroponic conditions.

To test the hypotheses on a sufficiently large dataset
and precisely control the expected responses, we moni-
tored the cytotoxicity of cannabis extracts on three cell
lines within 13 vegetation weeks of hydroponically
grown cannabis in four nutrient treatments and two
nutrient systems. The first hydroponic system was a
recirculating nutrient solution, and the second was a
“drain-to-waste” system.

Materials and Methods
Plants and treatments
The plants used in the experiments came from the veg-
etative propagation of mother plants of the medical
cannabis genotype with the working name, “McLove,”
classified as chemotype I, which has a high THCA/
CBDA ratio (>>1.0). The fresh cuttings were cultivated
for 21 days in rockwool cubes. Rooted clones were
moved to a growing room, where test plants were
grown hydroponically in Euro Pebbles (expanded
clay) on tables in a room with controlled light, temper-
ature, and relative humidity. Plant density was 27.5
plants per m® (55 plants/table/treatment). The light
mode was set to 18 h of light and 6h of darkness.
The vegetative phase lasted 7 days, after which the cul-
tivation regimen was adjusted to the generative phase.
The light period was reset to 12h light and 12h dark.
Plants were subjected to three enhanced nutritional
treatments with two different nutrient cycles, recircula-
tion, and drain to waste, compared with control treat-
ment A (AT) (Table 1). In the recirculation cycle (1C),
fresh nutrient solution was added every week and recir-
culated for 1 week with no addition of other nutrients,
and the pH was adjusted to 5.9 daily.**
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Table 1. Nutrient Composition of Control (AT) and Enhanced Treatments (BT, CT, DT): Solutions (mg/L)

Weeks
Treatments Elements 1 2 3 4 5 6-9 10-13
A?, C* 115+1 12942 150+2 129+2 150+2 DMW'
B®, D¢ N 10041 302+2 33343 352+3 33243 353+3 DMW'
A% B° 4404038 51.9+0.7 pmwf
c p¢ P 322+05 39.9+0.6 440+08 51.9+0.6 990118 929418 DMW'
A®, B° 174+2 19442 DMW'
< pe K 125+2 151+1 17442 19442 bidoayin 26643 DMW'
all® Ca 98.3+1.2 12042 13342 147+2 133+1 144+2 DMW'
all® Mg 253403 309403 340405 400404 33.0+04 38.6+0.6 DMW'
A?, C° 51 65 26.0+0.9 30.9+04 337403 308+04 349+03 pmMw'
B°, D¢ s e 51.1+0.6 56.0+0.5 62.0+0.9 559+0.6 62.0+0.8 pmwf
A% B° 1.20+0.10 1.46+0.08 pmwf
< p* Fe 0.92+0.10 1.13+0.08 1.20+0.09 1.47+0.08 1292403 137409 DMW'
all® Mn 0.65+0.05 0.74+0.04 0.80+0.06 1.00+0.08 0.76+0.07 0.94+0.09 DMW’
all® Zn 0.21+0.05 0.28+0.01 0.28+0.03 0.35+0.04 0.29+0.05 0.33+0.05 DMW'
all® Cu 0.07+0.01 0.08+0.01 0.10+0.01 0.13+0.01 0.11+0.02 0.1140.01 DMW'
all® B 0.16+0.01 0.19+0.02 0.2140.01 0.25+0.02 0.22+0.02 0.24+0.02 DMW'
all® Mo 0.01+0.00 0.02+0.00 0.02+0.00 0.03+0.00 0.02+0.01 0.02+0.01 pMw'
A? 1.46+0.01 1.74+0.01 DMW'
c 0571001 1.20+0.01 1.46+0.01 1.74+0.01 i 234006 DMW'
B® EC o 1.38+0.01 1.71+0.01 2144001 1.71+0.01 2.14+0.01 DMW'
D¢ =e= U STED SAx 230+0.02 2.74+0.02 DMW'

#Control treatment (AT).
PEnhanced treatment B (BT) with the addition of amino acids.
“Enhanced treatment C (CT) with the addition of P, K, and Fe.

9Enhanced treatment D (DT) with the addition of amino acids, P, K, and Fe.

“Control (AT) and enhanced treatments (BT, CT, DT).
‘Demineralized water.

In the drain-to-waste nutrient cycle (2C), the spent
solution went to a separate waste tank and was no lon-
ger mixed with a fresh nutrient solution. The enhanced
treatments were set up for both nutritional cycles. The
enhanced treatment B (BT) received an amino acid bio-
stimulant (composition previously described)*” added
from the 2nd week for the last 24h at a volume of
2 mL/L before changing the nutrient solution. The en-
hanced treatment C (CT) received increased amounts
of P (P,05), K (K,0), and Fe (chelated) added from
the 5th week. The enhanced treatment D (DT) received
a mixture of the two enhanced treatments (BT and CT)
(Table 1). The new nutrient solution was prepared with
reverse osmosis water every 7 days from the first day of
the experiment. From the 10th week, plants were irri-
gated with demineralized water.
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Sampling of plant material

Three plants were harvested continuously from each
treatment group every 7 days during the entire vegeta-
tive cycle. Plant samples were divided into leaves,
stems, and flowers. The flowers were then separately
dried at 25°C to constant moisture (8-10%). A refer-
ence amount was dried at 105°C to constant weight
to determine the dry matter. Subsequently, the flowers
(including the leaves until the 4th week) were frozen in
liquid nitrogen and ground in a mortar and pestle.

Extraction and identification
of phytocannabinoids

Phytocannabinoids from homogenized flowers (includ-
ing the leaves until the 4th week) were extracted by the



optimized method of dynamic maceration.”® Samples
(0.30g) from each experimental group were mixed
with 10mL of 96% ethanol and macerated for 1h at
room temperature with constant stirring at 300 rpm.
Mixtures were then filtered, and the filtrates were col-
lected. The flowers were removed from the filter and
mixed with another 10 mL of solvent. This step was re-
peated twice, and the filtrates were pooled. Aliquots of
20 mL of each sample were dried in a vacuum evaporator
(Heidolph 4000, Germany) to constant weight.

Subsequently, the dried matter was dissolved in di-
methyl sulfoxide (DMSO) to a final concentration of
8.129 mg/mL. Aliquots of 0.5 mL of each sample were
diluted to 10 mL with DMSO and filtered through a
nylon syringe filter (0.22 um) into vials. Samples of
the extracts were injected into a high-performance lig-
uid chromatography system equipped with diode array
detection (Agilent 1260; Agilent Technologies, Inc.,
USA) and a Luna® C18 column (2) 250 X 3 mm?, parti-
cle size 3 um (Phenomenex, USA).

The isocratic mobile phase consisted of acetonitrile/
H,0 (31:9, v/v) with 0.1% HCOOH (v/v) and 0.1 M
NH,HCO, (without pH adjustment). The flow rate was
0.55 mL/min and temperature was 37°C. The sample injec-
tion volume was 8 uL, and UV detection was at 275 nm.”
The instrument was externally calibrated using THCA
from 0.3 to 100 mg/L and other phytocannabinoids,
0.3-10 mg/L (Sigma-Aldrich, Czech Republic) as stan-
dards. Data were analyzed using OpenLAB CDS software,
ChemStation Edition, Rev. C.01.5, and are presented as
mean * standard deviation.

Cell cultures

Human CRC cell lines Caco-2 (ATCC HTB 37), HT-29
(ATCC HTB 38), and normal human colon epithelial
cell line CCD 841 CoN (ATCC CRL 1790) (ATCC, Rock-
ville, MD, USA) were cultured in Eagle’s Minimal Essential
Medium (EMEM) supplemented with 10% fetal bovine
serum, 1% sodium bicarbonate, 1% sodium pyruvate,
5mM glutamine, 1% MEM nonessential amino acids
(without CCD 841 CoN), and 1% penicillin-streptomycin
solution (10,000 units/mL of penicillin and 10 mg/mL of
streptomycin) (Biowest, Nuaille, France). Cells were incu-
bated at 37°C with 5% CO, and media were replenished
every 2-3 days, with passaging every 7 days.

Cytotoxicity assay

Cell viability was measured using the methylthia-
zolyldiphenyl-tetrazolium bromide (MTT) cytotoxicity
assay originally developed by Mosmann (1983)*® with
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modification according to Doskocil et al.>’ Briefly,
Caco-2 and HT-29 cells were seeded in 96-well plates
at a density of 2.5x 10° per well and CCD 841 CoN
cells were seeded at 2.5x10° cells/well in a 96-well
plate for 24 h. Samples were added in double serial di-
lution (4-128 pug/mL, originally in DMSO) for 72 h.

Thereafter, the MTT reagent (1 mg/mL) in EMEM
was added to the wells and incubated for 2h at 37°C
with 5% CO,. The medium with MTT was removed,
and cells were dissolved in 100 uL. of DMSO. The ab-
sorbance was measured at 555 nm using a Tecan Infin-
ite. M200 spectrometer (Tecan Group, Miannedorf,
Switzerland), and the percent viability (ICs, value)
was calculated and compared with negative control,
cells in complete culture medium with DMSO vehicle
only. Three independent experiments (two replicates
each) were performed for every test. Data are presented
as mean *standard deviation. The solvents did not af-
fect the viability of normal or CRC cell lines at the
tested concentration (<1%).

Statistical analyses

Measured data were statistically analyzed with STATIS-
TICA software suite (version 14, 2020; TIBCO Software,
Inc., Palo Alto, California, USA) using multifactor lin-
ear regression. The explanatory variables were the val-
ues for measured cannabinoid concentrations, while
the dependent variables were percent viability of
Caco-2, HT-29, and CCD 841 CoN cells.

The base models included all the explanatory variables
and were further enhanced by removing statistically non-
relevant variables using stepwise selection. A combination
of both forward-stepwise and backward-stepwise adjust-
ments was performed to establish a set of most relevant
explanatory variables. The significance of each variable
was measured by a standard t-test with a p-value <0.05
as a threshold. The overall model’s statistical significance
was verified using the F-test, and each model’s goodness
of fit was ascertained with the adjusted R-squared statis-
tic. We also evaluated the residuals (differences between
observed and predicted values) for selected models to de-
termine if they followed a normal distribution using
the Shapiro-Wilk test aided by observations of the
respective Q-Q plots.

Results

Cannabinoid content in cannabis extracts

The content of cannabinoids in cannabis extracts was
measured after individual treatments (AT, BT, CT, DT)
in both nutritional cycles (1C, 2C) every week for the
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Table 2. (Continued)

Cannabinoids

Nutritional
cycles

CBCA

CBDA CBGA CBG CBD CBNA A®-THC AB-THC THCA

CBDVA

Weeks

Treatments

485+2.7
22.7+3.2
355+89
260+1.7
4551104
282+74
28.1+14
243104

2029+157
802+116
1014+106
891+20
1625+156
1110+230
1064 +82
1051+29

111+£174

745+93
724+9.2
114+7

80.0+5.0
109+ 36

229+18
93.6+4.7

146+ 15
183+29
92.0+4.1
153+25
144+25
185+36
84.0+8.0
188+7

36.2+1.5
243125
242+24
298+3.6
359+3.7
30.7+6.4
244+41
25.0+1.0

199+04
45.0+13.7
234+25
234+1.2
264+49
26.1+73
33.0+64
453+9.1

17.7+53
20.5+09
305+12.2
24.7+45
156+3.2
237+£12
30.7+£7.9
374+24

732139
352179
458+5.0
438+45
599+6.6
42.0+95
476+6.4
413+15

279+1.7
33.9+13
279+0.5
31.9%£2.7
19.7+£1.9
342+57
21.5+04
29.1+£1.0

78+04
54+14
86+24
6.2+0.6
68+1.7
64+2.1
7213
7.7+0.8

Ad
ce
D¢

ycle.

®Recirculation ¢

"Drain

-to-waste cycle.

“Control (AT) and enhanced treatments (BT, CT, DT).

dControl treatment (AT).

°Enhanced treatment C (CT) with the addition of P, K, and Fe.

‘Enhanced treatment B (BT) with the addition of amino acids.

9Enhanced treatment D (DT) with the addition of amino acids, P, K, and Fe.

AB-THC, A8-tetrahydrocannabinol; A%-THC, A®-tetrahydrocannabinol; CBCA, cannabichromenic acid; CBD, cannabidiol; CBDA, cannabidiolic acid; CBDVA, cannabidivarinic acid; CBG, cannabigerol;

CBGA, cannabigerolic acid; CBNA, cannabinolic acid; THCA, tetrahydrocannabinolic acid.

120

entire vegetation cycle (13 weeks). Seventeen phytocan-
nabinoids were identified and measured. The ten with
the highest concentration are described in this study.
As this is chemotype I, the most abundant cannabi-
noid in plants and subsequently also in cannabis ex-
tracts was THCA. THCA content in plants increased
with time, and its maximum concentration was
reached at full maturity of the plants, from the 7th to
the 13th week, depending on the nutritional cycle
and treatment (Table 2). The highest average concen-
tration of THCA in the cannabis extract was achieved
in 1C of AT at week 13 (2029 £ 157 ug/mL). The con-
centration of THCA decarboxylation products such
as A’-tetrahydrocannabinol (A’-THC) and A®-
tetrahydrocannabinol (A -THC) and THCA oxidative
degradation products, such as cannabinolic acid, increased
proportionally with the THCA content. Furthermore, the
concentration of cannabichromenic acid gradually de-
creased in proportion to the age of the plant. Other phyto-
cannabinoids did not show a consistent trend over time.

Cytotoxicity of cannabis extracts

Cannabis cytotoxicity was tested on three cell lines. The
tested extracts showed no cytotoxic effect on the Caco-
2 cell line. For this reason, it was not considered fur-
ther. Almost all extracts were cytotoxic to cell line
HT-29 at lower concentrations than other cell lines
(Table 3). The selective cytotoxicity of the extracts was
compared with the normal cell line CCD 841 CoN,
where in most cases, a much higher extract concentra-
tion was required for ICsy. The most effective extracts
on HT-29 were from the final weeks of growth, where
the lowest average concentration of cannabis extract
was achieved in 1C of AT at week 13 (31.6+5.0 ug/mL).

Statistical evaluation of the dependence

of cytotoxicity on individual phytocannabinoids

The statistical analysis was based on a linear regression
model of the dependence of the ICs, value of CRC cell
line HT-29 on concentrations of individual cannabi-
noids in cannabis extracts. The phytocannabinoids
that most influenced the cytotoxicity of individual
extracts on HT-29 according to the p-value were can-
nabigerol (CBG) and A°-THC (Table 4).

Based on forward and backward stepwise selections, a
custom model was created that included all crucial vari-
ables from the group of cannabinoids in individual can-
nabis extracts (Table 5). In addition to the already
mentioned CBG and A”-THC, cannabidiol (CBD), can-
nabigerolic acid (CBGA), and THCA were also included.



Table 3. Inhibitory Concentrations (IC5,, pg/mL)
of Cannabinoids from Cannabis Extracts on Selected

Cell Line Types

Cell line types

Nutritional CCD 841
cycles Treatments Weeks HT-29° CoN" sI
1 ; 736+26 >128 0.57
2 all 913+1.0 5128 071
14 o 852457 >128 0.67
2° A% C 87.0+09 >128 068
1 - 93.8+304 >128 073
2 B, D 11343 ~128 088
14 1742 >128 0.92
2° A% " 106+10 >128 083
1 - 8761105 >128 068
2° B, D' 10243 >128 079
1¢ g ok 86.6+8.4 >128 068
2° A% C 741423 >128 058
19 i 86.7+0.5 >128 068
2¢ B, D 66.2+3.3 >128 0.52
1¢ g 404+79 >128 032
2° A 587+1.1 788+88 075
1 : 422+88 >128 0.33
2° B 666+11.0 673+347 099
1 b 373136 >128 0.29
2° ¢ 88.0+7.0 5128 069
19 ! 63.0+0.7 469+128 136
2° g 517433  757+120 068
19 o 37.6+5.2 >128 0.29
2° A 353+0.8 821+143 043
1 i 58.1+1.5 >128 0.45
2° B 580+6.5  67.2+02 086
19 " 352+14  429+84 082
2¢ c 68.7+4.3 >128 0.54
14 ‘ 375+48  436%99 086
2¢ g 5344100 834+231 064
19 . 52.5+2.0 >128 0.41
2° A 493+4.1 >128 0.39
14 : 36.0+4.4 >128 0.28
2¢ B 520481 >128 0.4
1 " 354+34  354+19 1.00
2° c 58.0+8.0 >128 045
19 D 46.6+2.0 >128 0.36
2° 418+3.1 >128 0.33
19 g 486+0.1 >128 0.38
2° A 441412 >128 034
1 ; 476+7.7 >128 037
2* B 503486 128 039
1 " 31.8+15 >128 0.25
2° c 56.5+9.3 >128 0.44
19 : 30.8+2.2 >128 0.24
2 g 50.4+1.0 >128 039
19 § 498+46 >128 0.39
2° A 520+66  633+332 (.82
19 ; 47.7+2.1 >128 037
2 B 50.9+6.0 5128  0.40
14 ch 63.3+28.2 >128 0.49
(continued)

MALIK ET AL.

Table 3. (Continued)

Cell line types

Nutritional CCD 841

cycles Treatments Weeks HT-29? CoN® SI°
2° 58.8+7.4 5128 0.46
1¢ . 39.1435 5128  0.31
2° o 410459 >128  0.32
1 9 353402 >128 028
2° A 572406 768+337 074
1¢ i 5114122  >128  0.40
2° B 526465 5128 0.41
1¢ N 10 335427 456+139 084
2° c 512403 >128  0.40
1¢ . 337+0.1 >128 026
2° g 397422 >128 031
19 . 341424 5128 027
2° A 57.1+8.2 51.7+20.2 1.10
1d i 356+76 >128 0.28
2° B 6714107  >128 052
1¢ . T 333+21  781+198 0.43
2° c 362407 >128 028
1¢ i 408+9.9 >128 0.32
2° g 320421 5128 025
1¢ 0 55.0%1.5 >128 0.43
2° A 547+65 503+188 1.09
14 ; 61.6+8.9 >128 0.48
2° B 456437 >128 036
1¢ . 12 353416 >128 020
2° c 349414 >128 027
19 . 458+9.0 5128  0.36
2° D 340%1.7 >128 0.27
1¢ g 316+5.0 >128 025
2° A 547+46  646+343 085
1¢ i 397409 >128 031
2° B 497+37 =128 039
1¢ . 13 373145 >128  0.29
2° c 477433 >128 037
'|d . 60.2+9.7 >128 0.47
2 D 456+43 5128 0.36

The bold ratio values below 0.5 mean a strong selectivity index.

®Human colorectal cell line,

ENormal human colon epithelial cell line.

“Selectivity Index as the ratio of ICs of cancer cell line HT-29 to that of
normal cell line CCD 841 CoN.

9Recirculation cycle.

“Drain-to-waste cycle.

fControl (AT) and enhanced treatments (BT, CT, DT).

9Control treatment (AT).

f‘Enhanced treatment C (CT) with the addition of P, K, and Fe.

‘Enhanced treatment B (BT) with the addition of amino acids.

JEnhanced treatment D (DT) with the addition of amino acids, P, K, and Fe.

This model showed almost 70% influence by these phy-
tocannabinoids. Graphic processing of the custom
model was performed (Fig. 1). Based on the t test, we
found that THCA had the strongest cytotoxic effects
on HT-29. Therefore, a model was created with THCA
as the only variable, and it was proven to affect the cyto-
toxicity of individual extracts by almost 65% (Table 6).
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CYTOTOXIC ACTIVITY OF MEDICAL CANNABIS EXTRACTS 9
Table 4. Regression Summary for Dependent Variable, HT-29
R =0.84510450, R* =0.71420162, adjusted R? =0.69971860, F(15.296)=49.313,
p <0.0000, standard error of estimate: 13.274

N=312 b* Standard error of b* b Standard error of b t (296) p-Value

Intercept 28.89609 3.724151 7.75911 0.000000
CBDVA —0.013060 0.037223 —0.06282 0.179052 —0.35085 0.725949

CBDA —0.005716 0.054948 —0.01389 0.133544 —0.10402 0.917221

CBGA 0.103478 0.059680 0.09740 0.056177 1.73387 0.083982

CBG 0.104163 0.037768 0.13319 0.048294 2.75797 0.006178
CBD 0.064347 0.045732 0.06829 0.048531 1.40705 0.160463

CBNA 0.114210 0.098886 0.21232 0.183830 1.15496 0.249039

A®-THC 0.207536 0.062231 0.08023 0.024059 3.33496 0.000962
A%-THC 0.013216 0.042499 0.00486 0.015612 0.31098 0.756037

THCA 0.241006 0.172996 0.01032 0.007410 1.39312 0.164627

CBCA 0.039728 0.040485 0.04954 0.050480 0.98131 0.327241

b* indicates standardized beta coefficient that indicates the relative change of the variable.
Bold value indicates the variables that are statistically significant based on the p-values.

Since the maximum ICs, value at which cytotoxicity
was tested was 128 ug/mL, inverted values were used in
our model. Thus, an IC5, value >128 ug/mL was des-
ignated as 0 and the higher the inverted values obtained
for individual extracts, the more cytotoxic they were. This
model was not applied to the CRC cell line Caco-2 or to
the normal human colon epithelial cell line, CCD 841
CoN, because many of the extracts required concentra-
tions of >128 ug/mL to reach ICs,.

Discussion
Cannabis research has developed in recent years,
but mostly toward CBD strains, so-called hemp, with
the psychoactive component in the form of A’-THC
at a concentration less than 0.3%.>? Currently, there
is still a lack of basic research information on the reg-
ulation of the biosynthesis of THCA and the secondary
metabolites in the THCA-predominant chemotype of
medical cannabis, and its pharmaceutical potential be-
cause of legal restrictions in most countries.'®

This study provides evidence of selective cytotoxic
activity of C. sativa extracts against colon cancer cells
across all plant vegetation stages (1st-13th week), dif-

30,31

ferent treatments (AT, BT, CT, DT), and nutritional
cycles (1C, 2C). This variety of medical cannabis is clas-
sified as chemical phenotype I, in which THCA is the
main active component.33 Depending on the time
when the plants were harvested, these cannabis extracts
also contain a large amount of THCA decarboxylation
products in the form of A’-THC and its thermodynam-
ically more stable isomer A®*-THC.*

Furthermore, there is a large concentration of CBGA,
the primary precursor of phytocannabinoid biosynthe-
sis, and its decarboxylation product CBG, and also, a sig-
nificant amount of CBD (Table 2). Cannabinoids are
mainly found in the form of acids in plants.”* The larger
amount of decarboxylated phytocannabinoids contained
in these extracts was probably due to the evaporation of
ethanol in a vacuum evaporator and the subsequent dis-
solving of the dry matter in DMSO.* " However, from
a statistical point of view, this contributed to the more
significant heterogeneity of the cannabis extracts and
the subsequent proof of their possible effect.

Phytocannabinoids act by modulating signaling
pathways critical to controlling cell proliferation and
survival. Many in vitro, ex vivo, and in vivo experiments

Table 5. Custom Model of Regression Summary for Dependent Variable, HT-29

R =0.83947197, R* =0.70471319, adjusted R’ =0.69988824, F(5.306)=146.06,
p <0.0000, standard error of estimate: 13.270

N=312 b* Standard error of b* b Standard error of b t (306) p-Value

Intercept 28.35014 1.936394 14.64068 0.000000
CBGA 0.139695 0.041953 0.13149 0.039490 3.32981 0.000975
CBG 0.096768 0.033627 0.12374 0.043000 2.87767 0.004288
CBD 0.082724 0.038581 0.08779 0.040943 2.14415 0.032808
A®-THC 0.205607 0.042835 0.07949 0.016560 4.,79995 0.000002
THCA 0.545248 0.050703 0.02336 0.002172 10.75383 0.000000

b* indicates standardized beta coefficient that indicates the relative change of the variable.
Bold value indicates the variables that are statistically significant based on the p-values.
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Dependent variable: HT-29
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have shown that phytocannabinoids inhibit cancer cell
proliferation and induce their apoptosis.”®* ** Cannabis
extracts showed the highest selective cytotoxicity
according to ICs, against HT-29 CRC cell line in the
last weeks of vegetation (Table 3), when the THCA con-
centration also reached its maximum depending on the
nutritional cycle and treatment. THCA alone contrib-
uted to the selective cytotoxicity of cannabis extracts
against HT-29 by almost 65% (Table 6).

Several cell line-based experiments have shown
that THCA interacts with various molecular targets and
exhibits potential neuroprotective, anti-inflammatory,
immunomodulatory, cytotoxic, and antineoplastic prop-
erties.’®™° In addition, several in vivo studies showed
that this compound exhibits pharmacological effects
in rodents, possibly by the involvement of cannabinoid
type 1 (CB,) receptors.** There was also an effort to
include all important variables from the cannabinoid
group in individual cannabis extracts.

Based on forward and backward stepwise selections,
we obtained the other phytocannabinoids, CBGA, CBG,
CBD, and A’-THC. These four phytocannabinoids con-
tributed an additional 5% to selective cytotoxicity. Alto-
gether, these five phytocannabinoids influenced the
cytotoxicity effect of the extracts by almost 70%
(Table 5). This confirms the previously proposed syner-
gism between the active compounds in the cannabis
plant. Therefore, the unrefined content of flower extracts
with their cocktail of various extracted compounds may
have an advantage over the activity of isolated com-
pounds.*® Mixtures of different phytocannabinoids of
C. sativa show a specific interaction for cellular cytotoxic
activity and are more biologically active than single
phytocannabinoids.®®~*!

Conclusions
This study provides evidence of selective cytotoxic ac-
tivity of C. sativa extracts from a THCA-predominant

Table 6. Tetrahydrocannabinolic Acid Model of Regression Summary for Dependent Variable, HT-29

R =0.80550029, R* =0.64883071, adjusted R* =0.64769791, F(1.310)=572.77,
p <0.0000, standard error of estimate: 14.378

N=312 b* Standard error of b* B Standard error of b t(310) p-Value
Intercept 38.08467 1.483696 25.66878 0.00
THCA 0.805500 0.033657 0.03450 0.001442 23.93251 0.00

b* indicates standardized beta coefficient that indicates the relative change of the variable.
Bold value indicates the variables that are statistically significant based on the p-values.
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chemotype against CRC cell lines at all vegetative stages
(1st-13th week), different nutritional cycles (1C, 2C),
and treatments (AT, BT, CT, DT). Cannabis extracts
showed the highest selective cytotoxicity effect, accord-
ing to ICs, against HT-29 CRC cells in the last weeks
of growth, when THCA concentration also reached its
maximum depending on the nutritional cycle and
treatment. THCA alone contributed almost 65% to
the selective cytotoxicity effect of cannabis extracts
against HT-29. CBGA, CBG, CBD, and A’-THC con-
tributed an additional 5% to the selective cytotoxicity.
Altogether, these five mentioned phytocannabinoids
affected the cytotoxicity of the extracts by almost
70%. This confirms the previously proposed synergistic
or additive effect between cannabinoid compounds
produced by medical cannabis plants.
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5. SOUHRNNA DISKUSE

Tato kapitola je rozdé€lena do tii hlavnich podkapitol dle jednotlivych cilt prace. V
podkapitole 5.1. jsou shrnuty zasadni informace zprace 4.1. a dosazené vysledky
experimentl z praci 4.2., 4.3. a 4.4. tykajicich se vlivu riizné koncentrace a pomé&ru Zivin a
biostimulantli na obsah sekundarnich metabolitli, pfedevsim fytokanabinoidl a terpenickych
sloucenin, tkanovy ionom, tvorbu kvétenstvi a biomasy rostlin konopi. Podkapitola 5.2.
pojednava o biosyntéze kanabinoidnich latek obsazenych predevsim v kvétech v priubéhu
vegetacniho péstebniho cyklu rostlin 1é¢ebného konopi a vychazi z poznatku praci 4.1., 4.3.
a 4.4. Posledni podkapitola 5.3. diskutuje vysledky, kterych bylo dosazeno béhem in vitro
pokusu selektivni cytotoxicity riznych konopnych extrakti za tucfelem ovéfeni
potencionalniho antikarcinogenniho u¢inku konopi. Diskutovana data jsou v plném rozsahu

obsazena Vv publikovaném ¢lanku 4.5.

5.1. Vliv vyzivy na ionom, biomasu a obsah sekundarnich metaboliti

rostlin konopi

Vyziva je bezpochyby dlleZitym faktorem ve vyvoji, funkci a metabolismu vSech
rostlinnych organi a tkani. Pro rostliny konopi (Cannabis sativa L.) jsou jiz znamy
experimentalni udaje o optimalnich hladinach jednotlivych makrozivin, jako je N, P a K, pro
normalni funkci a vyvoj kofenového systému, nadzemni biomasy (Caplan et al. 2017b;
Saloner et al. 2019; Saloner & Bernstein 2020; Shiponi & Bernstein 2021b) a tvorbu
zadoucich sekundarnich metabolitd (Caplan et al. 2017a; Bernstein et al. 2019a; Saloner &
Bernstein 2021; Shiponi & Bernstein 2021a; Saloner & Bernstein 2022b, a). Stale je vsak za
potiebi prozkoumat vliv jednotlivych forem makrozivin na dostupnost jejich dostate¢ného
mnozstvi v optimalnim vzajemném pomeéru, at’ uz pro rostliny konopi péstované v pade ¢i
Vv jinych péstebnich médiich. Taktéz je tieba vzit v tivahu vliv mikrozivin (Yep & Zheng
2021) a rostlinnych biostimulantii (Bernstein et al. 2019b; Malik et al. 2022), které byvaji

Casto opomijeny.

Zemedelstvi, véetné zahradnictvi, je jednim z odvétvi, které spotfebovava nejvetsi
mnozstvi vody. Roste proto rovnéz potieba prozkoumat moznou recirkulaci a opétovné
pouziti zivnych roztoku ke snizeni ekologickych a ekonomickych dopadt (Atzori et al. 2019;
Hogeboom 2020). Vzhledem k rostoucimu vyznamu pudni ekologie a udrzitelnému

vyuzivani pady by rostliny konopi mohly dale pusobit jako vhodna plodina k vyrobé
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bioplynu v uzavieném okruhu. Vedlejsiho produktu z bioplynové stanice by se vyuzilo jako
hnojiva pro péstované konopi a ziskana biomasa by byla vyuzita pro dalsi produkci bioplynu.
S ohledem na vytéznost produkovaného bioplynu, problematické vyuziti a likvidaci zbytku
rostlinného materialu 1é¢ebného konopi se jejich anaerobni digesce muize jevit jako bezpecné

a efektivni zpracovani.

5.1.1. Vliv vyZivy na tkanovy ionom

Zasadni vliv pfi hydroponickém péstovani konopi ma hodnota pH Zivného roztoku.
V hydroponické kultute je doporu¢ené rozmezi pH mezi 5,5-6,0 (Velazquez et al. 2013). Pii
porovnani dvou riznych hydroponickych systémi, recirkula¢niho a pritokového, ovlivnilo
kolisani pH zZivného roztoku v ptipadé recirkula¢niho systému (RS) a dale téz vétsi nabidka
zivin v pritokovém systému (PS), dostupnost nékterych Zivin a nésledné fyziologické a

metabolické reakce rostlin.

Z hlediska makroprvkového ionomu rostlin konopi péstovanych ve dvou rtznych
hydroponickych systémech RS a PS a pti dvou riznych vyzivach byly v n¢kolika piipadech
pozorovany odliSné koncentrace v nadzemnich organech. U dusiku byla pozorovana
vyznamné vy$si kumulace v rostlindch péstovanych v RS. Toto bylo jeSt€¢ umocnéno ve
vyZivové variant€ se suplementaci aminokyselin (AMK), kde se pH zivného roztoku zvysilo
za 24 hod az na hodnotu 8,05. Pocatecni pH zivného roztoku, 5,9, bylo blizké
izoelektrickému bodu vétsiny AMK (Pogliani 1992), kdy se vyskytovaly ve formé
obojetnych iontt, diky ¢emuz byl jejich vstup do rostlinnych bunék ztizen kvili lipofilnim
interakcim béhem membranového transportu (Trapp 2004). Recirkulace ale mohla vést k
vytvofeni Castecného néboje na nékterych molekulach AMK. U fosforu byla taktéz
pozorovana celkové Vyssi koncentrace V nadzemnich organech u rostlin péstovanych v RS,
coz bylo rovnéz pravdépodobné zptisobeno zvysenym pH jako v experimentu Kerwin et al.
(2017). Naopak vyssi pH zivného roztoku mohlo zplsobit i vysrazeni fosfore¢nani s
vapnikem (Ca®") a hot¢ikem (Mg?*) na nerozpustné, a pro rostliny tim padem nedostupné
soli (Lee et al. 2017), coz se projevilo celkové niz§imi obsahy téchto prvki u rostlin
péstovanych v RS ve srovnani s PS. Tento rozdil mezi hydroponickymi systémy jesté
eskaloval ve vyzivové variant¢ s AMK, coz bylo pravdépodobné zplisobeno koordinaci
vapniku s karboxylovymi, hydroxylovymi, thiolovymi a aminoskupinami AMK za vzniku
komplexti s omezenou dostupnosti pro rostliny (Maeda et al. 1990). K tomuto procesu mohla

také prispét zvysena tvorba kofenovych exsudatli obsahujicich zaporn¢ nabité skupiny
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schopné koordinovat a vazat vapnik a hot¢ik ze zivného roztoku. Je pravdépodobné, ze v RS
bylo vylu¢ovano vice exsudati kvili zméné pH v cytosolu a také diky zvySené funkci
citratového cyklu po vychytavani negativné nabitych AMK (Ryan et al. 2001). Koncentrace
drasliku a siry byly v obou hydroponickych systémech podobné. To mohlo byt zptisobeno
parovanim Opacné nabitych iontli v roztoku. Anion, ktery je vychytavan relativné pomalu,
muze ¢asteCné snizit rychlost vychytavani svého protiiontu, jak bylo pozorovano u u¢inku
S04% na absorpci K* (Marschner 2012). Pfi suplementovani AMK sira vykazovala trend
akumulace podobny dusiku, ale v niz§i koncentraci. Toto bylo zptisobeno AMK

obsahujicimi siru, cysteinem a methioninem.

Koncentrace jednotlivych mikroprvkid je pro rostliny organové specificka. Obsah
zeleza vykazoval kumulativni trend v zavislosti na ¢ase, podobny Ca a Mg, v obou
hydroponickych systémech i vyzivovych variantach. Kumulace byla hlavné ve stoncich,
kvuli nizké mobilité Fe v rostlinach. U manganu byla pozorovana vyznamné vyssi kumulace
Vv rostlinach péstovanych v RS, ale naopak u zinku bylo dosazeno vyssi koncentrace
v konopi péstovaném v PS. Dle Gillespie et al. (2020) obsah Mn a Zn v hydroponicky
péstovanych rostlinach roste imérmné se zvysujicim se pH. U dvoudéloznych rostlin miize
membranovy protein IRT1 kromé Fe (II) pfenaset taktéz dalsi dvojmocné kationty, jako je
napiiklad Mn?*, Tento transport Mn?* viak miize byt dale inhibovan Zn?*, protoze tyto dva
prvky si mohou v tomto pfipadé konkurovat (Korshunova et al. 1999). Obsah boéru byl
nejvyssi v listech, kde také vykazoval kumulativni trend v zavislosti na ¢ase. Bylo dosaZeno
jeho celkové vyssich koncentraci v rostlinach péstovanych v PS. Absorpce boru je totiz u
rostlin relativné pasivni a zavisi tedy na mnozstvi rozpusténych iontti boru (Dannel et al.
2002). V PS, kde byl zivny roztok dopliovan nékolikrat tydné, byla nabidka boru
nékolikanasobné vyssi nez v RS. U médi byla pozorovana vyznamné vys$i kumulace
Vv rostlinach péstovanych v RS. To bylo pravdépodobné zplisobeno vzajemnou kompetici
Cu/Zn a jejich podobnymi mechanismy piijmu (Stuckey et al. 2021). U molybdenu bylo
dosazeno vyssich koncentraci u konopi péstovaného v RS. To bylo zptisobeno kolisanim a
obcasnym zvysenim pH v RS ve srovnani se stabilnim pH v PS. Pti vy$§im pH se molybden
stiva rozpustnéjsi a je pro rostliny p¥istupny predevsim ve své aniontové formé jako MoOs*
. Pii pH <5 se molybden vyskytuje hlavné jako HMoO4", ktery je pro rostliny hiife dostupny
(Kaiser et al. 2005; Smedley & Kinniburgh 2017; Lawson-Wood et al. 2021). Dle ziskanych

vysledkli je patrné, ze tkanovy ionom rostlin konopi péstovanych v hydroponii
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za kontrolovanych podminek I1ze vyznamné ovlivnit vyzivou. Toto ma pak sekundarni efekt

na tvorbu biomasy a obsah sekundarnich metabolitti rostlin konopi.

5.1.2. Vliv vyzivy na tvorbu biomasy

Zménéna dostupnost a zasoba jednotlivych zivin také ovlivnila vynos suché biomasy.
V polnim pokusu aplikace jednotlivych slozek digestatu jako zdroje dusiku v porovnani
s mineralnim NPK hnojivem nebyly zjiStény zadné signifikantni rozdily pii srovnani
prumérného vynosu susiny rostlin. K tomuto pravdépodobn¢ ¢asteéné prispély také pomérné
vysoké rozdily v hmotnosti sklizenych rostlin. Podobné vysledky uvedli Tsachidou et al.
(2019), kteti experimentalné¢ prokazali, Ze aplikace zbytkl anaerobni digesce jako zdroje
dusiku prokazaly schopnost udrzet vynosy pice na podobné urovni jako pfi pouziti
mineralniho NPK hnojiva. Sou€asné se v této praxi sniZuje environmentalni riziko spojené

s vyplavovanim nitratového dusiku.

Riizné péstebni hydroponické systémy (RS a PS) zpuisobily taktéz zménu v dynamice
rustu rostlin. Nejvyraznéjs$i narust byl od 11. vegeta¢niho tydne postupné zaznamenan u
suché hmotnosti kvét. To bylo pravdépodobné zplsobeno zvySenou mobilizaci a
translokaci latek z kofentt do listd a kvéti (Ludewig & Frommer 2002), kde se diive
hromadily v dasledku pfisunu Zzivin. Maximalniho vynosu suchych kvétd bylo v PS
dosazeno ve 12. tydnu, ale v RS az ve 13. tydnu. Obdobnych vysledkd bylo dosazeno u
bylo pravdépodobné zptisobeno vyssi davkou dodavanych Zivin v PS, coz zajistilo optimalni
hnojeni, které muze zkratit dobu dozrani konopi (Caplan et al. 2017b). Tuto hypotézu
Castecné podpoftilo predCasné dozravani rostlin i s ohledem na maximalni koncentrace

THCA.

5.1.3. Vliv vyZivy na obsah sekundarnich metaboliti

Riizné hydroponické péstebni systémy dale ovlivnily vyvoj a naslednou koncentraci
THCA, kanabinolové kyseliny (CBNA) a CBCA v kvétech rostlin konopi. Dle maximalni
dosazené koncentrace THCA rostliny péstované v PS dozraly diive nez ty péstované v RS.
To bylo jest¢ umocnéno u vyzivové varianty s AMK. Pfi zohlednéni dodaného mnozstvi
zivin v zivném roztoku u rostlin péstovanych v PS a skutecnosti, ze ¢erstvy zivny roztok zde

byl michan 2-3x tydné. Toto mohlo byt zptisobeno bud’ zvySenym abiotickym stresem z
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vysokych davek zivin (Gepstein & Glick 2013; Gong et al. 2020) nebo tim, ze vyssi piisun
zivin v PS zajistil optimalni hnojeni, které mohlo zkratit dobu zrani konopi (Caplan et al.
2017b). Tato druha hypotéza byla ¢aste¢né podpofena i nizsi koncentraci CBNA, coZ je
oxidac¢ni produkt THCA, u rostlin péstovanych v PS ve srovnani s t€émi péstovanymi v RS.
U vyzivové varianty s AMK toto bylo jesté pravdépodobné posileno antioxidacni aktivitou
AMK, které snizovaly stres z prostiedi vychytavanim volnych kyslikovych radikalt (Calvo
et al. 2014). Vzijemny pomér Cu a Zn pravdépodobné také piispél ke zvySenému
oxida¢nimu stresu u rostlin péstovanych v RS. Vysoka koncentrace Cu totiz muze Vv
rostlinach zpusobit abioticky stres, ale vysokéd koncentrace zinku muze tento efekt zvratit.
Vys§i obsah Cu byl zaznamenan u rostlin péstovanych v RS, ale vyssi obsah Zn naopak u
rostlin v PS (Upadhyay & Panda 2010; Thounaojam et al. 2014). Koncentrace CBCA nebyly

vyZzivou takto radikalné ovlivnény, a byly v obou hydroponickych systémech podobné.

Rozdilné hydroponické kultivacni systémy ovlivnily také koncentraci terpenickych
sloucenin, konkrétn¢ limonenu, p-myrcenu a p-karyofylenu ve zralych kvétech rostlin
konopi. Obsah monoterpend, limonenu a f-myrcenu, vykazoval v méfenych tydnech stejny
trend v obou hydroponickych systémech i vyzivovych variantach jako koncentrace THCA.
Toto je v souladu se zjisténim Aizpurua-Olaizola et al. (2016) pro konopny chemicky
fenotyp 1. Divodem muze byt to, Ze monoterpeny jsou biosyntetizovany ve stejnych
glanduldrnich trichomech a castetn¢ podobnou biochemickou cestou jako kanabinoidy,
sestavajici se z alkylresorcinolovych a monoterpenovych skupin (Sirikantaramas et al. 2007;
Booth et al. 2017; Livingston et al. 2020). Ve vyzivové varianté s AMK podobné jako u
Saloner a Bernstein (2021) nase vysledky ukazaly, Ze nadmérné zvySena hladina dusiku v
zivném roztoku umérné snizuje koncentraci THCA. Ale naopak pfti piekro¢eni specifické
hrani¢ni koncentrace, coz bylo v piipadé¢ Saloner a Bernstein (2021) 160 mg N/I, lze
pozorovat reverzibilni zvyseni koncentrace limonenu a myrcenu. Toto je v souladu se
studiemi ukazujicimi pozitivni zavislost tvorby monoterpentt na hnojeni dusikem
(McCullough & Kulman 1991; Close et al. 2004). Vysoké koncentrace N v listech
podporovaly fotosyntetickou aktivitu, coz zvysilo dostupnost asimilovaného uhliku
vyuzivaného k tvorbé metabolitt MEP drahou (Ormeno & Fernandez 2012). K ranym
kroktm Vv produkci terpenickych sloucenin v rostlinach pfispivaji dvé biosyntetické cesty.
Prvni je MVA cesta, kterd se podili na biosyntéze seskviterpenti a triterpenti. Druhd, v
plastidech lokalizovanda MEP cesta, se ucastni biosyntézy monoterpend, diterpent a

tetraterpent (Bouvier et al. 2005). Fytokanabinoidy jsou syntetizovany z izoprenoidnich
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prekurzori v kombinaci s polyketidy (Dewick 2002). Geranylpyrofosfat nezbytny pro
produkci terpenoidni ¢asti kanabinoidu je vsak prevazné (>98 %) syntetizovan MEP cestou
v plastidech (Fellermeier et al. 2001). Vzhledem k tomu, Ze limonen, S-myrcen a terpenoidni
c¢ast THCA jsou syntetizovany stejnou biochemickou cestou a vykazuji opaénou
koncentra¢ni odezvu v kvétech konopi po ptidani AMK do zivného roztoku, Ize dojit k
zaveéru ze je timto ovlivnéna biosyntéza ketidové ¢asti molekuly THCA (Tedesco & Duerr
1989). Naopak seskviterpen, p-karyofylen, vykazoval vyssi a konstantni obsah u rostlin
pestovanych v PS témét ve vSech méfenych tydnech. Tento rozdil mezi obsahem
monoterpentt a seskviterpeni mohl byt zpusoben tim, Ze dvé odlisné vyse zminéné
biosyntetické drahy pfispivaji k syntéze rostlinnych terpent v ranych krocich. Tyto drahy
jsou regulovany ruznymi substraty (Eisenreich et al. 1998; Bouvier et al. 2005). Toto bylo
pravdépodobné ovlivnéno i abscisovou kyselinou (ABA), jejiz koncentrace mohla byt u
rostlin péstovanych v RS zvysena, a ktera snizuje obsah seskviterpenil v rostlinach konopi

(Mansouri & Asrar 2012).

5.2. Biosyntéza kanabinoidnich latek béhem vyvoje konopného kvétenstvi

NejkoncentrovanéjSim kanabinoidem v tomto chemickém fenotypu I lécebného
konopi byla THCA. Optimalni zralost rostlin byla tedy ur¢ovana dle maximalni dosazené
koncentrace tohoto kanabinoidu v uréitém vegeta¢nim tydnu. Koncentrace THCA v listech
a kvétech se u rostlin péstovanych v obou hydroponickych systémech i za vSech vyzivovych
variant pomalu zvySovala az do 4. tydne. Od 5. tydne se zacala prudce zvySovat, protoze
kvéty byly jiz dostate¢né narostlé a mohly byt analyzovany samostatné. Maxima tohoto
kanabinoidu bylo dosazeno pii optimalni zralosti rostlin. Oxida¢ni produkt THCA, CBNA,
mél podobny pribéh tvorby a maxima jako THCA. Koncentrace tfetiho méfeného
kanabinoidu, CBCA, ale vykazovala opa¢ny ¢asové zavisly trend nez koncentrace THCA a
CBNA. V obou hydroponickych systémech koncentrace s ¢asem klesala, coz je pro tento
kanabinoid bézny jev, protoze jeho obsah standardné klesa s vékem rostlin (Morimoto et al.
1997).

Kombinace koncentrace THCA a suché hmotnosti kvétii se odrazila ve vynosu
THCA z rostliny. U susenych kvétt byl hodnocen vytézek THCA na rostlinu tydné v obou
péstebnich hydroponickych systémech i vyzivovych variantach. U rostlin péstovanych v RS

byla pozorovéana téméf linearni zavislost vynosu THCA na ¢ase pro obé vyzivové varianty.
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Naopak vytéznost THCA u rostlin péstovanych v PS dosahla maxima dfive, coz bylo jesté
umocnéno u vyzivové varianty s AMK. Kazdopéadné pii porovnani obou hydroponickych
kultivacnich systému i vyzivovych variant v tydnech maximalniho vynosu THCA byl vynos
THCA u rostlin péstovanych v RS cca dvojnasobny oproti vynosu THCA zrostlin
pestovanych v PS. To by mohlo byt zptisobeno zvysSenou produkci ABA v reakci na stres,
ktera zpomaluje rist rostlin a zvySuje produkci, koncentraci a vynos THCA (Mansouri et al.
2009; Caplan et al. 2019).

5.3. Potencionalni antikarcinogenni ucinky konopi

Byla testovana cytotoxicita extraktll hydroponicky péstované¢ho 1é¢ebného konopi
chemotypu | s pomérem obsahovych kanabinoidi THCA/CBDA >>1,0, v ruznych fazich
zralosti rostlin odebranych béhem vegetacniho cyklu. Studie poskytla dikazy o selektivni
cytotoxické aktivit¢ extraktl konopi proti bunkdm kolorektalniho karcinomu ve vSech
vegetacnich stadiich rostlin (1. az 13. tyden), pfi riznych variantach vyzivy a pii péstovani
v obou hydroponickych systémech (RS, PS). Extrakty z konopi vykazovaly nejvyssi
selektivni cytotoxicitu dle poloviny maximalni inhibi¢ni koncentrace (ICsg) proti bunééné
linii HT-29 odvozené od adenokarcinomu tlustého stfeva v poslednich tydnech vegetace,
kdy také koncentrace THCA dosdhla svého maxima v zavislosti na hydroponickém
péstebnim systému a vyzivé. Samotné THCA pfispé€lo k selektivni cytotoxicité konopnych
extraktl vici HT-29 témet 65 %. Nekolik experimentii zaloZenych na bunéénych liniich
ukazalo, Ze THCA interaguje s riznymi molekularnimi cili a vykazuje potencialni
(Moreno-Sanz 2016; Nallathambi et al. 2017; Nallathambi et al. 2018). Kromé¢ toho né€kolik
studii in vivo ukazalo, Ze tato slou¢enina vykazuje farmakologické ucinky u hlodavci,

pravdépodobné zapojenim kanabinoidnich receptort typu 1 (Moreno-Sanz 2016).

Na zéakladé postupnych selekci byly zahrnuty dalsi fytokanabinoidy, konkrétné
CBGA, CBG, CBD a A%-THC. Tyto &tyii fytokanabinoidy pfispély dalsimi 5 % k selektivni
cytotoxicité. Dohromady téchto pét vyse zminénych fytokanabinoidii ovlivnilo cytotoxicky
ucinek extraktl téméf ze 70 %. Toto potvrzuje diive navrhovany synergismus mezi u¢innymi
latkami v rostlinach konopi (Russo 2011). Smési riznych fytokanabinoidd vykazuji

specifickou interakci podporujici bunécnou cytotoxickou aktivitu a jsou biologicky
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aktivnéjsi nez jednotlivé izolované fytokanabinoidy (Namdar et al. 2019; Mazuz et al. 2020;
Peeri & Koltai 2022).
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6. ZAVER

Tématem této disertacni prace je studium vlivu vyzivy na tvorbu biomasy a obsah
terapeuticky vyuzitelnych sekundarnich metabolitt rostlin konopi (Cannabis sativa L).
Pouziti konopi ve zdravotnictvi vyzaduje ptisnou kontrolu optimalni produkce bioaktivnich
latek. Rostlinné fenotypy a obsah sekundéarnich metabolitti, jako jsou fytokanabinoidy, jsou
siln€ ovlivnény vnéjsimi faktory, jako je dostupnost a ptijem zivin. Tato prace je souborem
peti védeckych c¢lankd, které jsou rozdéleny do tii hlavnich ¢asti. V prvni Césti se prace
zabyva vlivem koncentrace a poméru zivin a biostimulanti na tkanovy ionom, tvorbu
biomasy, predevsim kvéti, a na obsah fytokanabinoidd a terpenickych sloucenin rostlin
konopi. Druha ¢ast prace se vénuje biosyntéze kanabinoidnich latek obsazenych piedevsim
v kvétech v prubéhu péstebniho cyklu rostlin 1écebného konopi. Posledni okruh je zaméfen
na ovéfeni potencionalnich antikarcinogennich u¢inkt rostlin konopi pomoci testovani

selektivni cytotoxicity riznych konopnych extraktu in vitro.

Ze srovnani dosazenych vysledk a vlastnosti vedlejsich produkti z anaerobni
digesce a mineralniho NPK hnojiva lze fici, ze vedlejsi produkty z anaerobni digesce mohou
byt pouzity jako vhodna alternativa k minerdlnim NPK hnojiviim Vv polni produkci konopi.
Rostliny dosahovaly srovnatelnych vynosi a prokazaly vys$si miru akumulace zivin v
jednotlivych rostlinnych pletivech. Tyto odpadni materidly jsou vSak variabilni jak ve
sloZeni konkrétnich zivin, tak v jejich dostupnosti pro rostliny. Tato variabilita je dana
odliSnosti vstupnich surovin do procesu anaerobni digesce. Dale byly demonstrovany
vyhody a nevyhody dvou riznych péstebnich hydroponickych systému pii dvou riznych
systémech vyzivy lécebného konopi. Pfi péstovani rostlin v recirkula¢nim hydroponickém
systému bylo dosazeno vyssich vytézkt hlavniho kanabinoidu lé¢ebného konopi chemotypu
I, tetrahydrokanabinolové kyseliny (THCA), s mnohem niZsi celkovou spotiebou vody a
zivin, ale za delsi dobou kultivace, vyssich koncentraci kanabinolové kyseliny (CBNA) a
niz§ich koncentraci seskviterpenu, p-karyofylenu, v kvétech. Naopak pritokovy
hydroponicky systém umoznil lepsi kontrolu nad zivnym roztokem se stabilnim dodavanim
ptresné koncentrace zivin, ¢imz pravdépodobné urychlil dozravani rostlin, ovsem za cenu
vyssi spotieby vody a hnojiv a vyrazné nizSiho celkového vynosu monoterpenti a THCA.
Vyzivovy dopln¢k na bazi aminokyselin vyrazné zvysil obsah dusiku a siry, ale snizil

akumulaci vapniku a zeleza v celé rostliné konopi pii péstovani v obou zminénych

vvvvvv
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projevilo v koncentraci a vytézku THCA, ale snizil obsah CBNA v kvétech. V obou
péstebnich hydroponickych systémech také vyznamné zvysil obsah monoterpenti, limonenu
a f-myrcenu. Tato prace pievazné zkoumala jen na THCA bohaty konopny chemotyp |
péstovany hydroponicky v médiu ,,Euro Pebbles* (keramzit). Proto by bylo do budoucna
urité¢ zajimavé provést tyto experimenty s rostlinami konopi dalSich chemotypt
kultivovanych v odlisnych péstebnich substratech. Z ekonomického hlediska by téZ mohlo
byt pro zahradnicky pramysl potencionalné vyuzitelné provést obdobné studie s priabéznym
doplilovanim omezujicich Zivin a vyrovnavanim pH zivného roztoku az do jeho konecné

spotieby.

Tato prace v neposledni fadé poskytla dikaz o selektivni cytotoxické aktivité
extraktd z rostlin konopi (chemotyp I) proti bunénym liniim kolorektalniho karcinomu ve
vSech vegetacnich stadiich rostlin za péstovani v riznych hydroponickych systémech pti
odlisné vyzive. Extrakty z konopi vykazovaly nejvyssi selektivni cytotoxicky t¢inek v
poslednich tydnech riastu, kdy také koncentrace THCA zpravidla dosahla svého maxima.
Samotné THCA pfispélo témét 65 % k selektivnimu cytotoxickému U¢inku konopnych
extrakta proti bunééné linii HT-29 odvozené od adenokarcinomu tlustého stieva.
Kanabigerolova kyselina (CBGA), kanabigerol (CBG), kanabidiol (CBD) a A°-
tetrahydrokanabinol (A°-THC) pfispély k selektivni cytotoxicité dal§imi 5 %. Dohromady
téchto pét zminénych fytokanabinoidli ovlivnilo cytotoxicitu extrakti témét ze 70 %. To
potvrzuje jiz diive navrhovany synergicky ¢i aditivni uéinek mezi kanabinoidnimi

slouceninami produkovanymi rostlinami konopi.
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