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1. UVOD

Rostliny konopi jsou pro svou variabilitu vyuziti spojeny s lidskou historii od nepaméti.
Prvni zminky o péstovani konopi se datuji do obdobi 10 000 let pted nasim letopoctem (pt.n.L.)
do Ciny, kde bylo pé&stovano zejména pro vlakno. Rozsifeni 1é¢ebného vyuZivani konopi se
datuje do let 2800 (pt.n.L.) v Egypté a 2000 let (pt.n.1.) v Cing (Russo 2007). Tyto dva rozdilné
zpusoby vyuziti jedné rostliny s sebou nesou i rozdilné péstebni metody a pfistupy, které maji
zasadni vliv na kvalitu i kvantitu sklizeného kvétu. V evropskych zemich se vétSina konopi
péstuje na poli pro primyslové ticely (Zuk-Gotaszewska & Gotaszewski 2018) a je pouzivano
pii vyrobé ptirodnich vlaken, lan a odévu (Pickering et al. 2007). Semena slouZi jako vynikajici
zdroj oleje diky svému obsahu a zastoupeni nenasycenych mastnych kyselin (Molleken et al.
1997), jsou vyznamnym zdrojem proteinu pro ¢lovéka a zvifata (Patel et al. 1994). Z tohoto
divodu je péstebni technologie technického konopi relativné dobie prozkoumana a jeji
optimalizace sméfuje k maximalizaci vynosu vlakna, semen, nebo celkové biomasy, kterd ma
znaény potencial k vyuziti v energetickém pramyslu (Michal et al. 2023). Produkce rostlin
konopi uréena pro 1é¢ebné pouziti klade na takovy material velmi vysoké legislativni naroky.
Tyto se tykaji zejména pé&stebnich a zpracovatelskych procesli, obsahu a poméru aktivnich
latek. Vyprodukovany kvét 1écebného konopi je nehomogenni material a jeho sloZeni je
ovlivnéno tadou faktorii. Mezi faktory ovliviwyjici vynos, obsah kanabinoidi a jejich pomér
patii zejména genetické zalozeni rostliny, péstebni podminky, faze vegetace — zralost v dobé
sklizn¢ a v neposledni fadé podminky skladovani a nasledné manipulace s materialem (Potter
2014). Faktory péstebnich podminek je nemozné pfi polnim péstovani fidit a nelze tak zarucit
konzistenci produkce a jeji kvalitativni parametry. Z téchto divodd se v ptipadé produkce
konopi ur¢eného k 1é¢ebnému vyuziti, jako nejvhodnéjsi zptisob jevi tzv. indoor péstovani, kdy
kultivace rostlin probiha v fizenych podminkéch v uzaviené péstebni mistnosti.

Oba zpiisoby vyuziti, jak technické, tak 1écebné, se prolinaji i v rdmci studia a vyzkumu
konopi provadéného v této praci. Prvni pokusy pii feSeni této prace byly zaméteny na
alternativni vyzivu rostlin konopi se snahou prokdzat vhodnost vyuziti alternativniho hnojeni
pfi zachovani vynosovych parametrii technického konopi. Zarovenn byl bran zfetel na
environmentalni hledisko péstovani této plodiny a jejiho néasledného vyuziti. V dalSich letech,
diky legislativnimu vyvoji v oblasti 1é¢ebného konopi, doslo k pfesmérovani vyzkumu na
fizenou produkci 1é¢ebného konopi péstovaného pod statni licenci. Pro ucely tohoto vyzkumu

byla vybudovéna unikatni péstebni laboratot s fizenymi podminkami prostiedi, kde probihaly



dals$i experimenty zaméfené na vyzivu a vliv péstebnich podminek na vynos kvétenstvi a

biosyntézu sekundarnich metabolitt.



2. LITERARNI PREHLED
2.1 Systematika

Genetickd rozmanitost a plasticita rostlin konopi zplsobuje pomérné obtiznou
klasifikaci a ujednoceni botanické nomenklatury této rostliny. Historicky byl popsan rod
Cannabis sativa (Konopi seté) slozeny z jediného druhu (Linné 1753). Nedlouho poté Lamarck
et al. ( 1783) rozdélil konopi na zaklad¢ srovnavani psychoaktivnich u¢inku, velikosti a tvaru
listli na dva samostatné druhy. V ramci ¢eledi Cannabaceae (konopovité) se tak konopi délilo
na stavajici druh Cannabis sativa a nové Cannabis indica (Konopi Indické). Roku 1924 bylo
publikovano, ze rostliny konopi rostouci v oblastech Ruska nespliiuji botanické charakteristiky
ani jednoho z dosud popsanych druhti. Na zakladé toho byl popsan tieti samostatny druh
Cannabis ruderalis (Konopi rumistni), charakteristicky malym vzristem (Janischevsky 1924).

Rozdily jednotlivych druht je mozné vidét na obrazku €. 1.

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

C. sativa

C. indica

C. ruderalis



Dale bylo clenéni rozSifeno Small et al. (1976) na zakladé¢ chemickych a

morfologickych rozdila do Ctyt taxond, které popisuje obrazek ¢ 2. Nasledujici Ctyti skupiny se

odliSuji zejména mnozstvim obsahovych latek (THC a CBD) a zaroven je zohlednén piivod,

vyskyt a rovnéz ucel, za kterym je dany taxon konopi pestovan.

1.

2.

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

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

Cronquist.
Obrazek ¢. 2 Chemotypy konopi (Small et al. 1976)
Slabé intoxikujici
subsp. sativa
kultivary na ar. sativa I ar. spontanea
viakno a olej var. safiy var. spc
Méné nez 0,3 % THC ,.Divoké"
Dognest}ik{ovzvllné (nékdy az k 1 %) (piivodni,
(péstovanim ci zdomacnélé,
spontanné) Vice nez 0,3 % THC /
P (vétsinou pies 1 %) plevelné)
subsp. indica
,.)Narkoticke" P
kultivary
var. indica var. kafiristanica

Silné intoxikujici

Small (2015) navrhl dal$i moznost klasifikace pro domestikované konopi, které je ve

shodé s Mezindrodnim kddem nomenklatury kulturnich rostlin. Rozd¢€leni je nasledujici:

1. Non-narkotické rostliny, domestikované pro vlakno a/nebo olejnatd semena v zapadni
Asii a Evropé. Nizky obsah A°-tetrahydrokanabinolu (THC) a vysoky obsah
kanabidiolu (CBD)



2. Non-narkotické rostliny, domestikované ve vychodni Asii, hlavné Cin&. Nizky az
stfedni obsah THC a vysoky obsah CBD

3. Psychoaktivni rostliny, domestikované v jizni a stiedni Asii. Vysoky obsah
kanabinoidi, pfedevsim THC

4. Psychoaktivni rostliny, domestikované v jizni Asii (Afghanistan a sousedni zem¢),

Vysoky obsah THC i CBD

Mimo vyse uvedené tiidy, byly navrzeny dalsi dvé hybridni:

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

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

Dle doporuceni (Zhang et al. (2018) by mé&l byt monotypicky rod Cannabis rozdélen na
tii poddruhy subsp. sativa, subsp. indica, and subsp. ruderalis. Tento navrh je podloZen studii,
kterd se zam¢tovala na analyzu sekvenci DNA rostlin konopi. Ke stejnému zavéru na zaklade
analyzy genetického kodu dospél i McPartland (2018), ktery doporucuje rovnéz déleni na
poddruhy subsp. sativa a subsp. indica.

Vyse zminéné druhy konopi se mezi sebou mohou uspésné kiizit a produkuji plodné
hybridy (Beutler & Marderosian 1978). V soucasné dobé dochazi k neustalé produkci novych
hybrida at’ uz pro rekreacni uZiti v zemich, kde to legislativa umoziiuje, ¢i pro vyuZiti rostlin
konopi v medicin€. Rozdily mezi jednotlivymi kiiZenci je moZzné detekovat pomoci analyzy
profilu obsahovych latek, zejména kanabinoidii a terpenti. Tyto rozdily zvané téz
chemotaxonomické markery umozuji screening jednotlivych hybridli a mohou tak odhalit
podil zastoupeni jednotlivych poddruhti v daném hybridu (Hillig & Mahlberg 2004; Fischedick
et al. 2010; Fischedick J 2015).

2.2 Botanicky popis konopi

Konopi je jednoletd dvoud€lozna nahosemennd rostlina patfici do celedi konopovité
(Cannabaceae). Pfirozené jsou rostliny konopi dvoudomé, mohou se ale vyskytnout i

jednodomi jedinci, zejména v oblastech kratkého dne. Jednodomé odriidy byly nasledné
9



selektovany, aby se omezily problémy spojené s agronomickymi zasahy a kvalitou produkce
spojené s pohlavnim dimorfismem rostlin (Berenji et al. 2013; Faux et al. 2013; Amaducci et
al. 2015).

Pohlavi rostlin je mozné rozeznat na zaklad¢ jejich odliSnosti. Samci rostliny jsou
Stihlejsiho, niz§iho vzristu v porovnani s rostlinami sami¢imi také oznacovanymi jako hlavaté.
Tyto rostliny produkuji velké mnozstvi pylu, jehoZz pfenos neni zavisly na opylovani hmyzem.
Samici rostliny jsou vyznamnéjsi diky svému hospodaiskému vyuziti, vétSimu obsahu
metabolitii a psychoaktivnich latek. Jsou také vice olisténé a statnéjsi (Valicek 2003). Rostliny
konopi se fadi mezi kratkodenni, kdy ke kveteni dochazi pti zkraceni fotoperiody pod 12 hodin
(Knight et al. 2010). Cely zivotni cyklus konopi trva v ptirozenych polnich podminkach 5 — 6
mésict, pficemz kveteni nastupuje po 3 — 4 mésicich rastu (Moliterni et al. 2004).

Kvétenstvi konopi setého se rozliSuje podle pohlavi rostlin. Kvéty nachazejici se na
samdéich rostlinach jsou seskupeny do lat vyristajicich na stopkach z izlabi listt. V obdobi
kvétu produkuji prasniky samcich kvéti pyl, ktery je pomoci vétru roznaSen az do vzdalenosti
12 kilometrl a je schopny oplodnéni po dobu 14 dni. Po dobé kvétu, trvajici 20 — 25 dni, tyto
kvéty odumiraji a sam¢éi rostliny usychaji (Miovsky 2008; Ruman & Kalvanova 2008).

Samici kvétenstvi se nachdzi zejména v hornich a koncovych Castech rostlin v n€kolika
vrstvach. Sklada se do husté olisténych hrozni. Pocatek kvétu nastava u samicich rostlin
zpravidla 0 3 — 10 dni pozdgji nez je tomu u rostlin sam¢ich. Doba kveteni se uvadi v rozmezi
15 — 25 dni. Kvé&t samiéi rostliny je sloZzen ze dvou pouzdrovych semeniki S jednim vajickem.
Dale se kvét sklada ze dvou blizen s pestiky. Listen obalujici kvétenstvi je silné pokryt
Zlaznatymi trichomy (Ruman & Kalvanova 2008; Ruman 2014).

Sirikantaramas et al. (2005) svym vyzkumem potvrdily, ze trichomy na samiéim

kvétenstvi jsou zodpovédné za vylucovani pryskytice bohaté na metabolity.
2.3 Sekundarni metabolity konopné pryskyfice — terapeuticky potencial

Rostliny konopi obsahuji rozli¢né mnozstvi fytochemickych sloucenin, které l1ze zaradit
do riznych chemickych skupin. Konkrétn€ identifikované slouceniny v konopi spadaji do
skupiny kanabinoidd, terpenoidli, flavonoidii, steroidii, lignant, alkaloidli a dalSich. Mezi
témito latkami byla prokdzana vzajemna synergie pusobeni (EISohly & Slade 2005;
Mechoulam 2012; Russo 2019).
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V rostlinach konopi bylo identifikovano vice neZ sto jedine¢nych kanabinoida, které se
nejhojnéji nachdzi v kvétenstvi neoplozenych samicich rostlin. Zejména této skupiné
sekundarnich metaboliti charakteristickych pro konopi je pfisuzovan léCebny potencial s tim,
7¢ mezi nejéetnéji zastoupené kanabinoidy patii A9-tetrahydrocannabinol (THC) a cannabidiol
(CBD). (Mechoulam et al. 1970; Fischedick J 2015).

V rostlingé se kanabinoidy syntetizuji a kumuluji ve formé karboxylovych kyselin.
Dekarboxylace nastava v procesu skladovani neenzymatickou cestou diky teploté a oxidaci. Se
zvysujici se teplotou roste zaroven rychlost dekarboxylace a dochazi k uvolnovani oxidu
uhli¢itého (Shoyama et al. 1970; Kimura & Okamoto 1970). Kyselina tetrahydrocannabinolova
(A%-THCA), CBDA (kyselina canabidiolova) a CBCA (kyselina canabichromenova) jsou
oznacovany za tzv. primarni kanabinoidy pravé z diivodu, Ze ostatni kanabinoidy jsou z téchto
tii prekurzorii generovany pievazné neenzymatickymi degradacnimi procesy (EISohly & Slade
2005).

Lécebny ucinek kanabinoidl z konopi (fytokanabinoidy) byl na fyziologické urovni
1épe pochopen az diky objevu endokanabinoidniho systému v lidském téle (Devane et al. 1992).
Endokanabinoidni systém sestava z receptorit CB1 a CB2 a také z endogenné produkovanych
kanabinoidt, které snimi reaguji. Mezi dva hlavni endokanabinoidy patii N-
arachidonoyolethanolamin (AEA), téz zvany anandamind, a 2-arachidonoylglycerol (2-AG).
Terapeutické ucinky konopi vyplyvaji pravé z interakce fytokanabinoidl obsazenych v konopi
s receptory endokanabinoidniho systému. (Hanu$ 2009; Sulcova 2015). Indikace, na které
probihal, ¢i stale probiha, vyzkum v oblasti humanni mediciny, jsou nevolnost a zvraceni
(Duran et al. 2010), stimulace k jidlu pfi infekci HIV/AIDS (Whiting et al. 2015), chronicka
bolest (Lynch & Campbell 2011; Portenoy et al. 2012), spasticita v disledku roztrousené
sklerdzy nebo paraplegie (Pooyania et al. 2010; Corey-Bloom et al. 2012), deprese (Selvarajah
et al. 2010), uzkostna porucha a poruchy spanku (Russo et al. 2007; Bonn-Miller et al. 2014;
Babson et al. 2017), glaukom (Jarvinen et al. 2002), psychdza, dale poruchy zptsobené
v disledku Tourettova syndromu ¢i Parkinsonovy choroby (Lotan et al. 2014; Whiting et al.
2015) a v neposledni fadé zanétlivé onemocnéni stiev (Allegretti et al. 2013), ¢i selektivni
cytotoxicky ucinek a potencialni 1é¢ba riznych typt rakoviny (Abrams & Guzman 2015;
Heider et al. 2022).
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2.4 Péstovani technického konopi — outdoor

Konopna biomasa se k energetickym uceliim pouziva jiz po staleti. Dosud bylo v mnoha
zemich navrzeno komer¢ni vyuziti biomasy technického konopi pro energetické tucely.
Konopna biomasa lze vyuzivat k vyrob¢ tepla a energie pfimym spalovanim biomasy z celych
rostlin, nebo lze energii vdzanou na biomasu preménit na kapalna nebo plynna biopaliva, jako

je bioetanol a bioplyn (Burczyk et al. 2008; Finnan & Styles 2013).

2.4.1 Naroky na prostredi

V piipadé technického konopi se bavime o polnim péstovani, t€Z oznaCovaném jako
outdoor produkce. Stejné jako ostatni polni plodiny je produkce konopi zcela zavisla na
venkovnich podminkéch a pribéhu vegetace béhem péstebni sezony.

Konopi je povazovano za rostlinu, ktera je schopna ptizpiisobit se mnoha stanovistim a
podminkam. Jedna se o plodinu mirného pasma, S relativné vysokymi néroky na teplo a
zasobenost pudy vodou. Za optimalni pro rast konopi se povazuji teploty mezi 16 a 27 °C.
Pida by méla byt tirodnd, dobfe zasobena organickymi latkami, stiedné hluboka az hluboka,
hlinita az hlinitopiscita s neutrdlni az z4saditou reakci v rozmezi pH 6 — 7,6. Je tfeba se vyhnout
pudam s vysokou salinitou, kyselosti a zhutnénim (Amaducci et al. 2015; Kostuik & Williams
2019; Rehman et al. 2021; Viskovi¢ et al. 2023).

Délka dne je v iizkém spojeni s ndstupem rostlin do faze kveteni. Pokud jsou rostliny
konopi osvétleny béhem dne méné nez 14 hodin, dochazi k urychleni nastupu faze kveteni
(Lisson et al. 2000). Z vyzkumu provedeného (Hall et al. 2014) vyplyva, ze dochazi k nartstu
podzemni i nadzemni biomasy pii prodlouzené fotoperiodé. Vysledky ukazuji na to, Ze konopi
péstované za ucelem produkce biomasy by mélo byt vystaveno osvétleni vice nez 13 hodin
denng, aby bylo dosazeno maximalniho vynosu. V ptipadé, ze rostliny nemaji dostatek svétla,
nebo je perioda osvétleni pfili§ kratkd, dochazi u rostlin konopi ke snizeni kotenové aktivity,
coz ma za nasledek sniZzeny piijem Zivin v disledku redukce fotosyntézy. Takové rostliny
nedosahuji dostate¢nych vynosut. Citlivost na fotoperiodu je tedy zasadnim rysem adaptace
konopi na urc¢itou oblast a urCuje dobu kveteni, ktera je dominantnim faktorem pro vynos
konopi jak z hlediska kvantity, tak z hlediska kvality (Struik et al. 2000; Amaducci et al. 2008,
2012).

Vzhledem k proménlivym a té€zko predvidatelnym podminkam venkovniho prostiedi pfi

outdoor péstovani neni mozno docilit pozadované homogenity sklizné ve smyslu kvality a
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mnozstvi obsahovych latek. Sklizen jde ve venkovnim prostiedi realizovat pouze jednou ro¢né.
Navic konopi rostouci venku je téz vystaveno vyssimu riziku v podobé skudct a chorob (Potter
2014).

2.4.2 Agrotechnika péstovani technického konopi

2.4.2.1 Priprava pudy a seti

Honzik et al. (2012) uvadé&ji, Zze pro konopi je vhodné, aby ptedplodina zanechala
pudu Cistou, dobfe zasobenou zZivinami, zejména dusikem. Déle aby ptida byla po ptedplodiné
kypra a v bezplevelném stavu. Tyto podminky spliuji luskoviny, okopaniny, jeteloviny,
vojtéska a kukutice. Konopi neni narocné na zafazeni v osevnim postupu a lze jej péstovat bez
chemické ochrany v piipad¢, ze nedochazi k péstovani monokultury vice let po sobé (Kostuik
& Williams 2019).

Po ptedplodin€ se doporucuji bézné agrotechnické zasahy, jako je podzimni hluboka
orba (25 — 30 cm) se zapravenim organickych hnojiv. Ke konopi je vhodné kromé statkovych
hnojiv zapravit 1 digestat ze zemédé&lskych bioplynovych stanic(Sladky 2004; Viskovi¢ et al.
2023). Doba vysevu konopi a piiprava semenné vrstvy jsou vyznamné z hlediska zalozeni
porostu. Dulezité je také myslet na o¢ekavané pocasi predpovidané kratce po vysadbé pro
pfipad nizké vitality sazenic. To je diileZité zejména pii pouZiti tradi€nich metod zpracovani
pudy s pfimym vysevem (Kostuik & Williams 2019).
teplotach 1 az 2 °C, nemélo by se vSak vysévat na zacatku sezoény. Vysev by mél byt odlozen,
dokud teplota pidy nedosahne 10-12 °C, aby byl zajiStén rychly vyvoj, ktery zvySuje jeho
schopnost piekonat plevele. Vétsina druhti konopi vykli¢i za 3 az 5 dni, pokud je zaseto do teplé
pudy (>10 °C) s dostate¢nou pudni vlhkosti (Viskovi¢ et al. 2023).

Roztec rostlin u konopi se tidi typem péstovaného konopi a icelem jeho vyuziti. Obecné
plati, ze husté¢ osdzené konopi podporuje vétsi vysku rostlin a omezuje kveteni. Konopi
péstované primarné na vldkno se vysazuje tésn¢ vedle sebe, aby se podpofilo prodluzovani
stonkll a zaroven omezilo vétveni, ¢imz se ziskaji delsi a siln€j$i vlakna. Zejména pii péstovani
konopi na vlakno nebo na semena se konopi Casto vysazuje pomoci secich stroji s rozteci fadki
od 7,6 do 17,8 cm. Doporucené vysevky se vSak znacné 1isi, pficemz ideédlni hloubka vysevu
se pohybuje od 1,9 do 3,2 cm v zavislosti na typu pudy, ptiprave pady, dostupné vod¢ a terminu
vysevu (Viskovi¢ et al. 2023). Pfi péstovani na biomasu se doporucuje set do fadkti béznych

pro obiloviny o Sifce 12,5 — 25 cm. Vysevek se v tomto piipadé pohybuje v rozmezi 50 — 80
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kg/ha. Pro kombinovany smér péstovani konopi na semeno i vlakno je doporucen vysevek 35
— 70 kg/ha (Honzik et al. 2012). Podle jiné studie se rozestupy mezi rostlinami konopi
péstovaného na vlakno pohybuji od 20 do 40 cm (Bosca & Karus 1997; Liu et al. 2017).
Maximalniho vynosu stonki technického konopi pii polnim péstovani Ize dosahnout pii hustoté

rostlin 90 rostlin/m2 (van der Werf et al. 1995)

2.4.2.2 Hnojeni rostlin konopi setého

Pokud jde o vyzivu konopim dusikem, aplika¢ni davky se 1isi v zavislosti na zptisobu
vyuziti biomasy. Doporuc¢ené davky se pohybuji v rozmezi od 60 — 160 kg N/ha, v zavislosti
na pudnich vlastnostech a klimatickych podminkach (Thouminot et al. 2017; Viskovi¢ et al.
2023). Hnojeni rostlin konopi dusikem v davce 150 kg N/ha zajistuje optimalni vysku rostlin,
vy$$i vynos semen, vys$i pevnost stonki (Johnson 2011) a celkové vysokou produkci biomasy
(Barron et al. 2003; Vera et al. 2004, 2010; Finnan & Burke 2013). Struik et al. (2000) dosahli
v ttiletém polnim pokusu s konopim primérného vynosu 14 t/ha. Piijem dusiku je nejvéetsi v
ranych fazich rastu (Landi 1997). Dostate¢né zasobeni dusikem je zajisténo, pokud se obsah
dusiku v susing rostliny pohybuje v rozmezi 5-6 % v mladych listech (Ivanyi 2005). Potieba
dusiku je zavisla na odrudé (Finnan & Burke 2013). Vysledky pokust s vyuzitim dusiku
rostlinami ve variantach, kde byl aplikovan dusi¢nan amonny, komunalni Cistirensky Kkal a
hovézi hnij ve shodné davece 100 kg N/ha ukazaly vhodnost pouziti kald jako organického
hnojiva pii péstovani konopi pro energetické ucely. Naopak aplikace hovéziho hnoje
nedokazala zajistit maximalni vynos biomasy (Alaru et al. 2013).

Fosfor z piidy je rostlinou pfijiman rovnomérné a jeho spotieba se zvySuje v obdobi
kveteni a dozravani semen. Ptijem fosforu rostlinami konopi se pohybuje v rozmezi 25-38 kg/ha
v zavislosti na vynosu (Vera et al. 2010). Dostate¢na zasoba fosforu v konopi je pii obsahu 0,5-
0,6 % P v mladych pln¢ vyvinutych listech. Pottebné mnozstvi fosforu pro vytvoteni jedné tuny
susiny rostlinné hmoty je 1,7 kg (Ivanyi 2005; Ivanyi & Izsaki 2009). Vliv fosforu na produkci
konopi byl dosud zkouman jen v omezené mife a je uvadéno, Ze piijem fosforu ptepocteno pro
oxid fosforecny (P20s) se pohybuje v rozmezi 52 az 67 kg/ha (Amaducci et al. 2015). Jako
doporucena davka fosforu v zavislosti na vyuziti produkce je 56 — 67 kg/ha (Viskovi¢ et al.
2023). Pokud je ptida bohata na fosfor, Ize hnojeni touto zivinou vynechat (Ivanyi & Izsaki
1996).

Draslik je dilezitou Zivinou pro tvorbu stonkll a vldken konopi. Vzajemné plsobeni

dusiku a fosforu zvysuje kvalitu vldken a vynos konopnych stonkl. Draslik rostliny konopi
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pfijimaji pfedevsim v obdobi intenzivniho rustu (Landi 1997; Aubin et al. 2015). Pozadavky
rostlin konopi na draslik jsou vysoké. Bézné se pohybuji v rozmezi 75 az 100 K kg/ha, nékdy
dosahuji ale hodnot az 336 kg/ha (Viskovic¢ et al. 2023). Naopak jiny zdroj uvadi, ze nebyla
zjisténa korelace mezi vynosem konopi a davkou drasliku ani jeho hladinou v pudé. Autofi
dospéli k zavéru, Zze konopi ma nizsi naroky na K nez jiné plodiny, a navrhuji ro¢ni potiebu 65
kg ha-1 (Finnan & Burke 2013; Amaducci et al. 2015). Luxusni odbér byl pozorovan (podobné
jako u trav) pii vysoké hladin¢ K v pid¢€. Konopi je vSak schopno vyuzivat draslik z hlubSich
vrstev pudniho profilu. Konopi koncentruje vétSinu drasliku ve stonku, a to az 70-75 % (Finnan
& Burke 2013). Jako optimalni obsah drasliku v rostlin€ je uvedeno 2,7-3,0 % (Ivanyi & Izsaki
2009).

Pro pudy s neutralnim pH je nezbytny také vapnik, a to kvili jeho vysoké spotiebé pii
rustu kotfenového systému, stonkl a semen. Uvadi se, ze potieba vapniku je spolu s dusikem a
draslikem pro konopi z hlediska makronutrientd dominantni. V zavislosti na vynosu se spotieba
vapniku pohybuje v rozmezi 151-227 kg/ha pii vynosech 8-10 t/ha. V padach s jeho
nedostatkem je nutné kompenzacni hnojeni. Rostliny konopi ptijimaji vapnik pfedev§im na
konci vegeta¢niho obdobi. (Landi 1997; Johnson 2011)

Hoi¢ik se podili na zajisténi dobrého zdravotniho stavu rostlin a je pfijiman rostlinami
konopi v rozmezi 36-54 kg K/ha v zavislosti na vynosu (Landi 1997).

Z mikroZivin konopi zpo¢atku akumuluje zinek a méd’ do vegetativnich organt rostliny;
pozdéji je transportuje do generativnich orgdni, zatimco zelezo, bor a mangan se akumuluji
predevsim ve vegetativnich organech (Velechovsky et al. 2021).

Z literatury vyplyva, ze vedlejsi suroviny ze zemédé€lskych bioplynovych stanic je
mozné aplikovat na zemédélskou plidu za ucelem vyZivy a hnojeni rostlin. Na zdkladé
dostupnych znalosti o vyZivé€ rostlin technického konopi se tyto suroviny nabizeji jako vhodna
alternativa k bézné pouzivanym mineralnim hnojivim (Kolaf et al. 2010; Makdi et al. 2012;
Coelho et al. 2018).

2.4.2.2.1 Digestat

Jednd se o material zbyvajici po anaerobni digesci (kvaseni), které probiha bez pfistupu
vzduchu a jehoz hlavnim cilem je vyroba bioplynu. Digestat obsahuje Sirokou $kalu Zivin a l1ze
jej vyuzit jako organické hnojivo s pozitivnim vlivem na ptdni organickou hmotu (Nkoa 2014;
Tambone et al. 2015; Garcia-Sanchez et al. 2015). Jeho recyklace v zeméd¢€lském systému hraje

dulezitou roli tim, Ze snizuje pouzivani mineralnich hnojiv (Alburquerque et al. 2012). Ma

15



podobny obsah dusiku v cerstvé hmoté jako kejda (0,2-1 %), ale vyssi hodnotu pH v rozmezi
7-8 (Faisal-Cury & Menezes 2006; Kratzeisen et al. 2010; Makdi et al. 2012). Obsah zivin v
suSin¢ digestatu je uvadén nasledovné: celkovy N: 3,1-14 %, P: 0,6-1,7 % a K: 1,9-4,3 %
(Moller & Miiller 2012). Aplikace digestatu jako organického hnojiva na zeméd¢€lskou padu je
jiz povazovana za standardni zpusob jeho vyuziti (Teglia et al. 2011; Lijo et al. 2015). Studie
ukazuji, ze pouziti digestatu ze zeméd¢€lskych bioplynovych stanic (BPS) snizuje
environmentalni rizika, kterd jsou obecné spojena s pouzivanim mineralnich hnojiv, a zaroven
je dosahovano srovnatelnych vynosovych parametri zeméd¢lskych plodin, jako jsou Medicago
sativa L. a Triticum aestivum L a Cannabis sativa L. Na druh¢ stran¢ je obsah zivin zavisly na
vstupnich surovinach do procesu anaerobni digesce a nelze obecné fici, ze pouzitim vedlej$ich
produkti BPS dosahujeme lepsich vynosu polnich plodin (Moller & Miiller 2012; Koszel &
Lorencowicz 2015; Sogn et al. 2018; Tsachidou et al. 2019; Velechovsky et al. 2021; Michal
et al. 2023). Mechanickou separaci digestatu vznikaji dvé homogenni slozky, tzv. pevna faze

digestatu (separat) a kapalna faze digestatu tzv. fugat.

2.4.2.2.2 Separat

Obsah makroZivin a mikrozivin v separatu je rovnéz ovlivnén sloZenim vstupnich
surovin do fermenta¢niho procesu a dobou zdrzeni surovin ve fermentoru (Kolaf et al. 2010;
Abubaker et al. 2012). Obsah dusiku v separatu v rozmezi 2,2 - 3 %, obsah fosforu 1,9 % a
drasliku 3,6 % v suSin€. Obsah susiny se pohybuje od 20 do 30 % s vysokym obsahem fosforu
a uhliku (Rehl & Miiller 2011; Makdi et al. 2012; Moller & Miiller 2012; Wellinger et al. 2013;
Tambone et al. 2015). Separat je mozné kompostovat, susit a spalovat, nebo pfimo aplikovat
do ptidy (Kolaf et al. 2010; Tambone et al. 2015). Vzhledem k chemickému sloZeni a fyzikalnim
vlastnostem miize aplikovany separat do ptidy pozitivné ovlivnit jeji strukturu a vynos biomasy

(Makdi et al. 2012; Dubsky et al. 2019).

2.4.2.2.3 Fugat

Fugét je oznacovan jako zfedény roztok obsahujici Sirokou Skalu zivin ve formé
piijatelné pro rostliny (Kolar et al. 2010). Fugat se jevi jako vhodna surovina pro aplikaci na
ornou pudu v prubéhu vegetace a lze vyuzit jeho hnojivych a zavlahovych u¢inka (Kolaf et al.
2010; Makdi et al. 2012). Schievano et al. (2009) charakterizuji fugat jako organické hnojivo,
které obsahuje mineralni Ziviny spolu s organickou hmotou. Fugat predstavuje 80 — 90 %

hmotnosti digestatu. Jeho suSina se pohybuje od 2 do 6 % a méa vysoky obsah amoniakalniho
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dusiku a drasliku (Wellinger et al. 2013; Tambone et al. 2015; VVondra et al. 2018). Literatura
uvadi nasledujici koncentrace zakladnich zivin v suché hmoté: N (6,6 - 24,1 %, pramér 11,7
%), P (0,81 - 3,28 %, prumér 1,74 %) a K (0,81 - 17,35 %, praimér 6,15 %) (Coelho et al. 2018).
Dalsi studie uvadi hodnoty v susin¢ nasledovné: 7,7-9,2% N, 0,4 - 0,7 % P a 3,9 % K (Moller
& Miiller 2012). Protoze se podily N-P-K v jednotlivych digestatech lisi, je nutné pted vlastni
aplikaci na pole zajistit analyzu konkrétnich digestati (Coelho et al. 2018). Ostatni ziviny jsou

pfitomny ve vyrazné nizSich koncentracich (Holm-Nielsen et al. 2009).

2.4.2.3 Sklizen a vynos

Sklizen se da oznacit za problematickou fazi péstovani konopi vzhledem ke stale obtizné
dostupnosti specializované mechanizace, kterd by byla schopna efektivn¢ podtiznout pevné
stonky s vysokym obsahem vlakna, a sklidit obecné husty porost konopi (Sladky 2004; Huang
et al. 2017)

Pti sklizni konopi uréeného na vynos biomasy je vhodné porost sklizet v obdobi, kdy
obsahuje pfiblizné 25 % susiny, coz v podminkach CR odpovida obdobi plné zralosti kvétu
(Honzik et al. 2012)

Prade et al. (2011, 2012) ve svych studiich uvadé&ji, ze pti péstovani konopi urceného
K energetickym tcelim pro vyrobu bioplynu s cilem maximalniho vynosu rostlinné biomasy,
je idedlni termin sklizn€ na podzim. V podminkach stfedni az severni Evropy doba sklizné
odpovida terminu od pocatku zafi az konci fijna.

Vzhledem Kk naro¢nosti sklizné konopi a riznym zpisobtim vyuziti porostd, se voli
odli$né zplisoby sklizn¢ provadéné bud’to ruéné, ¢i mechanizované, ptipadné délené (Sladky
2004).

Z literarnich zdroju vyplyva, ze konopi je schopné dobie rust a dosahovat vysokych
vynosil biomasy na hektar ve velice rozmanitych agroekologickych podminkéch spolu s velice
nizkym mnozstvim vstupt a zasaht, jako je hnojeni, agrotechnika a chemicka ochrana rostlin
(Struik et al. 2000; Amaducci et al. 2012; Zatta et al. 2012).

Pti sklizni konopi v fijnu, coZ odpovida terminu uvddénému autory v prechozi kapitole,
byl na zakladé dvouletého experimentu zjistén pramérny vynos suché hmoty 15 tun na hektar
(Kreuger et al. 2011).

Prade et al. (2011) uvadeji primérny vynos v oblastech severni Evropy 14 t/ha pii

pestovani konopi pro vyuziti v bioplynovych stanicich.
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V podminkach Ceské republiky se vynosy konopi setého pohybuji v rozmezi 8 — 12 tun
suché hmoty nadzemnich ¢ésti rostlin na hektar. Tyto hodnoty jsou primérem vynost od
nekolika autorii pii péstovani na odliSnych stanovistich, ale vzdy s hnojenim dusikem v davce

odpovidajici 80 — 120 kg/ha (Honzik et al. 2012).

2.5 Péstovani lé¢ebného konopi - indoor

Indoor kultivace se stava stale sofistikovangjsi, kdy se bézné€ vyuziva automatizovanych
systémi osvétleni, ventilace, zavlazovani a komplexni vyzivy. Aktudlni znalosti 0 indoor
produkci konopi se daji stale ziskat hlavné z tzv. Sedych zdroju (Vanhove et al. 2011; Caplan
et al. 2017a). Jako nespornou vyhodu indoor péstovani lze uvést, ze péstitel je schopen diky
fizenym podminkam ovlivnit délku vegetace, potazmo vegetativni (rdstovou) fazi a fazi
generativni (kvétovou). Tyto faze péstitel dokaze tidit zejména pomoci délky fotoperiody, a tim
i dosahnout vétsiho poctu péstebnich cyklu za jeden kalendaini rok (Farag & Kayser 2015). Pii
uplatnéni modernich péstebnich postupti 1ze dosahnout primérné tii az Sesti sklizni za rok

(Leggett 2006).

V indoor péstebnim zatfizeni muzou byt rostliny konopi péstovany pomoci mnoha
systému. V této praci Se ovSem detailnim rozdélenim a popisem rozdilt jednotlivych systému

nebudu zabyvat, a proto uvedu pouze zakladni déleni.

Obecné péstovani indoor probiha v hydroponickych systémech, bud’to bez pouZiti
péstebniho substratu (bez obsahu zeminy), nebo za vyuziti pudniho substratu. V prvnim ptipadé
jsou rostliny fixovany v inertnim médiu (mineralni vina tzv. rockwool, kokosova vlakna, perlit
¢1 keramzit) a vyZiva je spolu se zavlahou zajisténa formou Zivnych roztoki aplikovanych ke
kotfentim rostlin (Vanhove et al. 2011). Druhym zpisobem je péstovani v substratech na bazi
zeminy a raSeliny. Tyto mohou byt jiz vyhnojené na celou vegetacni dobu ¢i jeji pocatecni faze,
a Vv takovém piipad€ se provadi piihnojovani rovnéz formou zivného roztoku béhem ristu
rostlin. Uvadi se, ze vyuziti hydroponickych systéml nevykazuje zvyseni produktivity rostlin
lécebného konopi ani jejich potenci (mnozstvi aktivnich metabolitll) a navic jsou takovéto
zminuje, ze v indoor pestovani stale jesté prevlada vyuzivani ptidnich péstebnich substrati na
rozdil od hydroponickych systémi vyuzivajicich inertnich substratti z divodu niz$i naro¢nosti
na odbornost péstitele. V pokusu, kdy byl sledovan vliv sloZeni péstebniho substratu na ristové

parametry, vynos biomasy, obsah CBD a CBDA bylo zjisténo, Ze sloZzeni substratu ma
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signifikantni vliv na tyto sledované parametry (Burgel etal. 2020). Autofi konstatuji, ze pouziti
rozdilnych substratt nema signifikantni vliv na obsah sledovanych kanabinoidi (CBD, CBDA)
a ma pouze ¢astecny vliv na morfologii rostlin s tim, ze tento efekt je odridovée specificky. Pro
studium byly pouzity byly nasledujici substraty: standardni raselinovy mix, raselinovy mix s 30
% nahradou dfevni $teépky jehlicnatych stromt (borovice, smrk) a tfeti sledovany substrat byl

Cisté z kokosového vlakna.

2.5.1 Péstovani a mikroklima

Péstebni proces 1éceného konopi lze rozdélit do dvou zédkladnich fazi, které se tidi
periodou svétla béhem dne a noci. U konopi jakozto kratkodenni rostliny pfirozen¢ kvetouci na
podzim, je kveteni indukovano specializovanymi fotoreceptorovymi proteiny tzv. fytochromy.
Vegetativni (ristova) faze, by méla byt udrzovana v rozmezi 18 — 24 hodin svétla a 0 — 6 hodin
tmy a trvé po dobu 1 — 4 tydnd. V tomto obdobi rostlina vyzaduje relativni vzdusnou vlhkost
v rozmezi 70 — 80% pfi teploté 21 - 28 °C (Vanhove et al. 2011). Oproti tomu faze generativni
(kvétova) je vyvolana zkracenim délky dne na 12 hodin svétla spolu s 12 hodinami tmy. Prvni
kvéty zacinaji rasit zhruba tyden po zméné fotoperiody. Rovnéz dochazi ke zpomaleni riistu
stonkll a listd az do chvile Uplné stagnace rastu pfiblizné po 3 tydnech indukce kveteni.
V publikaci, kde bylo sledovano 200 odrid konopi s vysokym obsahem THC se ukézalo, ze
median i primérna doba kveteni je 57 dni. U 88 % odrid byla doba kveteni v rozmezi 7 - 9
tydnt (Toxicodependéncia 2012). Naroky na teplotu jsou obdobné jako u faze vegetativni, ale
je doporucovano snizeni relativni vzduSné vlhkosti na maximalni hodnotu 40 %. Pii vyssi
vlhkosti je rostlina, zejména kvétenstvi, nachylna k houbovym chorobam (Vanhove et al. 2011,
2012). Chandra et al. (2008) uvadéji, ze pti koncentraci CO2 350 + 5 pmol/mol (678 mg/m?)

by méla byt relativni vihkost vzduchu udrzovana v rozmezi 55 + 5 %.

Farag & Kayser (2015) ve své publikaci uvadéji, ze péstitel je schopny diky fizeni
fotoperiody ovlivnit délku vegetativni a generativni faze rostlin konopi a dosahnout tak vétsiho
poctu péstebnich cykli za jeden kalendaini rok. Oproti tomu pfi péstovani na poli je ptirozené
mozna pouze jedna sklizen ro¢né€. Tuto informaci potvrzuje i Leggett (2006), ktery tvrdi, ze pti
uplatnéni modernich péstebnich postupt Ize v kontrolovanych podminkéch dosdhnout 3 — 6

sklizni za kalendarni rok.
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2.5.2 Osvétleni

Kromé zévislosti vegetacni faze na délce fotoperiody je pii péstovani rostlin konopi
V kontrolovanych podminkach nutné brat v ivahu rovnéz vlnovou délku svételného zdroje. V
rustové fazi je pro rostliny optimalni rozpéti vinové délky 420 - 460 nm, coz spada do spektra
modrého svétla. Ve fazi generativni je jako optimalni uvddéno spektrum cervené, dobie

absorbované chlorofylem, v rozsahu vinovych délek 600 — 680 nm (Adams 2012).

Jako zdroje svételného zafeni se v indoor péstebnich prostorech vyuzivaji vybojky metal
- halogenidové (MH) pro fazi vegetativni a pro fazi generativni nejcastéji vysokotlaké sodikové
vybojky tzv. HPS (high pressure sodium). HPS vybojky nejsou pro vegetativni fazi vhodné
pravé diky nedostatku vyzatfovani modrého svétla, coz ma za nasledek nevyrovnany rist stonkt
a listd, a vede k morfologickym rozdilim u jednotlivych rostlin (Tibbitts et al. 1983, Wheeler
et al. 1991). Deficit modrého svétla zvysuje aktivitu transkripénich faktord, které se podileji na
aktivaci genil podilejicich se na biosyntéze auxinu, coz ma za nésledek zrychleny dlouzivy rst.
Modr¢ svétlo tak podporuje rist novych vyhonkt, elongaci internodii a tim i zvySuje expanzi
listd ke svételnému zdroji (Huché-Thélier et al. 2016). Rozdil mezi témito dvéma druhy
vybojek je, krom vinové délky vyzatovaného svétla, také v plynu v nich obsazeném. HPS i MH
vybojky je mozné pouzivat soucasn¢. Vzhledem k vysoké produkei tepelné energie téchto typt
svitidel je nutné zajistit dostate¢né odvétravani pestebnich prostor na optimélni teplotu pro
danou fazi vegetace. Pii nedostatecné chladici kapacité vzduchotechnického zatizeni miiZze dojit
K negativnimu ovlivnéni ristu zejména v dusledku zpomaleni fotosyntézy pro niz je u konopi
uvadéna optimalni teplota v rozmezi 25 °C — 30 °C (Bazzaz et al. 1975). Dalsi moznosti
osvétleni jsou technologie LED (Light-Emitting Diode), které jsou, dle nékterych autort,
ucinngjsi (Bessho & Shimizu 2012). Tyto diody vyzatfuji méné tepla, nevyzaduji piedfadniky
jako vyse zminéné vybojky, a poskytuji linearni fotonovy vystup s dobrou vinovou specifitou
vyzatfovaného svétla (Akutsu & Yoshiro 1981; Szantd 1987; Massa et al. 2008). Vysledky
riznych experimentll ovSem neukazuji jednoznacné zavéry ohledné pouziti idedlniho zdroje
svétla pro péstovani konopi. Podle Magagnini et al. (2018) rostliny péstované pod HPS svétly
dosahovaly vyssiho vzriistu i vynosu. Oproti tomu rostliny péstované pod LED svitidly mély
vyssi obsah THC a CBD. Toto tvrzeni potvrzuje i vyzkum Namdar et al. (2019), kde bylo

publikovano zvyseni koncentrace CBGA v kvétenstvi konopi v porovnani s HPS vybojkami.
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2.5.3 Spon rostlin v indoor péstebnim systému

Téma optimalniho sponu rostlin 1é¢ebného konopi péstovaného v indoor podminkéch je
V soucasné dob¢ malo diskutovanou oblasti ve védecké literatute. Studie publikovana Toonen
et al. (2006) nabizi piehled 77 ilegalnich péstiren konopi, kde hodnoti zptisob indoor péstovani
v téchto prostorech. Vzhledem k faktu, Ze vétSina informaci o indoor péstovani konopi pochazi
z neoficialnich zdroji (Vanhove 2014; Caplan et al. 2017a), Ize tuto studii povazovat za jakysi
nahled do péstitelské praxe v podminkach indoor péstiren. Ze studie (Toonen et al. 2006)
vyplyva, ze nejbézndjsi hustota rostlin v ilegalnich péstirnach v Nizozemi je 9 — 16 rostlin/m?.
Tento spon byl zjistén u 30 sledovanych péstiren. Ve 20 piipadech se jednalo o spon 17 — 24
rostlin/m?. Obecné byl stanoven primérny pocet rostlin na 18,1 rostlin/m? s tim, Ze median
sponu byl 15,3 rostlin/m?. Na zakladé vyse zminéné studie provedli (Vanhove et al. 2011)
experiment, ktery mél za cil zhodnotit spon rostlin konopi (16 a 20 rostlin/m?), jakozto jeden
z faktori urcujicich vynos a kvalitu kvétenstvi. Autofi dosli ke zjisténi, Ze vynos kvétenstvi na
rostling je vys$si pfi sponu 16 rostlin/m? nicméné pokud se hodnoti vynos z plochy 1 m?,
nedochdzi ke statisticky vyznamnému rozdilu pfi porovnani téchto dvou spontl. Jako mozné
vysvétleni tohoto jevu uvadi (Van der Werf 1997) to, Ze si rostliny pii mensim sponu
nekonkuruji z hlediska prostoru a tim padem mohou efektivnéji vstiebavat svétlo, jehoz
intenzita je vyznamnym faktorem pfi tvorbé biomasy kvéti (Potter 2009; Potter & Duncombe
2012; Rodriguez-Morrison et al. 2021). Vanhove et al. (2012) hodnoti vliv sponu obdobné.
Zatimco pfi sledovani vynosu kvétenstvi v g/rostlinu doslo ke statisticky vyznamnému nariistu
ve varianté 12 rostlin/m? oproti 16 rostlinam/m?, pfi hodnoceni vynosu kvétenstvi z 1 m? se
tento rozdil stird. Autor tedy dochazi ke stejnym zavérim jako predchozi studie. Meta - analyza
dat hodnotici faktory urcujici vynos konopi v indoor podminkach prezentuje zavér, Ze pro
maximalizaci vynosu je vhodné zvolit spon < 12 rostlin/m? (Backer et al. 2019). Pfistupnost a
intenzita svétla jsou tedy limitujicim faktorem pro optimalizaci vynosu na urcité plose, stejné
tak jako vliv konkrétni odridy (Toonen et al. 2006; Vanhove et al. 2011, 2012; Potter &
Duncombe 2012). Pro potieby komerénich péstitelti je nutné stanovit optimalizované limity
spont rostlin pro jednotlivé odridy konopi péstovaného indoor tak, aby bylo mozné efektivné
vyuzit péstebni prostor a optimalizovat vynos kvétenstvi (Jin et al. 2019).

2.5.4 MnozZeni rostlinného materialu

(fizkovani) a rovnéz se rozvijeji metody mnoZeni in vitro. Vegetativni mnoZzeni je v soucasnosti
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preferovany zpltisob mnozeni rostlin konopi. Jedna se o metodu, kdy se z matecnich rostlin,
které jsou kultivované prave za ucelem poskytovani fizkil, odebiraji terminalni vyhonky, které
se nechaji zakofenit a dale se dopéestuji do plné zralosti. Tato metoda je vhodna nejen diky
snizeni nakladt pfi pofizovani novych rostlin, ale rovnéz poskytuje geneticky uniformni jedince
S vyvazenym ristem a relativné vyrovnanou produkci kanabinoidii na rozdil od rostlin
péstovanych ze semen (Coffman & Gentner 1979; Lata et al. 2008, 2009, 2011; Potter 2009;
Farag & Kayser 2015).

Pii pokusech Caplan et al. (2018) byla vyhodnocovana uspé$nost zakoienéni pfi
ruznych metodach fizkovani z matecnich rostlin a oSetfeni samotnych klond. Dle vysledki
fezm jsou ponechany 3 plné¢ vyvinuté listy a jejich kofenéni je podpofeno kotenicim
hormonem IBA (Indol — 3 — Butyric Acid) o koncentraci 0,2 % ve formé gelu, do kterého se
fezy namaci. Tento zplsob prokazal 2,1x vyssi uspésnost zakofenéni, nez pii pouziti piirodniho
extraktu z vrbovych kotent, ktery je rovnéz uren jako kofenici stimulant. V pfipadé, Zze se
fizkiim odstranila 1/3 listové plochy z diivodu sniZeni transpirace byla uspéSnost kofenéni 53
% oproti 71 % u tizk, kterym byla ponechédna celd listova plocha. Tento zasah ovSem nem¢l
vliv na kvalitu kotentl. Pokud je nutné z divodu zvyseného proudéni vzduchu, ¢i klimatickych
podminek snizovat plochu listt kviili nadmérné transpiraci, doporucuje se odstranéni celého
listu a ponechani pouze dvou pln€ vyvinutych listi spiSe, nez odstranéni 1/3 plochy listl z
celého klonu.

2.5.5 Vyziva rostlin 1é¢ebného konopi

V oblasti vyzivy lé€ebného konopi je pouze malé mnozstvi védeckych publikaci
zaloZenych na experimentalné ovétenych postupech. Optimalni vyZiva rostlin a jejich hnojeni
béhem vegetacniho cyklu jsou vyznamnymi parametry v procesu péstovani rostlin pro zajiSténi
jejich optimalniho rlstu, dosaZeni maximalniho vynosu a pozadovanych hodnot obsahu
kanabinoidnich latek (Caplan et al. 2017a, 2017b).

Z literatury tykajici se technického konopi vyplyva, ze vyziva rostlin, potazmo néktera
z zivin, mize ovliviiovat kone¢ny obsah kanabinoidnich latek v rostliné stejné jako jeji celkovy
vynos (Coffman & Gentner 1975; Bécsa et al. 1997). Tyto informace naznacuji, ze obdobny
vyznam by vyziva mohla hrat i pro 1é¢ebné konopi péstované v kontrolovanych podminkach.
Nicméné z literatury rovnéz vyplyva, ze technické konopi bylo selektivné §lechténo na zcela

odlisné vlastnosti, zejména na vldkno a semeno. DalSim faktorem je zcela odlisny zplisob
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péstovani, kdy technické konopi je pestovano na poli. Tyto skuteCnosti ¢ini velkou obtiz pfi
snaze vztahovat znalosti o péstebni technologii a zejména vyzivé téchto rozdilnych, feknéme
typu konopi (Amaducci et al. 2015). Obdobné zavéry vyplyvaji i z dalSich vyzkumi, kde bylo
publikovano, Ze geneticky se oba typy rostlin jen velmi malo podobaji (Hillig & Mahlberg
2004; van Bakel et al. 2011). V oblasti vyzivy technického konopi je znamo, Ze rozsah
optimalni davky dusiku se pohybuje v rozmezi 50 — 200 kg/ha (Vera et al. 2004; Aubin et al.
2015). Tyto hodnoty jsou obtizn¢ interpretovatelné pro indoor hydroponické péstovani. Studie
probihajici S vyuzitim technologii podobnych tém vyuzivanym pro indoor péstovani konopi
uvadeji koncentraci dusiku v rozmezi 190 — 400 mg/l. Tato hodnota byla publikovana
v souvislosti s hnojenim rajéat organickym hnojivem, ktera byla péstovana ve skleniku
(Surrage et al. 2010; Zhai et al. 2009).

Informace ohledné vyzivy rostlin konopi péstovanych indoor jsou omezené a ve vétsiné
pripadi se cCerpaji zneoficidlnich zdroji, jako jsou péstitelskd online fora, stranky tzv.
growshopt. Ty rovnéz distribuuji hnojiva a aditiva ¢asto vyuzivana ilegélnimi péstiteli. Jedna
se tedy o tzv. Sedé¢ zdroje informaci, které se v soucasnosti teprve zacinaji systematickym
vyzkumem védecky ovéfovat (Vanhove 2014; Caplan et al. 2017a).

Informace z téchto Sedych zdroju jsou Casto vagniho charakteru, kde je uveden pouze
obsah makro a mikro prvki. Zpravidla se jedna o N, P, K hnojiva s ptfidavkem Mg, Ca, S spolu
s Casto nespecifikovanymi mikroprvky pro fazi vegetativni. Ve fazi generativni byva navysen
podil P a K. Velké mnozstvi vyZivnych schémat doporuovanych prodejci hnojiv doporucuje i
pouzivani aditiv pro zlepSeni ristu kofenti a zejména zvyseni vynosu. Produkty ze skupiny
aditiv casto neposkytuji dostatecné informace o slozeni, a tudiz je jejich efekt zpochybnitelny

(Vanhove, 2014).

Bernstein et al. (2019) ve své praci tvrdi, ze mineralni vyziva je jednim z majoritnich
faktorti ovliviujicich rlist a schopnost rostlin konopi produkovat sekundarni metabolity. Tvorba
sekundarnich metabolitlh je v rostliné zaloZena primarné geneticky, coz ur€uje potencial
rostliny tyto latky tvofit. Oproti tomu environmentalni faktory ovliviiuji kvalitu, mnoZzstvi a
distribuci sekundarnich metabolitii v rostling. Urodnost piidy potazmo mineralni vyziva rostlin
jsou tedy hlavnimi faktory, které ovliviiuji vyvoj rostlin a jejich metabolismus. Rostliny
V nejveétsim mnozstvi odebiraji dusik (N), fosfor (P) a draslik (K), které tim padem hraji zasadni
roli v jejich metabolismu. Podle vyzkumu je patrné, Ze makroprvky maji vliv na produkci
sekundarnich metabolitti u aromatickych rostlin, zejména na produkci a profil terpent u Salvéje

1ékaiské (Salvia Officinalis) (Piccaglia et al. 1989; Rioba et al. 2015). Rovnéz salinita pudy a
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zastoupeni mikrozivin mohou ovliviiovat profil sekundarnich metabolitd (Preety et al. 2000;
Bernstein et al. 2010). Z toho Ize usuzovat, ze obdobny vliv bude mit vyziva i na kanabinoidy,
piestoze se jednd o specifickou skupinu sekundarnich metabolitl. V rostlinné #isi se vyskytuji
latky, které maji obdobnou funkci jako kanabinoidy v konopi. Tyto latky se nazyvaji
kannabimimetika a jsou chemicky odli$né, produkuji se v jinych (rtiznych) rostlinnych ¢astech,
ale maji spolecnou schopnost vazat se na kanabinoidni receptory, ¢i jinak vstupovat do
interakce senzymy zapojenymi do metabolizace v ramci endokanabinoidniho systému.
Nicmén¢ jedna se o Sirokou skupinu latek (terpeny, derivaty mastnych kyselin, polyfenoly a
dalsi), které se nachazi v mnoha rozli¢nych rostlinach (Smil piseény - Helichrysum
umbraculigerum, Mechorost Radula marginita, Amazonska liana z celedi bobovité
Machaerium multiflorum, Netvatec kfovity - Amorpha fruticosa a dalsi). Ur¢it souvztaznost
mezi vyzivou téchto rostlin a tvorbou fytokanabinoidu ¢i kanabimimetik je v sou¢asné dobé
diky nedostatku védeckych informaci na toto téma téméf nemozné (Gertsch et al. 2010; Kumar
et al. 2019; Gongalves et al. 2020)

Pti sledovani vlivu vyzivy obohacené 0 15 % N, P, K oproti kontrolni varianté, kde
bylo v zalivce dodano 65 ppm N, 17 ppm P a 90 ppm K, bylo zjisténo, Ze vliv jednotlivych
Zivin se projevuje specificky v jednotlivych rostlinnych organech a rovnéz se lisi jejich vliv na
jednotlivé kanabinoidy. Obohaceni Zivného roztoku o fosfor (20 ppm) neovlivnilo produkci
THC, CBD, CBN ani CBG v kvétenstvi, na celé rostliné¢ ovSem doslo k poklesu koncentrace
THC v okvétnich listech o 16 %. NavySeni davky o vSechny tfi hlavni makroziviny (75 ppm N,
20 ppm P, 104 ppm K) vedlo k navyseni koncentrace CBG v kvétenstvi o 71 % v porovnani
s kontrolni variantou. Naopak hodnoty CBN v tomto piipad¢ klesly o 38 % v kvétenstvi a 0 36
% v okvétnich listech. V ptipadé akumulace prvki se ukazalo, ze vyssi koncentrace P vedla k
navyseni obsahu Ca v kvétenstvi ze 13,2 na 29, 4 mg/g (néartst o 55 %). Zvysena suplementace
P rovnéz zpiisobila zvySeny obsah zinku v kvétech, okvétnich listech i samotnych listech.
Zaroven zpusobila pokles hmotnosti biomasy okvétnich listti o 10 %. Zajimavé rovnéz je, ze
doslo ke zkraceni délky rostlin 0 23 %. Naopak zvysSena ddvka NPK zptisobila navySeni celkové
hmotnosti rostlin 0 41 %. Zvysena davka fosforu nevedla k navyseni koncentrace zadného ze
sledovanych kanabinoidi (THC, CBD, CBN, CBG) v kvétech 1é¢ebného konopi (Bernstein et
al. 2019b). P#i davkach fosforu presahujicich 5 mg P/I doslo ke snizeni obsahu THCA a CBDA
Vv kvétenstvi az o 25 % (Shiponi & Bernstein 2021a). Pii navysSeni koncentrace na 30 mg P/I

byly pozorovany optimalni fyziologické procesy rostlin ve vegetativni fazi (rychlost
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fotosyntézy, stomatalni vodivost a transpirace). Pfi této hladin¢ bylo rovnéz dosazeno 80 %

maximalniho vynosu kvétenstvi (Shiponi & Bernstein 2021b).

Vliv vyzivy na vynos kvétenstvi a obsah kanabinoidi potvrzuji 1 dalsi védecké prace.
Caplan et al. (2017a) ve své studii zabyvajici se optimalizaci urovné hnojeni v pribéhu
vegetativni faze péstebniho cyklu lécebného konopi péstovaného V substratech na bazi
kokosového vlakna uvadéji, ze vynos biomasy rostlin a obsahu kanabinoidi nartstal az do
maxima pii pouziti koncentrace celkového dusiku 389 mg N/I. Nicméné tato studie byla
zamgéfena pouze na vegetativni ¢ast rastového cyklu rostlin, ale produkce kanabinoidi dosahuje
maxima az ve fazi generativni, kdy dochazi k tvorbé kvétu a trichomt, kde je koncentrace
kanabinoidd nejvyssi (Vogelmann et al. 1988; Muntendam et al. 2012). Aplikované rozpéti
davek dusiku v experimentu (Caplan et al. 2017a) bylo nasledujici: 117, 234, 351, 468, 585
mg N/I. V pokusu bylo pouzito komer¢ni tekuté organické hnojivo ve vyssich davkach, nez je
doporuceno pii pouziti mineralnich hnojiv z divodu zpomalené ptistupnosti dusiku pfi aplikaci
v organickém hnojivu. Pfi pouziti organického hnojiva organické latky stimuluji biologickou
aktivitu a dochazi k postupnému uvolnéni dusiku s tim, Ze béhem vegeta¢niho cyklu (140 dni)
dojde k uvolnéni 25 — 60 % dodaného dusiku (Prasad et al. 2004). I to je divod, pro¢ je nutné
stanovit presnéj$i schémata pro pouziti jednotlivych druhti a forem hnojiv pro 1é¢ebné konopi
péstované indoor.

Vlivu dusiku béhem vegetativni faze se ve své praci vénuji rovnéz (Saloner & Bernstein
2020), ktefi dosli k zavéru, ze béhem této faze lze u sledovanych kultivart povazovat za
optimalni hladinu vyzivy dusikem v rozpéti 80 — 160 mg/l (80% N ve formé nitratové, 20%
ve formé amonné). Pfi vy$Sim pomérném zastoupeni amonné formy dusiku nez 10 — 30 % se
zvysuje riziko vazného poskozeni rostlin toxickym NHs" (Saloner & Bernstein 2022b). Pfi
hodnotach v rozsahu 30 — 80 mg N/I byla pozorovana snizena pigmentace fotosyntetickych
pletiv, snizena fixace uhliku a morfologické poruchy pramenici z téchto poruch. Naopak
excesivni piijem dusiku pfi pouziti zivného roztoku s obsahem N >160 mg/l ved| k rustové
retardaci spojené s toxicitou daného prvku. Z téchto vysledkt prameni optimalni hladina dusiku
pro vegetativni fazi ristu konopi uréeného k 1écebnym ucelim 160 mg/l. Stejna koncentrace se
jevila jako optimalni i v navazujicich pokusech ve fazi kveteni (Saloner & Bernstein 2021).
Rozdilné vysledky jednotlivych studii poukazuji na fakt, ze vyziva 1écebného konopi a jeji vliv
na rust a ptipadnou produkci sekundarnich metabolitl jsou odridové specifické.

Publikace navazujici na vyse zminénou praci (Caplan et al. 2017a) pokracuje ve

sledovani vlivu dusikaté vyzivy na vynos a obsah kanabinoidd ve fazi generativni (kvétové),
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kdy konopi bylo péstovano ve stejném substratu na bazi kokosovych vldken. Generativni cyklus
zapocal 19. den od transplantace zakotenénych klonii. Vegetativni rezim probihal dle schématu
Caplan et al. (2017a) stim, Zze ve fazi generativni bylo hnojeni dusikem provadéno
v nasledujicich obsazich: 57, 113, 170, 226, and 283 mg N/I (Caplan et al. 2017b). Z vysledkt
vyplyva, ze vynos rostlin stoupal spolu se stoupajici davkou dusiku. Na druhé strané zvySeny
vynos byl spojen se zied'ovacim efektem u obsahu THC, THCA a CBGA. Pro optimalizaci
vynosu kanabinoidli autofi doporucuji snizit dusikaté hnojeni v pribehu generativni faze a
naopak davku navysit v pribéhu faze vegetativni. Jako optimélni davku uvadéji autoti 212 -
261 mg N/I. Jedna se ovSem o udaj, ktery je platny pouze pii pouziti organického hnojiva
rozpustného ve vod¢, pro danou odridu ve dvou pouzitych substratech na bazi kokosového
vldkna. Sami autofi dodévaji, Ze je nutné brat v potaz promeénlivost zpiisobenou odliSnou
odrudou a péstebni technologii (zvoleny substrat, technologie, zavlaha atd.) (Caplan et al.
2017b, 2017a).

Saloner et al. (2019) se ve své studii zamé&fuji na vliv riznych urovni vyzivy draslikem
na piijem této ziviny béhem vegetativni faze ristu dvou odrid konopi a na dalsi vlivy s tim
spojené. Celkem 5 trovni vyzivy bylo aplikovano po dobu 30 dni v nasledujicich
koncentracich: 15, 60, 100, 175, and 240 mg K/I..Z vysledkt v prvni fad¢ vyplyva, Ze vliv K je
odridové zavisly. Obecné l1ze konstatovat, ze hladina 15 mg K/l je nedostate¢na pro optimalni
vyvoj konopi s tim, Ze ob¢ varianty vykazovaly viditelné pfiznaky deficience. Maximalni davka
240 mg/l naopak vykazovala toxicitu pouze u jedné z odrid. U odridy druhé tato hladina
K stimulovala rast vyhont a kofenti. Rozdily mezi genotypy konopi se projevily v rozdilech
ptijmu, transportu a kumulace zZivin v rostlin€. Srovnatelny trend obou odrtd byl pozorovan ve
vzajemné kompetici ptijmu K ve vztahu k Ca, Mg. Naopak zadny negativni vliv neméla hladina
drasliku na pfijem N a P s vyjimkou varianty s deficitnim mnozstvim K, kdy pti nedostatku této
ziviny doslo i ke snizeni pfijmu N a P. U mikroprvkid byl pozorovan kompetitivni vztah mezi
ptijmem K a Mn, Zn a Fe, kdy se projevila snizena koncentrace téchto mikrozivin se zvysujici
se hladinou K. Vétsina mikroelementti byla kumulovana Vv kofenech. Jako optimalni
koncentrace K v zivném roztoku uvadi Saloner et al. (2019) 175 mg K/1 pro prvni odrtidu S tim,
ze vyS$$i davky jiz negativné ovlivitovaly morfologii a rist rostlin. Naopak druhy genotyp
vykazoval pozitivni stimulaci vyzivou K az do hodnoty 240 mg K/I. Ze studie vyplyva, ze
nejnizsi davka, kterou lze u zkoumanych genotypli povazovat za optimalni ve smyslu

nepfitomnosti negativnich symptomt, je 60 mg K/I.
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Pokud se jedna o mikroprvky, dosavadni literatura nabizi obdobné vysledky jako pro
vyse zminéné makroprvky, co se ty¢e vlivu jednotlivych mikrozivin na produkci kanabinoida.
Obsah A®-THC a CBN je mozné v rostliné ovlivnit mnoZstvim dostupného manganu v zivném
roztoku. Jako mozné vysvétleni se nabizi hypotéza, Ze katalaza rozkladajici peroxid vodiku,
ktery je pro rostliny toxicky, vyzaduje mangan jako kofaktor. Béhem rozkladu peroxidu vodiku
na vodu a kyslik se Mn s oxidacnim ¢islem III redukuje na Mn s oxida¢nim ¢islem II, ktery se
znovu oxiduje z Mn (II) na Mn (III) naslednou reakci s peroxidem (Wu et al. 2004). Dalsi
Z majoritné zastoupenych kanabinoidi, konkrétné CBD, je naopak zavisly na koncentraci
zeleza (Fe). Zelezo je oviem v negativni korelaci s chromem (Cr), co se tyée obsahu CBD
Vv listech konopi. Pfestoze chrom neni pro rist rostliny esencialni, vyskytuje se v ptirod¢ jako
komplexni oxid pravé se zelezem. Obsah Zeleza je tedy Vv pozitivni korelaci s obsahem CBD,
naopak chrom je v korelaci negativni. (Pate 1994; Radosavljevic-Stevanovic et al. 2014).
Kromé jiz zminéného byla zaznamendna negativni korelace poméru iontd vapniku a zinku
(Ca/Zn) a hot¢iku ku médi (Mg/Cu) v pidé s obsahem CBD v listech. Naopak pomér Ca/Mg
v listech je v pozitivni korelaci s obsahem A°-THC v listech rostlin konopi (Shibuya et al.
2007). Pozitivni korelace byla publikovana také pro obsah A8-THC u hoi¢iku a Zeleza.
Pravdépodobné z diivodu, ze se tyto prvky vyskytuji jako kofaktory v enzymech zodpovédnych
za produkci tohoto kanabinoidu (Coffman & Gentner 1975; Pate 1994; Radosavljevic-
Stevanovic et al. 2014).

2.5.6 Hodnota pH

Tato hodnota je dulezitd z hlediska vlivu na dostupnost zivin pro rostliny. Obecné
doporucovany rozsah pH je 5,5 — 6,5 s tim, Ze pro hydroponicky systém se jedna o rozpéti 5,5
— 6,0 s maximalni absorpci zivin pii pH 5,8 (Velazquez et al. 2013). Pfi vyuziti ptidniho
substratu, ¢i substratu na bazi kokosu je doporucené optimum pH upraveno na rozmezi 5,8 —
7,2. Pii poklesu mimo toto rozpéti muze dochazet k projeviim nedostatku makrozivin
v disledku jejich Spatné dostupnosti. Naopak pii piekroceni tohoto rozpéti miize dochazet
k zneptistupnéni nékterych mikrozivin. Tolerance jednotlivych odrid k vykyvim pH muaze byt

ovsem rozdilna (Caplan et al. 2017b).
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2.5.7 Rostliné biostimulanty

Za biostimulant je podle du Jardin (2015) povazovana jakakoliv latka, druh
mikroorganismu, nebo jejich smés, kterd je na rostliny aplikovana za celem zvysSeni nutri¢ni
efektivity, zlepSeni kvalitativnich parametri rostliny, ¢i zvyseni odolnosti vii¢i abiotickému
stresu. Tyto vSechny aspekty mohou byt ovlivnény bez ohledu na obsah Zivin v daném
biostimulantu. Tento autor popisuje 7 hlavnich kategorii biostimulanti: huminové a fulvo
kyseliny, proteinové hydrolyzaty, moiské rasy a botanické extrakty, chitosan a biopolymery,
prospésné bakterie, prospésné houby a mineraly.

V soucasné dob¢ jsou pouze omezené literarni zdroje vénujici se vlivu biostimulantt pti
péstovani konopi. Pfi polnim péstovani se pii pokusu Da Cunha Leme Filho et al. (2020)
projevil pozitivni vliv pfidavku huminové kyseliny na fotosyntézu, obsah chlorofylu a vysku
rostlin. Tyto vysledky se projevily v obdobi, kdy rostliny byly vystaveny suboptimalnim
podminkdm a trpély nedostatkem vlahy. Vliv huminové kyseliny jako dopliku pfi péstovani
1é¢ebného konopi je podle dostupnych zdroji spiSe negativni. Prostorova variabilita distribuce
kanabinoidd napii¢ rostlinou popsana ve studii (Bernstein et al. 2019a) je v disledku aplikace
huminové kyseliny sniZena. V nejvyssich ¢astech rostlin byl zjiStén pokles koncentrace THC

az 0 37 % a pokles CBD az o 39 % (Bernstein et al. 2019b).
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3. HYPOTEZY A CIiLE PRACE

3.1 Hypotézy prace

Z literatury vyplyva, ze vliv péstebnich podminek spolu s vyzivou ma dopad na
produkci nadzemni biomasy, kvétu a biosyntézu sekundarnich metaboliti v konopi — konkrétné
kanabinoidi. Pii polnim péstovani lze vyZzivu rostlin fesit pomoci mineralnich i organickych
hnojiv, véetné vyuziti vedlejsich surovin z bioplynovych stanic. Pfedpokladame, ze vzhledem
k jejich povaze a slozeni, bude dosazeno srovnatelného, ¢i lep$iho vynosu biomasy konopi v
plné zralosti rostlin. Predpokladame, ze pii indoor péstovani 1é¢ebného konopi dojde pfi
porovnani rozdilnych Zivnych roztoka ¢i jejich koncentraci ke zméné vynosu a produkce

sekundarnich metabolita.
3.2 Cile prace

Tato prace si klade za cil experimentdlné porovnat a vyhodnotit vynos nadzemni
biomasy a kumulaci vybranych makro a mikro zivin porovnanim rozdilnych zpisobd vyzivy
konopi ve dvouletém polnim experimentu. Dale je cilem studium vlivu dvou hydroponickych
systému S rozdilnym hospodatenim s zivnym roztokem a soucasné porovnani vlivu rozdilnych
vyzivovych schémat v nezavislych hydroponickych experimentalnich cyklech na tvorbu
a vynos kvétenstvi, na biosyntézu dominantnich kanabinoidu v rostlinach 1é¢ebného konopi a

na jejich celkovou produkci.
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4. PUBLIKOVANE PRACE

Doktorska disertacni prace predkladand formou svéazanych védeckych ¢lanka vznikla
na zakladé nize uvedenych ¢ty publikovanych praci v ¢asopisech databaze Web of Knowledge
s Impact Factor indexem. Ostatni publikace, uvefejnéné mimo rozsah prace, jsou uvedené v

kapitole 8 na konci této prace.

4.1 Application of Individual Digestate Forms for the Improvement of

Hemp Production

Autofti: Velechovsky J, Malik M, Kaplan L, Tlustos, P
Rok publikace: 2021
Casopis Agriculture 11:1137
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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 aresult 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 (N;) [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

31



Agriculture 2021, 11, 1137

2o0f16

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 “Tiborszdlldsi”, 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% NO3 ™). 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 Adamovics [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 8 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.

Nariant Basic Fertilization 4 4::0nal Fertilization  Additional Fertilization Additional Fertilization 1t
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»SOy4, 1 g CuSQOy, 0.1 g Se) and 10 mL of concentrated sulfuric acid
(HSO4) 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 (Konigswinter, Germany).
Then, distillation into H3BO3 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,O 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 £195 144 +£10.8 0.065+0.001 0.085+0.002 1425+0.13 0.07 £ 0.001
Table 3. Specifications of the LPD applied 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/lkg)
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 4 96 251 £ 68 6.1 £0.52 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 15.35 294 .41 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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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 26.30 337
K 177.80 145.00 1122

Ca 243.90 174.20 104.4
Mg 26.40 18.80 111
= 16.90 12.70 8.4
Fe 1.80 1.20 07
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 varants, 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 20.96 287.79 57.50 534.56 502.78 8170.00 221.89 24.44
SPD 17.18 25.62 201.63 50.35 542.80 545.56 8233.33 234 44 25.56
SPD + LPD 9,31 17.83 303.57 39.62 548.80 543.33 8190.00 246.89 26.26
LPD B8.97 15.35 294.41 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 vields 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 vears, 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.
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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
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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 0.89 4 34092
SPD 0.60° 0.80° 2,079
SPD + LPD 0612 0474 2814
LPD 0572 0.68 2 28542
Variant Magnesium (%)
NPK 0.079 2 0.1002 0322
SPD 0.076 2 0.089 2 03092
SPD + LPD 0.130° 0.0604 0232
LPD 0.083% 0.093 2 0242
Variant Sulfur (%)
NPK 0.047 2 0.036 2 0.14°
SPD 0.0347 0.0344 0122
SPD + LPD 0.0552 0.0302 0.104
LPD 0.049 2 0.0322 0.122
Root Stem Leaf
Variant
Nitrogen (%)
NPK 0572 1.952 3.362
SPD 0732 1.982 3302
SPD + LPD 0732 2152 3534
LPD 0.75%2 201¢@ 3224
Variant Phosphorus (%)
NPK 0112 0112 0242
SPD 0.096 2 0.122 0252
SPD + LPD 01442 0.089 4 0212
LPD 0112 0119 p.21°
Variant Potassium (%)
NPK 1312 1.274 1982
SPD 1102 1.182 1952
SPD + LPD 1209 1.374 1.754
LPD 1282 1212 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 94.61 2
SPD 2809 50.724 77.382
SPD + LPD 2369 33904 67.52 2
LPD 1254 49072 73.012
Variant Manganese (ppm)
NPK 21.2942 26.534 54.14°
SPD 20962 23112 36.27 @
SPD + LPD 22.76 2 14312 26.202
LPD 17512 25304 37932
Variant Boron (ppm)
NPK 11.392 12502 45.73 @
SPD 12.792 15.652 41.822
SPD + LPD 24502 8.36° 35.77 @
LPD 14.54 2 12274 35.04 9
ST Root Stem Leaf
arian
Zinc (ppm)
NPK 7.37 2 6.492 19.242
SPD 7.18% 6.072 13.62 2
SPD + LPD 11.452 5.034 8912
LPD 6.542 6.34° 15714
Variant Copper (ppm)
NPK 2682 2319 4722
SPD 2677 2.68° 4622
SPD + LPD 325b 2.282 3.802
LPD 2642 2.649 44542

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
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Fe Mn B Zn Cu

ENPK ®ESPD @©OSPD+LPD OLPD

Figure 3. The average intakes of cannabis micronutrients of individual experimental variants (kg/ha).

43



Agriculture 2021, 11, 1137

13 of 16

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 4+ 0.04 0.105 + 0.001 2112+ 553 2113+ 6.32
SPD + LPD 89.7 + 0.07 8.76 + 0.08 0.110 £ 0.013 18.23 £+ 2.60 15.54 + 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 £+ 26.2 30578

SPD + LPD 629 + 114 479 + 90 7367 + 1163 253 = 10.6 325+9.2
LPD 613 =117 476 + 66 7374 + 1512 259 =354 345+ 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 626191 164 +£31 987+£159 2194545 291 £78 <0.005
SPD 639161 169+£32 868040 20.6+3.33 302 £83 <0.005
SPD+LPD 645+151 172+£24 882=+031 2154460 299 +£74 <0.005
LPD 640+219 170+£36 859+027 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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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 Didonato 2015, Balneaves and Alraja 2019). The num-

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

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 et al. 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, Jiarvinen 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:

» ' i
S B "L, 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. spontanea
Less than 0.3% THC “WILD"
(sometimes up to 1%) (naturalised,
More than 0.3% THC , weedy ar
indigenous)

(usually over 1%)

subsp. indica

"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 etal. 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

r’zO 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?*, Zn?*, 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 (A%-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

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
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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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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 CO,, 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 CO2 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 CO2 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?2. 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 (NOJ, NI—[;), phosphorus (l—[zPO;,
HPO:"), potassium (K*), calcium (Ca?*), sulfur
(SOZ‘), magnesium (Mg?*), and micronutrients: iron
(Fe?*, Fe®*), chlorine (Cl), manganese (Mn?*), zinc
(Zn?*), copper (Cu*, Cu?%), boron (H,BO,, H,BO;),
molybdenum (MOOZ_) 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 (Bdcsa
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 Dostalova (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,0). 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 A3-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
Fe — enzym, water, and molecular oxygen (Boon
et al. 2007, Vlasits et al. 2010).
Proposed reaction mechanism:

H,0, + Fel-enzyme < H,O + O=FeV)-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(lV)-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-

436

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

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* + H202 «— 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
etal. (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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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
plant’s 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 (EI-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 15cm, 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 550 ppm (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,
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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
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TABLE 2 | Composition of control treatment (CN) nutrient solution (mg/L).

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 DMwWe
P 32.01 +0.75 39.40 + 0.82 43.88 + 0.59 51.73 £ 0.79 DMW~?
K 124.93 +1.85 151.00 + 1.38 17311 £1.92 193.25 + 1.58 DMwW~?
Ca 98.53 + 1.32 119.00 + 1.35 132.38 + 1.42 146.00 + 1.28 DMwW~=
Mg 25.17 +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 DMwW~e
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 DMwW?
Zn 0.21 +0.08 0.27 + 0.03 0.28 + 0.04 0.33 +0.08 DMwW~e
Cu 0.07 + 0.01 0.09 + 0.01 0.11 £ 0.01 0.13 +0.02 DMwW?
B 0.14 +0.02 0.19 + 0.01 0.22 +0.02 0.25 + 0.02 DMW~
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 DMwW~?
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 + 3.01 353.00 + 3.52 DMW~?
B 32.20 + 0.49 40.17 £ 0.52 4418 +0.92 52.09 + 0.57 DMW~?
K 125.00 + 1.56 151.51 +1.27 17417 +1.38 194.26 + 1.95 DMW~?
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 40.08 + 0.37 DMwW~=
S 21.49 + 0.31 51.80 + 0.52 56.27 + 0.61 61.84 +0.85 DMwW?
Fe 0.93 + 0.08 1.14 £ 0.07 1.19 + 0.09 1.47 + 0.07 DMwW~?
Mn 0.64 + 0.06 0.75 +0.03 0.81 +0.04 1.01 +£0.07 DMW~=
Zn 0.22 + 0.04 0.27 + 0.01 0.29 + 0.02 0.36 + 0.03 DMwWe
Cu 0.07 + 0.01 0.09 + 0.02 0.11 +0.02 0.13 + 0.01 DMW~?
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 DMW2
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;BO;. Its content was determined by titration with HCI
(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 (0.30g) from each experiment group
were mixed with 10ml of 96% ethanol and macerated for
60min with constant stirring at 300 rpm. 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® C18 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/1
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 1 ml 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
30mx0.25mmx0.25pm 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, B-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

March 2022 | Volume 13 | Article 868350

73



40 ' opaowers

120  DOleaves
100 + @stems
80
60
40
20 +

Ca (mg/g)

-
9 m=n
5 =
2 B
o EE
m

140
120
100

80 H

Ca (mg/g)

40

20 .
0

CN/ET ICN ET ICN ET CN ET CN ET CN ET/CN ET/CN

140
120
100 +
80
60

Ca (mg/g)

40

20 -
0
1C

1l

2C|(1Cc|2Cc(1C|2C|1C
1 2 3 4 5 6

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.

ET |CN ET ICN  ET (CN | ET

CN  ET

2C|1C|2C|1C(2C|1C|2C|1C

2C|1C
7 8 9 10 11 12 13

2cj1C|(2C|1C|2C|1C|2C|1C |2C

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, 340.6mg/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
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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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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 a=0.05.

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

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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Tukey'’s HSD test at a=0.05.

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). p-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 (0.61 mg/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

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
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variants in a particular week according to Tukey’s HSD test at @=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
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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=23). Different bold small letters represent significant
differences in cannabinoid concentration between the variants in a particular
week according to Tukey's HSD test at a=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 184 mg/l (week
2) to 203 mg/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

Week

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=3). 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, B-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 p-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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Effect of augmented nutrient
composition and fertigation
system on biomass yield and
cannabinoid content of
medicinal cannabis (Cannabis
sativa L.) cultivation
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and Pavel Tlustos*

‘Department of Agroenvironmental Chemistry and Plant Nutrition, Faculty of Agrobiology, Food and
Matural Resources, Czech University of Life Sciences Prague, Prague, Czechia, *Department of
Botany, Faculty of Science, Palacky University Olomouc, Olomouc, Czechia

Growing evidence underscores the role of nutrients and fertigation systems in
soilless production, influencing medicinal cannabis biomass and secondary
metabolite content. This study delves into the impact of enhanced nutrient
regimes on the ‘ionome’ and its ramifications for biomass and cannabinoid
production in medicinal cannabis, comparing two distinct fertigation systems:
recirculation and drain-to-waste. Notably, we assess the optimal harvest time for
maximizing profitability. In comparing the experimental variant with elevated
levels of phosphorus (P), potassium (K}, andiron (Fe) in the nutrient solution to the
control variant, we observe distinct patterns in element composition across
stems, leaves, and flowers, with significant differences between fertigation
systems. Total nitrogen content was determined through the Kjeldahl method.
Flame atomic absorption spectrometry (FAAS) and inductively coupled plasma
optical emission spectrometry (ICP-OES) were employed for elemental analysis.
Cannabinoid identification and quantification used high-performance liquid
chromatography with a diode-array detector (HPLC/DAD). Followed statistical
analyses included ANOWVA and Tukey's HSD test. Although the augmented
nutrient regimen does not substantially increase plant biomass, interesting
differences emerge between the two fertigation systems. The recirculation
fertigation system proves more profitable during the recommended harvest
period. Nonetheless, the altered nutrient regime does not yield statistically
significant differences in final inflorescence harvest mass or cannabinoid
concentrations in medicinal cannabis. The choice of fertigation system
influences the quantity and quality of harvested inflorescence. To optimize the
balance between the dry biomass yield of flowers and cannabinoid
concentration, primarily total THC yield (sum of tetrahydrocannabinolic acid,
Ag—tetrahydrocannabinDL and Aa—tetrahydrocannabinol}. we propose the 1lth
week of cultivation as the suitable harvest time for the recirculation system.
Importantly, the recirculation system consistently cutperformed the drain-to-
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waste system, especially after the ninth week, resulting in significantly higher
total THC yields. Enriched nutrition, when compared with control, increased
THC yield up to 50.7%, with a remarkable 182% surge in the recirculation
system when compared with the drain-to-waste system.

KEYWORDS

indoor-cultivation, cannabinoids, THC, Cannabis sativa L., soilless-
cultivation, fertigation

1 Introduction

The pharmaceutical industry faces unique challenges in large-
scale cultivation and quality control of plant-based medications,
especially with Cannabis sativa L., which is subject to varying
international regulations (Chandra et al., 2017; Malik et al, 2021).
Indoor cultivation has evolved through techniques like ‘sinsemilla’
(cultivating non-pollinated female plants), cuttings from superior
mother plants, and hydroponic systems (Moeller and Lindholst,
2014). In vitro plant tissue culture techniques have emerged as a
helpful approach (Hesami et al, 2021; Kral et al,, 2022; 3611k}=iik etal.,
2023), allowing for large-scale production of genetically identical
plants in controlled laboratory conditions (Lata et al, 2016). These
methods, combined with intensive breeding, have increased yields of
female inflorescences and their THC (ﬁg—tetrahyd.rocannabinol}
levels (Toonen et al, 2006) and improved cannabinoid profile
uniformity by altering plant architecture (Danziger and Bernstein,
2021). Indoor cultivation now incorporates automated systems
(Malik et al, 2022), with hydroponics gaining popularity for its
potential to yield high-quality plant material (Bouchard and Dion,
2009; Vanhove et al, 2011).

Environmental factors, particularly nutrient availability,
significantly affect the quantity and quality of secondary
metabolites such as cannabinoids and terpenes in cannabis
(Janatova et al, 2018). Nutrients like nitrogen (N), phosphorus
(P), potassium (K), and iron (Fe) play pivotal roles in plant growth
and secondary metabolism (Bernstein et al., 2019b; Bevan et al,
2021; Kumar et al., 2021). Phosphorus, for instance, influences root
growth, flower and seed production, and stem strength (Zheng,
2022) and affects terpene profiles in aromatic plants (Rioba et al,
2015). While inadequate P supplementation can lead to deficiency
symptoms, excessive supply often accumulates in roots (Shiponi
and Bernstein, 2021a; Llewellyn et al, 2023). The impact of
increased phosphorus supplementation on medicinal cannabis
varies across organs and compounds, with key cannabinoids
remaining unaffected in upper flowers (Bernstein et al., 2019b;
Shiponi and Bernstein, 2021b).

Potassium regulates water and nutrient transport, cell turgor
pressure, disease resistance, stem strength, and inflorescence quality
and yield (Oosterhuis et al,, 2014; Johnson et al., 2022). It influences
various secondary metabolites, such as phenolic compounds

Frontiers in Plant Science

(Nguyen et al, 2010; Varo et al,, 2022), flavonoids (Chrysargyris
et al, 2017; Gaaliche et al., 2019), carotenoids (San Martin-
Hernandez et al, 2021), and organic acids (Naumann et al,
2020), but excessive potassium can reduce secondary metabolites
like cannabinoids and terpenoids (Saloner and Bernstein, 2022).
Optimizing K supply is crucial to maintaining medicinal cannabis
desired functionality, yield, and secondary metabolite profiles. Iron
facilitates oxidation-reduction and electron transfer reactions,
activates enzymes, and is essential for photosynthesis and
respiration (Briat et al,, 2015; Zheng, 2022). Fe deficiency leads to
chlorosis in young leaves, impaired root development, yield
reduction, and compromised nutritional quality in crops (Kumar
et al., 2021; Llewellyn et al, 2023). Fe concentrations in plant
nutrition may have varying effects on secondary metabolite
production (Shi et al,, 2018; Chaougi et al, 2023), but no specific
study has explored the influence of Fe nutrition in indoor medicinal
cannabis cultivation. Maintaining appropriate rootzone pH is
crucial for nutrient availability, microorganism activity, and root
development, affecting water and nutrient uptake (Zheng, 2021).
The recommended pH range in hydroponic culture is typically
between 5.5-6.0 (Velazquez, 2013), while soilless production
suggests 5.5-6.5 (Zheng, 2022). If the pH in the soilless
production drops below 5.5, there is a risk of toxicity due to
excessive levels of manganese (Mn), while a pH higher than 6.5
can result in limited availability of essential elements such as P, Fe,
and Mn for plant uptake (Balliu et al, 2021). pH levels affect
nutrient availability and variations between recirculation and drain-
to-waste systems, with recirculation systems exhibiting fluctuations
(Malik et al., 2023).

This investigation examines the physiological and chemical
reactions of medicinal cannabis plants when exposed to varying
concentrations of phosphorus (P), potassium (K), and iron (Fe) in the
nutrient solution. The study compares the results obtained under two
distinct fertigation systems. In light of these objectives, the following
hypotheses were put forth: (1) Alterations in the concentrations of P,
K, and Fe in the nutrient solution can lead to different inflorescence
yields of medicinal cannabis plants; (2) changes in the cannabinoid
profile of indoor-cultivated cannabis plants; (3) these induced
changes will exhibit a correlation with the content of macro-
elements and micro-element (Fe) within different plant organs,

including leaves, stems, and flowers; (4) furthermore, the induced
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changes will display variability between different nutrition systems,
namely recirculation and drain-to-waste approaches.

2 Materials and methods
2.1 Parameters of the cultivation room

Cannabis plants were cultivated in a controlled environment
within growing tables in a soilless system. A cultivation chamber
has an area of 15 m*® (3 » 5 m), with the actual cultivation space
delineated by four cultivation tables, covering a total area of 8 m”.
The tables, measuring 2 m? (1 x 2 m), were designated for
individual experiments and featured independent 100-litre tanks
for nutrient solutions. These tanks were constructed using food-
grade inert plastic materials. Each table accommodated a maximum
of 55 black conical, square pots made of polypropylene (PP). These
pots had a volume of 3.45 liters and dimensions: top - 15 cm x
15 ¢m, base — 11.5 am x 11.5 cm, height — 20 cm. Capillaries were
used for fertigation, ensuring each plant received individualized
watering through a needle applicator. The fertigation system was
programmed to provide nine cycles per day, with each cyde lasting
60 seconds. During each cycle, 94 mL of the nutrient solution was
delivered to each plant (equivalent to 846 mL per plant per day). In
the recirculation system, the plant drainage was piped back to the
storage tank. In the drain-to-waste system, the used nutrient
solution was directed to a separate waste tank and not mixed
with the original solution. Microclimate parameters, induding
relative humidity, temperature, and CO; levels, were regulated
and monitored by an air ventilation unit. A methane-burning
generator facilitated CO» enrichment in the growth environment
(550 ppm). Six double-ended high-pressure sodium lamps provided
illumination with a power output of 1,000 W, delivering a suitable
light spectrum for plant growth. The lamps generated a
photosynthetic photon flux density (PPFD) of 1,029
wmol-m™2s~", with a total power of 6,000 W. The light conditions
were continuously recorded using a data logger, capturing
measurements every minute.

10.3389/fpls.2024.1322824

2.2 Plant material and
cultivation conditions

The plant material utilized in this study consisted of cuttings
(apical parts with at least 3 fully expanded leaves) obtained from C.
sativa L. ‘McLove’ mother plants (Atherton and Li, 2023). These
plants belong to chemotype I, characterized by a high ratio of A”-
tetrahydrocannabinolic acid:cannabidiolic acid (THCA : CBDA >
1.0) (Handbook of cannabis, 2016). The mother plants were carefully
maintained in a dedicated separate growth chamber under controlled
conditions. A total of 220 cuttings were prepared. These cuttings were
then cultivated for a period of 21 days in rock-wool cubes measuring
4 % 4 cm. Once the cuttings had developed roots, they were
transferred to a separate cultivation room and placed in 3.45-liter
pots filled with three liters of expanded clay growing medium. During
the vegetative phase, the light regime consisted of 18 hours of light
and 6 hours of darkness, with a temperature of 25°C, a relative
humidity of 60%, and a CO, concentration of 550 ppm (1.065
mgL™"). During the dark phase, the temperature was lowered to
22°C while maintaining the same humidity level. The vegetative
phase lasted 7 days, after which the cultivation conditions were
adjusted for the generative phase. During the generative phase, the
light period was set to 12 hours of light and 12 hours of darkness. The
temperature and CO; concentration remained the same as during the
vegetative phase, while the relative humidity was reduced to 40%.
Starting from the 10th week, the plants were irrigated only with
demineralized (DM) water.

2.3 Treatments

In the cultivation room, the plants were divided into 4 tables,
each containing 55 plants (27.5 plants/m?), as shown in Figure 1.
Plants were grown in two fertigation systems. The first cyde (1C)
involved the recirculation of the nutrient solution, while the second
cyde (2C) employed the drain-to-waste system. At the same time,
the plants were divided into two groups: control treatment (CN)
and enhanced treatment (ET). Compared to CN, the ET underwent

sector 2

I sector 3

FIGURE 1
Plant sampling method.
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an augmented nutritional regime. For the 1C, the nutrient solution
was prepared by mixing DM water every 7 days, starting from the
experiment’s first day. Since the 10" week, plants were irrigated
solely with DM. Solution pH was adjusted to 5.9, and EC values
were recorded immediately after preparing the fresh solution and
remeasured on the last day before its replacement. A sample of the
nutrient solution was collected after each preparation. For the 2C,
everything remained the same as for 1C, except the stock solution
was prepared after depleting the stock tank, approximately every
2nd to 3rd day. Nutrient content was increased according to the age
of plants. Table | presents the composition of the nutrient solution
used for the CN as determined through measurement, and
descriptions of the provided nutrients for ET can be found in
Table 2. In contrast to the CN variant, the content of P, K, and Fe
increased by an average of 83% P, 39% K, and 860% Fe from the 5th
week to the 9th week in the ET variant.

2.4 Plant material sampling

For each treatment and cycle, three plants were harvested every
7 days throughout the entire vegetation period. One plant was
randomly selected from each highlighted sector (1-3), as shown in
Figure 1. Additionally, a random plant from the edge (outside the
sectors) was transferred to an empty space within each sector. The
sampled plants were weighed fresh as a whole and then divided into
leaves, stems, and flowers, which were weighed separately.
Subsequently, the materials were dried at a constant moisture
level of 8-10% at 25°C and reweighed. To determine the dry
matter, a reference amount of each plant part was dried at 105°C
until a constant weight was achieved. Just before analysis, the plant
parts were homogenized. The flowers (including leaves until the 4th
week) were frozen using liquid nitrogen and then ground using a

TABLE 1 Composition of control treatment (CN) nutrient solution (mg-L™).

10.3389/fpls.2024.1322824

mortar and pestle. The dried leaves (from the 5th week) and stems
were ground using a grinder.

2.5 Dry decomposition and
elemental analysis

The leaves, stems, and flowers were individually analyzed to
determine the content of macroelements (excluding nitrogen),
microelements, and trace elements in the plant samples. The
plant biomass, which had been weighed and homogenized, was
placed in a beaker and covered with a watch glass. The beaker was
then placed on a hotplate set at 160°C, and the temperature was
gradually increased to 350°C over a period of 4 hours to facilitate
decomposition of the samples. Subsequently, the samples were
transferred to a muffle fumace and maintained at a temperature
of 450-500°C for 12 hours, as described in previous studies
(Miholova et al, 1993). After cooling, 1 mL of 65% HNO; was
added to the beakers, which were then placed on a hot plate set at
120°C for 60 minutes. Following this step, the samples were
annealed for 90 minutes in an oven at 500°C and suspended in
1.5% HNO; with stirring using an ultrasonic bath. Elemental
analysis of the samples was conducted using flame atomic
absorption spectrometry (FAAS) on a Varian 280FS instrument
(Varian, Australia), coupled with inductively coupled plasma
optical emission spectrometry (ICP-OES) performed on a Varian
Vista-PRO (Varian, Australia), (Mester and Sturgeon, 2003).

2.6 Determination of nitrogen content in
plant material

The Kjeldahl method was employed to determine the total
nitrogen content in the plant material, encompassing both organic

Week 1 . 3 4 5 6-9 10-13
N 101 + 1.& 116 + 1.9 130 £ 1.8 150 + 19 130 + L8 150 + 19 DM
P 32.£08 908 44106 5208 HE:06 5208 DM
K 125 + 1.9 151 £ 1.4 173 £ 1.9 193 + 16 173+ 1.9 193 + 16 DM
Ca 99 £ 1.3 119 + 1.4 132 +£1.4 146 £ 12 132+ 1.4 146 + 1.3 DM

Mg 25 +04 il+x04 5+05 905 5+ 05 39 +05 DM
s 22 £0.3 2703 31 +0.3 35+04 Al 03 35+04 DM
Fe 059 + 009 L1+ 0,09 12+ 011 1.4 +0.08 12 +£011 1.4+ 0.08 DM

Mn 0.7 + 007 0.7 £ 0L05 08 £ 008 0.9 + 0.07 08 + 0.08 0.9 + 0.07 DM
Zn 02 + 003 0.3 £ 0.03 03 £ 004 0.3+ 0.03 03 + 004 0.3 + 0.03 DM
Cu 0.1 + 0uvl 0.1+ 0.01 0.1 £ 001 0.1 + 0.02 0.1 + 001 0.1+ 0,02 DM
B 01+ 002 0.2+ 0.01 02 £ 002 0.2+ 002 02 002 0.2+ 002 DM
Mo 001 + 0.00 0.02 + 0.00 002 + 0uM 0.02 + 0.00 002 + 000 0.02 + 0.00 DM
EC 057 £ 001 L.19 £ 0.01 146 £ 001 1.74 £ 0.01 146 £ 001 174+ 0.01 DM

DM, demineralized water.
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TABLE 2 Composition of enhanced treatment (ET) nutrient solution with the elevated P, K, and Fe (mg-L™).

Week 1 . 3 4 ) 6-9 10-13
N 100 £ 0.9 115 £ 1.0 129 £0.1 150 £ 18 129+ 1.7 150 = L8 DM
P 3205 P04 42 4£0.5 5109 Gr+ 18 it 18 DM
K 125 + 1.6 143 £ 1.2 172 £1.9 194 + 14 258+ 25 266 £ 27 DM
Ca 98 £0.9 118 £ 1.2 132+ 1. 146 + 12 133+ 1.1 144 + 14 DM

Mg 25+£02 20+ 04 35+04 9 +04 33+ 04 39 +07 DM
5 22 +01 26+ 09 il+04 4+03 ilt04 3I5+03 DM
Fe 09 + 0l L1+ 0.06 L3 + 005 L3+ 0.08 123 £ 04 138+ 0.9 DM

Mn 0.7 + 006 0.7 + 0.04 07 £ 009 0.9+ 0.04 08 + 006 0.9 + 0.07 DM
Zn 02 + 04 0.3 £ 0,03 03 £ 004 0.3 + 0.02 03 + 004 0.3 + 0.03 DM
Cu 0.1 £ 001 0.1+ 0,02 0.1 £ 001 01+ 002 0l 001 0.1+ 001 DM
B 0.1 + 0l 0.2+ 0.01 02 + 002 0.2+ 0.01 02 + 001 0.2 + 0.02 DM
Mo 001 £ 000 0,02 £ 0.01 002 £ 000 0.02 £ 0.00 002 £ 001 0.02 £ 0.01 DM
EC 086 + 001 1.20 £ 0.01 145 £ 002 1.54 £ 0.01 205 £ 002 234+ 0.06 DM

DM, demineralized water.

and ammonia nitrogen. Approximately 0.50 g of the sample was
weighed for analysis, followed by mineralization. The
mineralization process was conducted in glass vials, where 2 g of
catalyst (a mixture of 100 g K,504, 1 g CuSOy,, 0.1 g Se) and 10 mL
of concentrated sulfuric acid (H,50,) were added to the sample.
Decomposition took place for 90 minutes at a temperature of 420°C.
After mineralization, the samples were prepared for distillation.
Within the apparatus, 20 mL of distilled water was automatically
added to the vial, followed by distillation into H;BO;, allowing for
the determination of the total nitrogen content in the sample. The
content was ascertained through titration using HCI (0.5 mol-L™")
and subsequently measured using the Gerhardt Vapodest 30s
instrument (Kénigswinter, Germany) (Baker and
Thompson, 1992).

2.7 Identification and quantification
of cannabinoids

An optimized method of dynamic maceration was employed to
identify and quantify cannabinoid content using HPLC/DAD
(high-performance liquid chromatography with a diode-array
detector), as described by Patel et al. (2017). Subsequently,
0.150 g of the sample was weighed into a 50 mL beaker, and 5
mL of solvent (96% ethanol) was added. The sample was then
dynamically macerated for 60 minutes, filtered using a Morton
filtration device (P16 porosity), and the filtrate was transferred to 50
mL vials. The same solvent in the same volume was added again to
the initial 0.150 gof plant material, and the sample was dynamically
macerated for another 60 minutes. This process was repeated three
times, resulting in a composite sample derived from the three-phase
dynamic maceration process in a 1:100 (V:W) ratio. This sample
was diluted 20 times (using 96% ethanol), filtered through a syringe
filter (0.22 pm), transferred to vials, and prepared for analysis in this
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form. Samples of the extracts were introduced into a high-
performance liquid chromatography system equipped with diode
array detection (HPLC-DAD; Agilent 1,260, Agilent Technologies
Inc., United States), utilizing a Luna® 1C8 column (2) with
dimensions of 250 x 3 mm and a particle size of 3 pm
(Phenomenex, United States). The mobile phase employed was an
isocratic mixture of acetonitrile/H,O (31:9, v/v) containing 0.1%
HCOOH (v/v) and 0.1 mol/L NH,COOH (without pH adjustment).
The flow rate was set at 0.55 mL/min, the temperature at 37°C, the
sample injection volume at 8 pl, and UV detection was performed at
275 nm (Krizman, 2020). To ensure accuracy, the instrument was
externally calibrated using A’-tetrahydrocannabinol (A’-THC), A®-
tetrahydrocannabinol (A*-THC), cannabigerolic acid (CBGA),
cannabigerol (CBG) and cannabinolic acid (CBNA) ranging from
03 to 10 mg-L_', and THCA ranging from 0.3 to 100 mg-L_'
(Sigma-Aldrich, Czech Republic) as reference standards. Data
analysis was carried out using OpenLAB CDS software,
ChemStation Edition, Rev. C.01.5.

2.8 Statistical analyses
The data were subjected to analysis of variance (one-way
ANOVA) followed by Tukey’s Honestly Significant Difference

(HSD) test using IBM SPSS Statistics software (version 25, 2017,
Chicago, [linois, United States).

3 Results

Implementing an enhanced nutritional regime and using
different fertigation systems (1C and 2C) resulted in alterations in
the plant nutrient composition of cannabis plants. Simultaneously,
the utilization of two distinct systems resulted in variations in the
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pH levels of the nutrient solution. In the 2C system, a consistent pH
value of 5.9 was upheld throughout the cycle, whereas in the 1C
system, pH exhibited fluctuations within the range of 5.9-6.95. The
nitrogenous compounds exhibited the lowest concentration in the
stems, while the flowers displayed the highest concentration
(Figure 2). Comparing the leaves and flowers of CN and ET
plants under the augmented nutritional regime in the 1C cycle,
statistically significant differences in N concentrations were
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FIGURE 2

Concentration of nitrogen in the dry weight among the organs of indoor-cultivated cannabis plants as affected by augmented nutritional regime in
recirculation and drain-to-waste nutrient cycles. N concentration of control (CN) and enhanced treatment (ET) under the augmented nutritional
regime 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 (n = 3). The different small letters inside the bars represent significant differences within the individual plant organs (stems, leaves, and
flowers) between the variants in a particular week, according to Tukey's HSD test at a = 0.05.
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observed only twice in the leaves (6th and 13th week) and twice
in the stems (8th and 13th week). Notably, the most significant
variation in N concentrations between CN and ET within the 1C
system occurred in the stems during the 13th week, with a difference
of 28% (CN: 10.44 mgg ', ET: 7.5 mg-g"; Figure 2A). In contrast,
N concentrations in the stems and leaves of CN and ET plants in 2C
did not significantly differ in any of the tested weeks. Nevertheless,
the concentration of N in flowers was significantly different in

5 7 8 9 10 11 12 13

6 7 8 9 10 11 12 13

6 7 8 9 10 11 12 13
Week
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weeks 9 and 10 in the 2C regime. N concentrations exhibited over
all the highest differences between 1C and 2C of ETs under the
augmented nutritional regime, primarily noticeable in the flowers
from week 8 to 11. During the last week, significant differences were
observed only in the stems and leaves. The most significant
variation in N concentrations between fertigation systems in ETs
was observed during the 13th week, with a difference of 42% (21%
between CNs) in the leaves (1C: 42,18 mgg™ !2C: 45.28
mg-g™; Figure 2C).

The phosphorus (P) content exhibited lower levels in the leaves
and stems compared to the flowers, displaying a cumulative pattern
over time (Figure 3). In the stems, the P concentration of CN and
ET in the 1C cycle significantly differed only in weeks 7 and 13.
Significant differences were observed in the leaves in weeks 8, 9, and
13, while in the flowers, differences were found in weeks 8 and 10.
Notably, the most significant variation in P concentration between
nutritional treatments was observed in the leaves during the 13th
week, with a difference of 63% (CN: 63.48 rng-g_', ET: 38.9 mg-g_';
Figure 3A). In contrast to the 1C cycle, the P concentration of CN
and ET in 2C plants showed significant differences only in the 11th
week in the stems, with a difference of 108% (CN: 333 mg-g_', ET:
69.15 rng-g"; Figure 3B). Furthermore, the P concentration in the
leaves and flowers of ET plants also varied between the 1C and 2C
cycles. Significant differences were observed in the leaves in weeks 7,
9, 10, 11, and 12, while in the flowers, differences were found in
weeks 7,9, and 10. However, when comparing these two regimes,
no statistically significant differences were observed in the P
concentration of stems. The most notable differences in P
concentrations between the 1C and 2C cycles in ETs were
observed during the 11th week, with a difference of 31.6% (36%
between CNs) in the leaves (1C: 64.87 mg-g_', 2C: 4931
mg-g~"; Figure 3C).

The potassium (K) content displayed the lowest levels in the
stems and the highest levels in the leaves (Figure 4). In the leaves,
the concentration of K for CN and ET with the 1C cyde started to
exhibit significant differences from the 6th week until the 12th week.
Significant differences were observed in the flowers in weeks 8, 10,
and 11, while in the stems, differences were found only in week 9.
Notably, the most significant variation in K concentration between
CN and ET was observed in the stems during the 9th week, with a
difference of 45.5% (CN: 16.12 mg-g_', ET: 29.57 mg-g_';
Figure 4A). In contrast to the 1C cycle, the concentration of K in
the 2C cycle of CN and ET plants showed significant differences
only in the stems in weeks 10, 11, and 13. The most substantial
differences in K concentrations between nutritional treatments were
observed in the stems during the 10th week, with a difference of 77%
(CN: 18.02 mgg ™", ET: 31.88 mgg; Figure 4B). Likewise, the K
concentration also varied between the 1C and 2C cycles of ET's, with
significant differences occurring in weeks 6, 7, 9, and 10. The most
notable differences in K concentrations between 1C and 2C in ETs
were observed in the stems during the 10th week, with a difference
of 38.8% (20% between CNs) (1C: 23.03 mg-g ', 2C: 31.88
mg-g~"; Figure 4C).

The iron (Fe) content exhibited the lowest levels in leaves and
the highest levels in stems, displaying a cumulative trend over time
(Figure 5). In the stems, the concentration of Fe for CN and ET with
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the 1C cycle showed significant differences in weeks 9, 11, and 13.
Notably, the most significant variation in Fe concentration between
CN and ET was observed in the stems during the 11th week, with a
difference of 188.7% (CN: 337.2 mgkg', ET: 955.8 mgkg ';
Figure 5A). In contrast to the 1C cycle, the concentration of Fe in
the stems of CN and ET plants in the 2C cycle exhibited significant
differences only in week 10, in the leaves merely in weeks 6 and 10,
and in the flowers from the 7th until the 8th week The most
substantial difference in Fe concentrations between CN and ET of
2C plants was observed in the flowers during the 8th week, with a
difference of 55% (CN: 167.3 mgkg ', ET: 108.2 mgkg ;
Figure 5B). Besides, the Fe concentration varied between the 1C
and 2C cycles of ETs, with significant differences observed in the
stems during weeks 6 and 11, in the leaves during weeks 11 and 12,
and in the flowers during week 8. The most notable difference in Fe
concentrations between 1C and 2C in ETs was observed in the
stems during the 11th week, with a difference of 90.6% (11%
between CNs) (1C: 337.2 mg~kg_', 2C: 6426 mg-kg_'; Figure 5C).

Implementing an augmented nutritional regime in two distinct
nutritional cydes led to noticeable effects on the growth of cannabis
plants. The biomass increase was relatively slow during the initial
four weeks, but a significant acceleration was observed from week 5
onwards. Notably, the highest weekly dry weight gain was observed
in the flowers (Figure 6). In the 1C cycle, the biomass increases in
stems, leaves, and flowers for both CN and ET plants was nearly
identical until week 4. However, from week 5 to 8, some differences
in leaf and flower biomass emerged (Figure 6A), and in the 13th
week, a statistically significant disparity in flower dry weight was
noted. In contrast, the dry weight of stems, leaves, and flowers in the
2C gyde did not exhibit significant increases for CN and ET plants,
except for the dry weight of leaves in the 3rd week and the dry
weight of flowers in the 11th week. ET plants reached their
maximum dry biomass at week 11, while CN plants achieved it
by week 12 (Figure 6B). Biomass variations were also observed
between the 1C and 2C cycles in ET plants, commencing from week
6 (Figure 6C).

The implementation of an augmented nutritional regime had
statistically significant impact on the concentration of total THC
(sum of ag—tetrah}rd.rocannabmol, as—tetrahyd.rocannabi.nol, and
tetrahydrocannabinolic acid) total CBG (sum of cannabigerolic
acid and cannabigerol), and CBNA in the flowers of medicinal
cannabis plants, with distinct patterns observed for different
fertigation systems and nutrition treatments (Figure 7). The total
THC and CBNA concentration curves exhibited similar trends
within the same growing cycle and treatment. At the same time,
total THC yield (g"mg) was evaluated, where there was a clear trend
in favor of ET across all comparisons.

Initially, the concentration of total THC in leaves and flowers
almost stagnated in both treatments until week 4. However, from
week 5 onwards, substantial growth with significant differences in
total THC concentration was observed because only flowers were
analyzed (Figures 7A-C). In the 1C cycle, significant differences in
total THC concentration between CN and ET treatments occurred
in weeks 5, 6, 9, and 10. The maximum concentrations were reached
at week 11 for both CN (18.5%) and ET (19.4%) (Figure 7A). In
contrast, in the 2C cycle, significant differences in total THC
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FIGURE 3

Phosphorus concentration in the dry weight among the organs of indoor-cultivated cannabis plants as affected by the augmented nutritional regime
in recirculation and drain-to-waste nutrient cycles. P concentration of control (CN) and enhanced treatment (ET) under the augmented nutritional
regime 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 (n= 3). The 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 testat o = 0.05.
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concentration between CN and ET treatments were observed only
in the 6th week. CN reached its peak concentration at week 8
(15.9%), while ET reached its peak at week 9 (15.7%) (Figure 7B).
Significant differences in total THC levels between 1C and 2C of ET
treatments were observed from week 10 until the end of the
experiment, where the 1C overperformed 2C (Figure 7C). The
yield of this dominant cannabinoid (THC) showed significant
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differences in the 1C regime in favor of the ET treatment.
Specifically, there was an increase in yield per square meter in
weeks 5,6 and 10 by 402%, 315% and 46%, respectively (Figure 8A).
In drain to waste system (2C), this trend was similar. Still, a
statistically significant difference was found only in the eleventh
week, when there was an increase in THC yield in the ET variant by
50.7% (Figure 8B). An interesting finding is that when comparing
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FIGURE 4

Potassium concentration in the dry weight among the organs of indoor-cultivated cannabis plants as affected by the augmented nutritional regime
in recirculation and drain-to-waste nutrient cycles. K concentration of control (CN) and enhanced treatment (ET) under the augmented nutritional
regime 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 (n= 3). The 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 testata = 0.05.

the 1C and 2C regimes with the ET variant, there was an overall
lower THC yield with the drain-to-waste system (2C). Specifically,
there was a statistically significant difference in weeks 6, 10, 12 and
13 when there was a decrease in the THC yield of the 2C system to
6.6%, 25.3%, 41.5% and 31.1% of the THC yield value of the 1C
recirculation system (Figure 8C).
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For total CBG, the concentration in leaves and flowers nearly
remained stagnant until week 4, with a notably lower concentration
compared to THC by more than an order of magnitude. However, a
significant increase in total CBG concentration was observed in week
5, focusing only on the flowers (Figures 7D-F). In the 1C cyde, the
concentrations of total CBG in CN and ET treatments began to differ
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FIGURE 5

Iron concentrations in the dry weight among the organs of indoor-cultivated cannabis plants as affected by the augmented nutritional regime in
recirculation and drain-to-waste nutrient cycles. Fe concentration of control (CN) and enhanced treatment (ET) under the augmented nutritional
regime in recirculation (1C) growing cycle (A), in drain-ta-waste (2C) growing cycle (B), ETs in 1C and 2C (C) in stems, leaves, and flowers. Data are
means (n= 3). The 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 testat a = 0.05.

significantly from week 7 until week 11 and peaked at week 10 for CN
(1.1%) and week 6 for ET (0.9%). The most significant differentiation
between CN and ET occurred at week 10, with a difference of 218% in
favor of CN. Following the peak concentrations, a foretellable decrease
in concentration was observed, followed by a slight increase in the last
three weeks. In the 2C cyde, significant differences in total CBG
concentration between CN and ET treatments were observed only in

Frontiers in Plant Science 10

CN|ET |CN| ET | CN| ET |[CN| ET [CN| ET [CN | ET | CN| ET

icja2c|ic|ac

10.3389/fpls.2024.1322824

i

]

[

[+ ]

CN|ET[CN|ET|CN|ET |CN|ET |CN|ET [CN|ET

7 8 9 10 13

o
=

st

CN |ET |CN| ET [CN| ET |CN | ET
Y § 8 9

CN| ET | CN | ET

10 11

|
J

[
|

iIC|2cjicjac|ic|ac

icj2cf1cjac|ic|2c

7 8 9
Week

10 1 12 13

weeks 6, 8, and 11. The maximum concentrations were reached at
week 9 for both CN (1.3%) and ET (0.8%) (Figure 7E). Significant
differences in total CBG levels between 1C and 2C of ET treatments
were observed in weeks 1, 2, and from week 6 except the 10th week
until the end of the experiment (Figure 7F).

Regarding CBNA concentration, significant variations between CN
and ET treatments in the 1C cycle were observed in weeks 5 and 6.
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The effect of the augmented nutritional regime and growing nutritional cycle on indoor-cultivated cannabis plant biomass. Dry biomasses of stemns,
leaves, and flowers in control (CN) and enhanced treatment (ET) plants with augmented nutritional regime in recirculation (1C) growing cycle (A), in
drain-to-waste (2C) growing cycle (B), ETs in 1C and 2C (C). Data are means (n = 3). The different small letters inside the bars and small bold letters
above the bars represent significant differences within the indoor- cultivated 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 o = 0.05.

CBNA concentration peaked at week 10 for CN (0.06%) and week 13
for ET (0.06%) (Figure 7G). In the 2C cyde, significant differences in
CBNA concentration between CN and ET treatments were observed in
weeks 6, 7, and 11. CN reached its maximum concentration (0.04%) in
2C at week 11, with a significant difference of 55%, while ET reached its
maximum in the 13th week (Figure 7H). CBNA concentrations
between 1C and 2C of ET treatments showed significant differences
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in the first two weeks, followed by nearly identical concentration levels
in weeks 3 and 4. From week 5 onwards, a steady growth trend was
observed, with 1C outperforming 2C. Significant differences were
observed in weeks 1, 2, 5, and 6 and from week 10 until the end of
the experiment. As mentioned, the CBNA concentrations in both ET
variants reached their maximum at week 13, with a significant
difference of 34% (Figure 71).
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Concentrations of total THC (sum of tetrahydrocannabinolic acid, A®-tetrahydrocannabinol, and A®-tetrahydrocannabinol), total CBG (sum of
cannabigerolic acid and cannabigerol), and cannabinolic acid (CBNA) in the flowers of indoor-cultivated cannabis plants as affected by augmented
nutritional regime and nutrient cycle. The sum of THC concentration in contral (CN) and enhanced treatment (ET) plants with augmented nutritional
regime in recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing cycle (B), ETs in 1C and 2C (C). The sum of CBG concentration of
control (CN) and enhanced treatment (ET) with augmented nutritional regime in recirculation (1C) growing cycle (D), in drain-to-waste (2C) growing
cycle (E), ETs in 1C and 2C (F). CBNA concentration of control (CN) and enhanced treatment (ET) with augmented nutritional regirme in recirculation
(1C) growing cycle (G). in drain-to-waste (2C) growing cycle (H), ETs in 1C and 2C (I). The whole inflorescence of the plant was analyzed. Data are
means (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 o = 0.05.

4 Discussion

The present study focused on investigating the effects of an
enhanced nutritional regime and different fertigation systems on
the ionome composition, biomass, and cannabinoid content of
indoor-cultivated cannabis plants. The results indicate substantial
variations in N, P, K, and Fe concentrations in different plant parts
under the augmented nutritional regime. These alterations could be
attributed to nutrient uptake, translocation, and allocation
modifications resulting from the introduced nutritional variations.
Undoubtedly, nutrition plays a pivotal role in shaping the
development, functionality, and metabolic processes of various
plant organs and tissues (Shiponi and Bernstein, 2021b; De Prato
etal, 2022). Existing knowledge has extensively documented the ideal
thresholds of specific macronutrients, including N, P and K, along
with micronutrients like Fe, necessary for ensuring the normal
growth and functioning of both root systems and above-ground
biomass (Shiponi and Bernstein, 2021a; Shiponi and Bernstein,
2021b; Malik et al, 2022; Saloner and Bernstein, 2022; Llewellyn
et al,, 2023), as well as the production of valuable secondary
metabolites in medicinal cannabis plants (Caplan et al, 2017
Bernstein et al., 2019b; Shiponi and Bernstein, 2021b; Saloner and
Bernstein, 2022). It is crucial to emphasize that nutrient solution
fertigation was provided to the plants only up to the ninth week of
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cultivation. Subsequently, from the ninth week onwards, the plants
received fertigation solely with deionized (DM) water. Consequently,
the plants relied solely on their accumulated nutrient reserves during
this period. Modifications in the nutrient solution’s P, K, and Fe
concentrations within two distinct nutrient cycles undeniably exerted
discemnible impacts on the levels of macro and micro-elements in
cannabis plants’ above-ground organs. While the N concentration
remained unchanged between the CN and ET systems, some
statistically significant differences in N distribution among the
above-ground organs of cannabis plants were observed within each
fertigation system. The composition and proportional disbalance of
nutrients in nutrient solutions have been recognized as factors
capable of influencing the profiles of cannabinoids and terpenes in
cannabis. These observed variations are likely linked to the complex
interplay between nutrient levels in the solution and the growth of the
plant. The different fertigation systems employed in this study also
exhibited discemible effects on the concentrations of both macro- and
microelements within the tissues of cannabis plants. [t should be
emphasized that the interactions between cations and anions of
nutrients during root cell membrane transport have been
extensively documented in the sdentific literature (Meychik and
Yermakov, 2001; Roberts, 2006; Langenfeld et al., 2022).
Nevertheless, variations in the pH of the nutrient solution, such
as those observed in the RS (1C), and the increased nutrient
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Total yield of THC (sum of tetrahy drocannabinolic acid, A*-tetrahydrocannabinol, and AP-tetrahydrocannabinol) per one square meter of indoor -
cultivated cannabis plants as affected by augmented nutritional regime and nutrient cycle. Total THC yield in control (CN) and enhanced treatment
(ET) plants with augmented nutritional regime in recirculation (1C) growing cycle (A), in drain-to-waste (2C) growing cycle (B), ETs in 1C and 2C (C).
Data are means (n = 3). Different bold small letters represent significant differences in cannabinoid concentration between the variants in a particular

week according to Tukey's H5D test at o = 0.05.

quantity provided in the DS (2C), have the potential to influence the
availability of specific nutrients and, consequently, the physiological
and metabolic reactions within the plants (Malik et al., 2023).
Furthermore, a more pronounced variation in N concentrations
was evident when comparing the two distinct fertigation systems,
which aligns with our study. Nitrogen (N) plays a vital role in
organs with high metabolic activity, such as leaves and flowers,
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where it is a crucial component of proteins and compounds related
to energy metabolism. As a result, N tends to accumulate in smaller
quantities in structural compartments with lower metabolic activity,
such as stems (Marschner and Marschner, 2012). In our
investigation comparing the 2C and 1C systems, the 2C system
consistently exhibited higher N concentrations in flowers during
weeks 8 to 11 (an average 8.7% increase in favor of the 2C system,
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with values ranging from 6.3% to 11.6%). This contrasts with the
findings of Malik et al. (2023), where they observed higher levels of
N in plant tissues in the recirculation systems. In our case, we
presume that the more frequent nutrient replenishment (2-3 times
a week) in the drain-to-waste system resulted in more significant
nutrient accumulation in both the above-ground biomass and the
roots. Subsequently, when nutrition was stopped, and only DM
water was irrigated, there was translocation from the roots to the
above-ground biomass. Also, another hypothesis could be that
some of the nutrients that were supplied in addition to the ET
variant (P, K, or Fe) could be limiting in the recirculation system.
Therefore, when it was supplied more in drain-to-waste, other
nutrients (in this case, N) could subsequently be more
incorporated into tissues (Agren et al,, 2012; Asao, 2012).

As expected, alterations in the concentrations of P, K, and Fe in
the nutrient solution in some observations significantly impacted the
concentrations of these elements in the above-ground organs of
medicinal cannabis plants. Notably, in the 1C regime, differences
between CN and ET were more pronounced than in the 2C regimen.
This observation can be attributed to the fluctuation and pH increase
in the 1C compared with the stable pH in the 2C regime (Malik et al,,
2023). Surprisingly, despite doubling the concentration of P in the
nutrient solution in ET compared to CN within the 1C fertigation
system, P accumulation was notably higher in CN than in ET. This
observation might be attributed to the fact that root analysis was not
conducted; therefore, it remains plausible that any excess P is encased
in the roots. As indicated by the accumulation data, P content within
the plant tissues did not exhibit a decline following the cessation of
nutrient supplementation. This phenomenon suggests a potential
release of P from vacuoles (Shiponi and Bernstein, 2021a; Shiponi
and Bernstein, 2021b), serving as a defense mechanism against P
toxicity in the shoot (Hawkesford et al, 2012). This mechanism
prevents the exposure of shoot cells to damaging P concentrations by
compartmentalizing excessive P supply. The compartmentalization of
P is recognized as a fundamental mechanism for averting the
accumulation of cytoplasmatic P to toxic levels. Under adequate P
nutrition, approximately 70-95% of intercellular phosphate (Pi) is
sequestered within vacuoles. Consequently, the regulation of
transporters under varying P conditions facilitates the maintenance
of Pi cellular homeostasis (Liu et al, 2016). So far, there is no
information about P transporters in Cannabis sativa L. This
information is needed to understand better P remobilization and
translocation in the cannabis plant (Shiponi and Bemstein, 2021b).
An alternative explanation for this unexpected result could be a
potential nutrient lockout effect in the ET due to the elevated P
concentration in the solution. Phosphorus has an indination to form
complexes with soil minerals, such as iron Fe, potentially diminishing
its overall bioavailability. However, it is essential to note that such an
effect was observed by Mardamootoo et al. (2021) exclusively in soil-
based cultivation systems. When soluble phosphatic fertilizers are
applied to soils, they initially dissolve, causing an immediate increase
in soil solution P concentration. Subsequently, P primarily engages in
adsorption and precipitation processes (Prasad and Power, 1997).
The reactions that transpire among phosphate ions in the soil
solution, soil constituents, and non-phosphatic components in the
fertilizers primarily sequester P from the solution phase, rendering
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phosphate less soluble over time (Sample et al, 2015). This
phenomenon is commonly referred to as P fixation, adsorption, or
retention. Consequently, P becomes markedly immobile in soils and
tends to remain in proximity to the point of application (Prasad and
Power, 1997; Mardamootoo et al,, 2021). In plant cells, P serves as a
critical component of nucleic acids, membrane lipids, and
phosphorylated intermediates involved in energy metabolism. As a
result, maintaining cellular phosphorus homeostasis is essential for
ensuring the normal function of various physiological and
biochemical processes (Raghothama, 2015). The elevated P
concentration observed in the 2C system compared to the 1C
system may likely be attributed to an increase and fluctuations in
pH within the 1C regime, a phenomenon in line with the findings of
Lefever et al (2017). The higher pH levels, reaching up to 6.95 in the
nutrient solution, could lead to the partial precipitation of phosphates
by calcium (Ca’*) and magnesium (Mg”*). This precipitation could
resultin the formation of insoluble and consequently unavailable salts
within the hydroponics solution (Lee et al, 2017).

K exhibits a clear accumulation advantage in the ET varant in
1C as a highly bioavailable plant element. In accordance with
(Bernstein et al., 2019a), it is noteworthy that cannabis plant
stems tend to exhibit a preference for K accumulation, as
evidenced by concentrations similar to those found in fan leaves.
Typically, this nutrient’s temporary storage occurs in the stem’s
xylem or phloem parenchyma. The K concentration in cannabis
stems remained notably high at the end of the developmental
period, a phase characterized by high nutrient demand, indicating
active accumulation. While our study did not measure sugar leaves
but entire inflorescences, where K accumulation was slightly higher
than in the stem, the results for K suggest that the nutrient
concentration does not significantly decrease in tissues after
nutrient cessation, indicating its excessive accumulation. This
phenomenon, known as the luxury consumption of K and its
temporary storage, has been observed in various plant species
(Marschner and Marschner, 2012). It is pertinent to add that,
based on the experiments conducted by Saloner et al. (2019) and
Saloner and Bernstein (2022), there appears to be no competition
for nutrient uptake between K and the uptake of N and P at suitable
concentrations. Yep and Zheng (2021) studied the yield of Cannabis
sativa inflorescence with K fertilizer in aquaponic solutions, similar
to hydroponic systems. The added K and micronutrient fertilizers
did not affect vegetative growth or leaf physiology. However, a
positive linear correlation was observed between K concentration in
the nutrient solution and both apical inflorescence yield (g/plant)
and total inflorescence yield. Additionally, K fertilizer enhanced the
harvest index.

Similarly, Fe demonstrates higher accumulation in the ET in 1C,
except for the end of the cultivation, where the trend reverses. In
contrast, interestingly, within the 2C fertigation system, significant
differences in element accumulation between CN and ET
treatments for any of the elements were absent. Generally, the
differences in nutrient accumulation were predominantly
insignificant when comparing CN and ET. These distinctions can
be considered negligible, except for a few isolated instances.
Furthermore, the disparities between the 1C and 2C regimens can
be attributed to the 2C system’s superior control over nutrient
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solutions, ensuring stable and precise nutrient concentrations
(Malik et al.,
accumulation between the 1C and 2C fertigation systems provides

2023). Analyzing these variations in nutrient

valuable insights into how fertigation systems shape the ‘ionome’
composition of cannabis plants. We found that N concentrations
favored the 2C system during later flowering stages, notably in
weeks 8 through 11. P concentrations in flowers also showed
advantages for the 2C system, particularly in weeks 7, 9, and 10.
Conversely, P concentrations in leaves favored the 1C regimen,
especially in weeks 9 through 12. K concentrations in leaves
followed a similar trend, favoring the 1C system in weeks 6, 7,
and 9. Fe concentrations exhibited variations favoring both systems,
with Fe in flowers favoring the 1C system at week 8, whereas Fe in
leaves and stems favored the 1C system in weeks 11, 12, and 6,
respectively. These findings underscore the complexity of nutrient
dynamics in fertigation, with the 2C regimen’s precise control over
nutrient concentrations offering valuable insights for optimizing
nutrient uptake and enhancing plant development. Considering the
results regarding all concentrations of the studied elements in all the
plant organs examined, our third hypothesis concerning the
influence of the changed nutritional regime on the composition of
the ‘lonome’ was confirmed.

Regarding the dry weight of above-ground organs, the ET had
minimal effects compared to the CN. When comparing CN with ET
in the 1C fertigation system, statistically significant changes were
primarily observed in the dry weight of leaves. The supplementation
of P did not induce any significant alterations in cannabinoid
concentration within the flowers, but it led to a decrease in
concentration within the inflorescence leaves. It is noteworthy
that studies conducted with industrial hemp have demonstrated
varying responses to P fertilization depending on growing
conditions and cultivars (Bernstein et al, 2019b). In instances
where the initial P concentration in the soil is relatively high, the
additional P application tends to have limited effects. Phosphorus is
indeed a critical nutrient required in relatively substantial amounts
by plants. However, conventional practices in the medicinal
cannabis industry involve the application of higher P
concentrations than those typically used for most other crops.
This practice is rooted in the belief that cannabis plants
necessitate elevated P concentrations to optimize their
functionality and enhance yield (Bevan et al., 2021). It is worth
noting that mineral nutrition significantly influences plant morpho-
development, and our findings indicate that supplemental P beyond
optimal requirements does not contribute to further increases in
plant biomass. This outcome aligns with prior research on hemp
(Vera et al, 2010). It reinforces our conclusion that medicinal
cannabis exhibits a broad optimal P-level range (Shiponi and
Bernstein, 2021a). Interestingly, in the ET, plants exhibited
greater leaf biomass during the early generative phase of
flowering. However, their leaf biomass declined as flower
maturation progressed and became statistically more minuscule
than the CN. These findings intriguingly suggest that ET group
plants in the 1C system displayed a more foliated profile at the onset
of flowering, a phenomenon in line with the work of Hawkesford
et al. (2012). Shiponi and Bernstein (2021a) recommend a

minimum P requirement of 15 mgL™' P, with a suggested
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application rate of 30 mg-L™", based on the functional physiology
and ionome profiling revealing genotypic variability in P sensitivity.
Notably, our tested P application rates, ranging from a minimum of
32 mg-L™ to a maximum of 93 mgL™", significantly exceed those
employed in the reference study. Nevertheless, fewer leaves were
present in the inflorescence during the last two weeks of cultivation
in the 1C system. This phenomenon could simplify post-harvest
inflorescence arrangement and contribute to a higher quality of
harvested inflorescence. In conclusion, when comparing CN and ET
at 1C, it becomes evident that ET produces noticeably more
biomass in flowers only at week 8, potentially suggesting this is
an optimal harvesting time. However, in the subsequent weeks,
flower biomass continued to increase. As we will explore in the
following discussion, cannabinoid concentrations, mainly THC,
were also found to be higher in the later stages of cultivation.
Therefore, a later harvest time beyond week 8 seems preferable to
optimize economic efficiency while maximizing yield. When
comparing CN with ET in the 2C fertigation system, statistically
significant differences were observed only during the 11th week of
cultivation. Comparing the two fertigation systems, 1C and 2C,
statistically significant differences in the dry weight of leaves and
flowers favored 1C at weeks 6 and 7 and favored 1C only for flowers
at week 10. However, no statistically significant differences were
observed at the end of cultivation. In summary, the results of the dry
weight yield of biomass suggest that neither the altered nutritional
regime of the ET variant nor the type of fertigation system had a
statistically conclusive effect on the final inflorescence harvest mass
of medicinal cannabis. Therefore, our first hypothesis about the
inflorescence yield was only partially confirmed because we
recorded a statistically significant difference between CN and ET
in the harvest period only at week 11 in the 2C system.
Cannabinoid levels represent a critical aspect in assessing the
excellence of medicinal cannabis. Subjects purchasing the resulting
cultivated product - the dry female inflorescence of medicinal
cannabis - when selecting a supplier are oriented largely
according to THC concentrations and, eventually, CBD in dry
matter (Zhu et al., 2021). Since cannabinoids are the constituents
conferring exceptional value to cannabis, it is imperative to conduct
additional research into the influence of mineral nourishment on
cannabis productivity and the association between yield and
potency (Bevan et al., 2021). Prior research suggests that plants’
mineral nutrition can influence the production of secondary
metabolites in cannabis (Caplan et al., 2017; Saloner
and Bernstein, 2021; Saloner and Bernstein, 2022). An
inverse correlation between cannabis yield and cannabinoid
concentrations has been observed in previous studies. These
studies have consistently reported a linear decrease in
cannabinoid concentrations with increasing yield (the dilution
effect) (Caplan et al, 2017;

Bernstein, 2021a). This effect was not observed to a significant

Yep et al., 2020; Shiponi and

extent in our case. Additionally, future investigations should
encompass the examination of other compounds acknowledged
for their influence on product quality. Treatments involving metals
such as Fe and Cu have demonstrated the potential to enhance
secondary metabolite production in numerous plant species
(Gorelick and Bernstein, 2014). The impact of metals, including
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Ni, Ag, Fe, and Co, on bioactive compound production is attributed
to their ability to modulate various aspects of secondary metabolism
Zhao et al,, 2001). In the context of hemp cultivation, it has been
observed that N supplementation leads to increased plant height
and biomass (Papastylianou et al, 2018). Conversely, it is
noteworthy that P or K fertigation treatments have shown limited
efficacy in eliciting substantial responses (Aubin et al,, 2015). It is
important to acknowledge that while these findings provide
valuable insights into plant growth dynamics, their direct
relevance to cannabis cultivation is somewhat limited. In the
context of cannabis, the paramount consideration is the
concentration of therapeutic cannabinoids, a factor that far
outweighs concerns related to overall biomass.

This study correspondingly delved into the intricate relationship
between fertigation systems and cannabinoid concentrations in
medicinal cannabis, providing insights contributing to the growing
body of knowledge in this field. Our findings elucidate critical factors
influencing both yield and cannabinoid potency and yield.

These findings, confirming our 4th hypothesis, align with prior
research, particularly studies exploring the impact of fertigation
systems on cannabis cultivation. For example, a study comparing
recirculation and drain-to-waste systems found that recirculation led
to higher yields of THCA and CBNA, the prominent cannabinoids in
medical cannabis chemotype [, but resulted in lower sesquiterpene
concentrations. Drain-to-waste, however, allowed for better control
over nutrient delivery but consumed more resources and yielded
fewer monoterpenes and THCA (Malik et al, 2023). In our case,
there was also a significant increase in THC yield in the recirculation
system (up to 182% more in the 10th week).

A previous investigation (Bernstein et al, 2019b) noted that
employing mild nutritional treatments, which closely adhered to the
optimal range for plant growth, resulted in subtle changes in plant
development. However, there emerged an observable influence on
the cannabinoid profile. These findings suggest the intriguing
possibility that slight adjustments in nutritional status could play
a role in modulating secondary metabolism in cannabis. This
statement is also confirmed by our results, where the combination
of changes in the yield and concentrations of the dominant
cannabinoid (THC) resulted in an increase in the yield of total
THC (g-mz) by an average of 48% during harvest period for the
variant with enriched nutrition.

In accordance with prior research, our findings align with
established knowledge, indicating that the lowest recommended P
supply for optimal yield is 30 mgL™', and optimal yields are
maintained at concentrations up to 90 rng~L_I (Shiponi and
Bernstein, 2021b). An earlier study also observed that the impact
of increased P supplementation on medicinal cannabis is dependent
upon the specific organ and compound. Specifically, the
concentrations of key cannabinoids such as THC, CBD, CBN,
and CBG remained unaffected by the treatment of enhanced P
supplementation. The addition of P did not significantly affect
cannabinoid concentrations within the flowers; however, it did
lead to a reduction in cannabinoid concentration in the leaves of
the inflorescence (Bernstein et al., 2019b). It is worth noting that in
our study, the experimental ET variants were exposed to elevated P
levels, reaching as high as 93 mg-L ™" P toward the end of cultivation.
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Importantly, similar to existing research, we did not observe any
significant impact of elevated P levels in the nutrient solution on the
production of cannabinoids. In contrast, interestingly, an older
study from Coffman and Gentner (1977) reported a notable
increase in total cannabinoid content per plant with higher P
supply. This is consistent with our finding that the nutrient-
enhanced variant achieved higher THC yields.

In line with previous research, our findings confirm that
increasing K supply beyond 60 mgL™' K does not yield beneficial
effects. It is noteworthy that variations in K supply had a relatively
modest impact on both cannabinoid and terpenoid levels within the
plant (Saloner and Bernstein, 2022}, Notably, the decrease observed
in these compounds was generally mild and less pronounced
compared to the significant influence of N on secondary
metabolism (Saloner and Bernstein, 2021). It is worth noting that
in our study, the ET variant had elevated K levels up to 265 mg-L™".
Similarly, we did not observe any significant impact of increased K
levels on the augmentation of cannabinoid concentrations.
However, it is necessary to point out again that there was a
significant increase in THC yield per square meter in ET variant.

To the best of our knowledge, no prior studies have explored the
influence of Fe concentration in the nutrient solution on the content of
secondary metabolites in the harvested inflorescence of medicinal
cannabis. Qur investigation revealed a notable outcome, which
examined the effects of elevated macro- and micronutrient levels,
including iron, in the ET variant. Contrary to some expectations, the
increased iron content did not substantially impact the final
cannabinoid content of the harvested medicinal cannabis inflorescence.

Exploring additional variables, such as specific nutrient
formulations and variations in environmental conditions, will be
essential to comprehensively understand their influence on
cannabinoid production in indoor-cultivated cannabis plants.

The complexity of the interactions between various nutrients,
environmental factors, and cannabinoid biosynthesis remains a rich
area for investigation. Refining our understanding of these dynamics
can unlock even more precise methods for optimizing cannabinoid
production in indoor-cultivated cannabis. Such advancements hold
great promise for both enhancing the therapeutic potential of indoor-
cultivated cannabis products and improving their overall cultivation
efficiency. This knowledge is valuable for cultivators seeking to
maximize both yield and cannabinoid potency in a sustainable and
resource-efficient manner.

5 Conclusion

In this study, we explored the intricate relationship between
enhanced nutrition, different fertigation systems, and the ionome
composition, biomass, and cannabinoid content of indoor-cultivated
cannabis plants, comparing the yield of THC in the harvested
inflorescence per square meter. Our research reveals multifaceted
connections between nutrient supply, plant development, and
valuable secondary metabolites production in medicinal cannabis.
Significant nutrient variations, including N, P, K, and Fe
concentrations in various plant organs under the augmented

nutritional regime, result from shifts in nutrient uptake,
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translocation, and allocation due to changes in nutrient supply. This
underscores the pivotal role of nutrition in shaping plant
development, functionality, and metabolic processes, aligning with
prior studies. Our findings emphasize the need for precise nutrient
management strategies in cannabis cultivation. Adjusting nutrient
regimens in different fertigation systems yielded significant outcomes.
Notably, increased iron content in the ET variant did not
substantially impact cannabinoid content, challenging assumptions.
The impact of different fertigation systems on nutrient concentrations
within plant tissues was evident. Adjusting the nutrient regimen in
the 2C system led to a significant 108% increase in P accumulation in
the stems in the 1lth week, and there was a preference for K
accumulation in cannabis stems, with up to a 77% increase in K
levels in the ET. The ET increased the Fe concentrations, mainly in
stems, up to 189%. The yield of THC in flowers per square meter with
enriched nutrition increased by up to 50.7% compared to the control
variant. There was even an 182% increase in THC yield in the
recirculation system in the case of the ET comparison. As we
conclude this study, we invite further investigations into the
nuanced relationship between mineral nutrition and cannabis
productivity, considering the complex interplay between yield and
potency. Our research resonates beyond the scientific realm, offering
actionable guidance for cultivators striving to maximize both yield
and cannabinoid potency. While our study has yielded valuable
insights into the relationship between fertigation systems and
cannabinoid concentrations in indoor-cultivated cannabis, it is
essential to acknowledge that further investigations should
specifically delve deeper into the impact of enhanced nutritional
compositions within the nutrient solution.
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5. SOUHRNNA DISKUSE

Tato kapitola je rozd€lena do jednotlivych podkapitol podle tematickych celki
publikovanych ¢lankt a v souvislosti s tim, jak a pro¢ jednotlivé prace vznikaly. V podkapitole
5.1 jsou diskutovany vysledky vzniklé pii polnim péstovani rostlin technického konopi a vlivu
vyzivy na produkci biomasy a kumulaci Zivin spolu s jejich odbérem. V podkapitole 5.2 je
diskutovéna produkce lécebného konopi, zejména vhodné kultivaéni podminky v fizeném
prostedi s ptihlédnutim na vynos biomasy suseného kvétenstvi, kumulaci zivin v rostlinnych

tkanich a produkeci, pfipadné vytéznost kanabinoidi.
5.1 Vyziva technického konopi, vynos a kumulace Zivin

S ohledem na stale rostouci potfebu obnovitelnych zdroji energie je ¢ast zemedelské
produkce zaméfena na produkci zemédélskych plodin uréenych k produkci bioplynu.
Prevladajici plodinou péstovanou za timto ucelem je kukufice, ktera se vyznacuje vysokou
produkci energie, ale soucasné celou fadou negativnich environmentalnich dopadu (riziko
pidni eroze, snizeni biodiverzity) (Michal et al. 2023). Konopi se nabizi jako vhodna
alternativni plodina, jejiz péstovani ma naopak benefitni dopad na prostiedi. Je zlepSujici
plodinou v osevnim postupu a navic ji lze, v¢etné zbytkd z jejiho zpracovani, kromé jiného,
vyuzit k produkci bioplynu (Struik et al. 2000; Kreuger et al. 2011; Prade et al. 2011; Michal
etal. 2023). Vzhledem k dostupnym znalostem o vyzivé technického konopi se jako alternativni
zptisob hnojeni nabizi vyuziti vedlejSich surovin ze zemédélskych bioplynovych stanic,
digestatli, konkrétné separatu a fugatu. Mnoho autort uvadi vhodnost pouziti téchto surovin pro
hnojeni polnich plodin (Kolaf et al. 2010; Makdi et al. 2012; Coelho et al. 2018).

Srovnani konvenéné pouzivaného mineralniho NPK hnojiva s variantami, kdy byl
K hnojeni pouzit fugat, separat, nebo jejich kombinace, pfineslo vysledky, které potvrzuji
predeslé tvrzeni. VSechny varianty hnojeni dodaly shodné 150 kg N/ha, coz je dle védecké
literatury vhodna davka, ktera by méla zajistit optimalni rast rostlin, pevnost stonku, vynos
semen a obecn¢ vysoky vynos nadzemni biomasy (Barron et al. 2003; Vera et al. 2010; Finnan
& Burke 2013; Finnan & Styles 2013; Michal et al. 2023).

Vynos suché nadzemni biomasy konopi byl srovnatelny ve vSech hodnocenych
variantach a byla tak prokdzana vhodnost pouziti fugatu i separatu ke hnojeni technického
konopi s tim, Ze se touto agrotechnickou praxi sniZzuje environmentéalni riziko vyplavovani

dusiku (Makdi et al. 2012; Tsachidou et al. 2019; Velechovsky et al. 2021).
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Ve vsech variantach dvouletého polniho experimentu doslo i ke srovnatelné kumulaci
makro Zzivin, kterd vzhledem k vynosu poukazuje na to, ze rostliny netrpély deficitem pfi
srovnani vyzivovych variant, navzdory tomu, ze naméfené hodnoty koncentrace zivin v listech
a stoncich byly mirné nizsi, nez uvadéji nékteti autoti (Ivanyi 2005; Hakala et al. 2009; Ivanyi
& Izséki 2009). Tento fakt je ale mozné vysvétlit tim, ze v pfipad¢ naseho experimentu byly
analyzovany vSechny listy, v€etné senescentnich, na rozdil od uvedenych studii, kde byly
analyzovany pouze mladé, plné vyvinuté listy. V nejvétsim mnozstvi se ziviny kumulovaly
v listech konopi. U mikroprvka byl trend obdobny, s vyjimkou vysoké kumulace Zeleza
Vv kofenech. To potvrzuje jeho Spatnou pohyblivost V rostliné (Mengel 1994). Obecné
kumulace mikroprvku je v souladu s hodnotami, které uvadi (Ivanyi 2005). Hodnoty odbéru
jednotlivych Zivin jsou rovnéz v souladu s dal§imi autory a to opé&t potvrzuje, ze rostliny konopi
prosperovaly ve vSech testovanych vyzivovych variantach (Landi 1997). Vyzivové potieby
rostlin byly tedy uspokojeny. V praxi to znamena, ze je mozné dosdhnout optimalniho vynosu
biomasy s vyuzitim alternativnich zdroju Zivin, bez nutnosti vyraznéjsich zmén v zemédélské
praxi. Tento pfistup je nejen Uc¢inny, ale také ekonomicky vyhodny pro farmate a pfispiva k

celkové udrzitelnosti zemédélské produkce.

5.2 Vyziva lécebného konopi, kumulace Zivin, vynos kvétu, produkce

kanabinoidua

Na zéklad¢ predchozich pokusli s polnim péstovanim spolu s rozvojem tématu
lécebného konopi v poslednich letech, se jako logické navazani jevilo pokracovat ve zkoumani
chovani této rostliny v kontrolovanych podminkach s dirazem nejen na samotnou vyzivu, ale i
jeji vliv na kumulaci sekundarnich metabolitl v rostlinach 1écebného konopi.

VyZiva je jednim z dominantnich faktort, které ovliviiuji vyvoj rostlin, jednotlivych
tkani a orgéni, jejich metabolismus a tim i kone¢ny vynos, nejen biomasy ale i rostlinnych
metaboliti (Caplan et al. 2017a; Saloner et al. 2019; Saloner & Bernstein 2020; Shiponi &
Bernstein 2021b). Toto tvrzeni plati nejen pro rostliny, které jsou péstovany tradi¢né na poli
(Coffman & Gentner 1975; Bocsa et al. 1997), ale vyzkumy zabyvajici se péstovanim
Vv fizenych podminkach za i¢elem produkce rostlin konopi k 1é¢ebnému pouziti tento fakt nejen
potvrzuji, ale jesté zduraznuji a poukazuji i na vyznamny vliv biostimulantti (Bernstein et al.

2019a; Bevan et al. 2021; De Prato et al. 2022; Malik et al. 2023).
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Pokud jde o kumulaci makrozivin, ukazuji se rozdily zplsobené nejen rozdilnou
mineralni vyzivou, pfidavkem biostimulantii ve form¢ aminokyselin (AMK), ale také diky
rozdilné pouzité hydroponické technologii.

Jednim z dominantnich faktorG pfi péstovani v hydroponickych systémech je
dostupnost zivin, ktera piimo souvisi s hodnotou pH zivného roztoku, jeho stabilitou a se
stanovenym pomérem a dostupnosti zivin (Velazquez et al. 2013).

Soucasti této prace bylo mimo jiné srovnani dvou hydroponickych systémi —
recirkula¢niho (RS) a prato¢ného (PS), kdy v prvnim zminéném dochazi k cirkulaci roztoku do
doby, nez je jeho objem vétSinové vycerpan, a naopak V pruto¢ném, kdy rostliny dostavaji
pokazdé stejny pomér zivin, Cerstvé pripraveného roztoku hnojiva. Navic byly porovnavany
dvé€ trovné mineralni vyzivy.

Pokud jde o zastoupeni makroprvkll a jejich vzijemné poméry v nadzemni biomase
rostlin konopi, které byly péstovany ve dvou riiznych hydroponickych systémech - RS a PS, a
za nesourodych podminek vyzivy, byly v nékterych pfipadech zaznamenany statisticky
vyznamn¢ rozdilné koncentraéni hladiny. V ptipad€ dusiku byla v rostlinach péstovanych v
systétmu RS zaznamenédna vyraznéjS$i akumulace ve vSech nadzemnich orgénech (kvétech,
listech a stoncich). Tento rozdil byl dale zesilen v ptipadé vyzivy s ptidavkem AMK, coz je
v souladu s diivéjsimi poznatky a schopnostmi rostlin pfijimat a inkorporovat aminokyseliny
(Matsumoto et al. 1999; Persson & Nasholm 2001; Jamtgard et al. 2008). Analogicky trend byl
pozorovan i u kumulace fosforu v RS systému, kde dochazelo ke kolisani pH mezi 5,9 — 8,05.
Vyssi koncentrace P v RS byla také pravdépodobné zptisobena zvysenym pH, podobné jako
vysledky Lefever et al. (2017). V rostlinnych bunkach je P hlavni sloZzkou nukleovych kyselin,
membranovych lipidi a fosforylovanych meziprodukti energetického metabolismu. Bunééna
homeostdza fosforu je tedy nezbytnd pro normalni fyziologické a biochemické procesy
(Raghothama, 2005). Celkové niz8i hodnoty vapniku a hot¢iku v rostlinach konopi péstovanych
Vv recirkula¢nim systému mohly souviset rovnéz s vyS$§im pH v Zivném roztoku ve srovnani
S prato¢nym systémem (konstantni pH 5,8). Pti vy$Sim pH muze dojit k vysrazeni vapniku a
hot¢iku s fosforeCnany na nerozpustné soli nepfistupné rostlinam (Lee et al. 2017). Tato
odlisnost mezi hydroponickymi systémy byla jeste¢ zvyraznéna v piipade vyzivy s AMK, kde
bylo dosazeno statistickych rozdilti v obsazich zminénych prvkia (Ca a Mg) mezi variantami
Vv nadzemnich organech jiz od 3. vegetacniho tydne rostlin. Pravdépodobné toto bylo zptisobeno
tim, Ze vapnik a hoi¢ik je schopen se koordinovat s karboxylovymi, thiolovymi a

aminoskupinami dodanych AMK za vzniku komplexi, jejichz dostupnost pro rostliny je
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omezend (Maeda et al. 1990). Zvyseni pH zivného roztoku na 6,5 taktéz podporuje lepsi
absorpci dusiku v amonné formé (NH4"), jak bylo zdiraznéno (Dyhr-Jensen & Brix 1996). Tato
forma dusiku je pro rostliny v hydroponickém prostfedi snadnéji dostupna a rychleji piijiméana
nez nitratova forma (NOgz"), jak uvadi Langenfeld et al. (2022). Vyzkumy Schortemeyer et al.
(1993) podpoftily mySlenku, Ze s rostoucim pH se zvySuje preferenéni absorpce NH4" oproti
NOsz". Pro optimalni pomér NH4*/NO3™ v hydroponickém roztoku bylo doporuceno 10 - 30%
zastoupeni NHy4" pii koncentraci 200 mg celkového N/I. Piekrodeni tohoto optimalniho poméru
muze zvysit riziko toxického ptsobeni NH4*, jak naznacuji Saloner & Bernstein (2022b). V
kontextu nardstu nadzemni biomasy a koncentrace sekundarnich metabolitd u rostlin
pestovanych v raznych systémech lze usuzovat, ze stabilni pH v PS mohlo pfispét k
optimalnimu pfijmu dusiku ve formé& NH4". Dale, jak podotyka (Langenfeld et al. 2022), vyssi
absorpce NH4" miiZe branit vstiebavani diileZitych kationttl, jako jsou Ca?* a Mg?*.

Pfi porovnani dvou ruznych hydroponickych systémi, recirkulacniho (RS) a
pritokového (PS), z hlediska zastoupeni a vzajemného poméru prvku v rostlinach, l1ze dospét
k zavéru, Zze krom¢ kolisani pH zivného roztoku ma na toto rovnéz vyrazny vliv zpusob
hospodareni s zivnym roztokem. V RS systému dochdzi k recyklaci Zivného roztoku a tim
padem ke zméndm pomeéru a koncentrace zivin v zivném roztoku. To se déje zejména
Vv disledku primérniho pfijmu vody rostlinami, kdy se zbyvajici roztok v nadrZi koncentruje.
Tento stav miiZze vést k nerovnovaze zivin v disledku selektivity pfijimani nékterych Zivin
z roztoku (Ho & Adams 1995; Bugbee 2004; Sambo et al. 2019; Malik et al. 2023).

Z vysledku ¢asti této prace rovnéz vyplyva, ze vyssi koncentrace Zivin v roztoku nutné
nevede K navysSeni tvorby suché biomasy kvétenstvi 1é¢ebného konopi, mulze ale vést
K alternacim v kumulaci jednotlivych Zivin v rostlinnych tkanich, a dochazi i k vyraznym
zménam ve smyslu vytéznosti kanabinoidl. Z praci jinych autorit vyplyva, Ze pokud dochéazi
K navySeni vynosu biomasy kvétd, je tento jev Casto doprovazen i tzv. zied'ovacim efektem,
kdy dochazi k poklesu koncentrace kanabinoidu v kvétenstvi na tkor jejich vynosu (Caplan et
al. 2017b; Yep et al. 2020). Pii porovnani dvou trovni mineralni vyzivy — kontrolni (CN) a
obohacené¢ (OV) o P, K a Fe vedvou hydroponickych systémech (RS a PS), nedoslo
K vyznamnym zménadm ve vynosu kvétl. Pravdépodobnym vysvétlenim je, ze nedoslo ke
zmeéng, €1 navySeni hodnot dodaného dusiku, ktery je oznacovan jako nejvyznamnéjsi prvek
pro tvorbu biomasy (Papastylianou et al. 2018), a ze koncentrace P a K v kontrolni varianté
nebyla limitujici pro tvorbu biomasy. NavySeni koncentraci P a K v zivném roztoku nevedlo

K zménénym vynosiim biomasy ani u pokust jinych autord (Aubin et al. 2015). Ve studii
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(Bernstein et al. 2019b) bylo zjisténo, ze pouziti mirnych nutri¢nich tprav, které jsou v rozmezi
optimalnich hodnot pro rtst rostlin, vede pouze k jemnym zménadm ve vyvoji rostlin a tvorbé
biomasy. Byl vSak pozorovan vliv na kanabinoidni profil, coz naznac¢uje mozny vliv vyzivy na
modulaci sekundarniho metabolismu konopi. Toto tvrzeni potvrzuji i nase vysledky, kdy
obohacena vyziva vedla ke zvySeni vynosu celkového THC v obdobi sklizn€ v praméru o 48
%. Pokud jde o vyzivovou variabilitu s AMK, naSe vysledky koresponduji s poznatky Saloner
& Bernstein (2021). Bylo zjisténo, ze nadbyteény dusik v roztoku miize snizit koncentraci THC.
Avsak, pii urCitych koncentracich dusiku, naptiklad 160 mg N/I, mtze dojit k reverzibilnimu
zvySeni koncentrace terpenickych sloucenin jako je limonen a myrcen. Nase vysledky jsou v
tvorbou monoterpentt (McCullough & Kulman 1991; Close et al. 2004).

Dopad zvySeného piisunu P na 1é¢ivé konopi zavisi na konkrétnim orgénu a sledované
slouceniné (metabolitu). Konkrétn¢ koncentrace klicovych kanabinoidli v kvétech, jako jsou
THC, CBD, CBN a CBG, ziistaly oSetienim zvySenou suplementaci P neovlivnény (Bernstein
et al. 2019b). Naopak je zajimavé, Ze star$i studie zaznamenala vyrazné zvySeni celkového
obsahu kanabinoidt v rostling pfi vy$§im piisunu P (Coffman & Gentner 1977). To je v souladu
s nasim zji$ténim, Ze varianta se zvySenym obsahem zivin, véetné¢ P, dosahovala vyssich vynost
THC.

Ve studii (Saloner & Bernstein 2022a) méla zvySena davka K nizky vliv na hladinu
kanabinoid i terpenoidi v rostliné. Efekt drasliku na sekundéarni metabolismus je ve srovnani
s vyraznym vlivem N nizky (Saloner & Bernstein 2021). Zajimavym faktem je, Ze z Casti
vysledki této prace vyplyva, Ze obohacend varianta o K se rovnéz projevila zvySenim vynosu
THC na pé&stebni plochu. Toto je v souladu se zjisténim Yep & Zheng (2021), ktefi studovali
vynos konopného kvétenstvi s ptidavkem K v akvaponickych a hydroponickych Zivnych
roztocich. Pfidavek K a Fe neovlivnil vegetativni rast ani fyziologii listli. Byla v8ak pozorovéana
pozitivni korelace mezi koncentraci K v zivném roztoku a vynosem apikalniho a celkového
kvétenstvi (g/rostlinu).

Ve variantach s obohacenou vyZzivou byla zaznamenana vyrazna preference akumulace
K ve stoncich konopi, coz koresponduje s piedchozimi vyzkumy o luxusni spotfebé K a jeho
docasném ukladani (Marschner 2011). Zvyseni hladiny K v OV vedlo k markantnimu 77%
narastu akumulace K ve stoncich rostlin. Soucasné se v OV projevil vzriist koncentrace Zeleza
(Fe) ve stoncich az 0 189 %. V oblasti hodnoceni 1é¢ebného konopi hraji klicovou roli hladiny

kanabinoidi, zejména THC a CBD, pticemZ subjekty pii vybéru dodavatele upiednostiiuji

108



produkty s vyssi koncentraci téchto latek v susing (Zhu et al., 2021). Kombinace koncentrace
zminénych fytokanabinoidii a suché hmotnosti kvétli se odrazila ve vynosu kanabinoidi
z rostliny a péstebni plochy. Pii analyze suSenych kvéta byl vytézek THC sledovan tydné v
obou hydroponickych systémech a rtiznych vyzivovych podminkach. V systému RS
vykazovaly rostliny téméf linearni narast vynosu THC v prubéhu ¢asu ve vSech vyzivovych
variantach. V kontrastu s tim dosahly rostliny v syst¢ému PS maximélniho vynosu THC dfive,
coz bylo jesté zesileno pii pouziti vyzivové varianty s AMK. V terapeutickém kontextu
pestovani konopi koncentrace kanabinoidu tedy pfevazuje nad obavami tykajicimi se vynosu
celkové biomasy. Vysledky nasi studie podtrhuje skute¢nost, ze absolutni vynos THC v kvétech

na plochu pii obohacené vyziveé dosahl zvyseni az o 50,7 % oproti kontrolni varianté.

6. ZAVER

Tato disertaéni prace se zaméfuje na konkrétni aspekty vyzivy rostlin konopi (Cannabis
sativa L) s cilem posoudit vliv na vynos nadzemni biomasy, vynos kvétenstvi a produkci
sekundarnich metaboliti v pfipad¢ rostlin 1é¢ebného konopi. Piestoze polni péstovani rostlin
konopi bylo jiz dfive pomérn¢ dobte prozkouméno, novy ptistup k vyzive rostlin technického
konopi se stal dilezitym smérem v souvislosti se stale vy$Sim vyuZzivanim obnovitelné energie
1 s ekologickymi hledisky zemédé&lské produkce. V prvni Casti se proto tato prace zaobira
moznosti optimalizace vyuziti vedlejSich produktti zemédélskych bioplynovych stanic jakozto
alternativniho hnojiva pro péstovani technického konopi. Srovnanim vysledki dvouletého
experimentu Ize konstatovat, ze zminéné produkty anaerobni digesce jsou vhodnou alternativou
pro polni produkci konopi. Rostliny dosahovaly srovnatelnych vynost biomasy a mira
kumulace Zivin byla srovnatelna. Kvalita téchto vedlejSich surovin je zéavisla na vstupnich
materialech do procesu anaerobni digesce a mize tak byt ovlivnéna kvantita a dostupnost zivin
pro rostliny z produkovanych digestata.

Dalsi ¢ast prace se vénuje rostlinam léebného konopi. Péstovani rostlin za ucelem
vyuziti ve farmacii a zdravotnictvi, klade na samotnou produkci vyrazné naroky z hlediska
kontroly kvality veSkerych procesti a zpravidla se tudiz odehrava v fizenych podminkach
vnitinich péstebnich zafizeni. Vzhledem k nedostatku relevantnich védeckych zdrojii na toto
téma byly provedeny dvé navazujici studie, sledujici vliv vyzivy na produkci suSeného
kvétenstvi a sekundarnich metabolitl, zejména THC. Experimenty sledovaly vliv dvou riznych
hydroponickych systémi spolu s vlivem upravenych vyzivovych variant, které mezi sebou byly

porovnavany. Pritokovy hydroponicky systém nabidl precizni kontrolu nad zivnym roztokem,
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coz pravdépodobné urychlilo riist a nasledné dozravani rostlin. Toto urychleni vSak vedlo k
vys$si spotfebé vody a hnojiv a zaroven k niz§imu celkovému vynosu monoterpenti a THC.
Pfidani biostimulantu na bazi aminokyselin vyznamné zvysilo obsah dusiku, avSak souc¢asné
byla omezena kumulace vapniku napfi¢ nadzemnimi organy rostlin konopi v obou pouzitych
hydroponickych systémech. V soucasné dob¢ je stale nedostatek poznatki, ze kterych by bylo
mozné vyvodit jednoznacéné zavéry, které jdou vztahnout ke konkrétni ziving€ a platily by za
obecny princip. Samotna literatura i vlastni experimenty ¢asto vedou K riznym vysledkim.
Spole¢nym jmenovatelem je ovSem to, ze mineralni vyziva spolu s hydroponickym systémem,
potazmo zpusob hospodafeni s zivnym roztokem, hraji vyznamnou roli pifi ovliviiovani
produkce sekundarnich metabolitd v rostlindich konopi a mohou mit vliv na vynosové
charakteristiky.

Celkove¢ lze konstatovat, Ze tato prace pfinasi dulezité poznatky, které mohou ovlivnit
péstitelskou praxi i vyzkum v oblasti konopi. Je zjevné, ze pii navrhovani agrotechniky pro
konkrétni druhy konopi je nezbytné brat v uvahu specifické pozadavky na vyzivu, aby bylo
dosazeno nejen optimalnich vynosl biomasy, ale i kvalitativn€ vysoce hodnotnych rostlinnych
metaboliti. Vyzkum se soustiedil pfedevS§im na konopny chemotyp I s vysokym obsahem THC
pestovany v keramzitu. Navazné by bylo zajimavé provéfit tyto metody s riznymi chemotypy
konopi péstovanymi na dalSich riznych péstebnich médiich. Timto smérem lze v budoucnu
upiit dal§i vyzkumné snahy s cilem plné¢ porozumét interakcim mezi vyZivou, genetikou a

prostfedim, které formuji vlastnosti konopi.
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